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ABSTRACT

Climate change is one of the biggest challengesndathe world. The largest

contributor to climate change is the greenhouseQfas which is released through
anthropogenic activities such as burning of folesl and agricultural waste. To find
solutions to mitigate climate change, research hasn proposed to reduce
greenhouse gas emissions or off-setting emissimosigh carbon (C) sequestration
in soil - the largest C pool of terrestrial ecosystems.hia tontext, long-term C

storage through biochar application to agricultsls has been becoming a priority
area of research in the last two decades.

For wide-spread biochar application to soil, iingortant to understand its
turnover rate and stability in different soil typed different temperatures. Moreover,
the addition of biochar may influence the minestl@n or turnover of organic C in
soil, therefore influencing C sequestration potdntif biochar in soil. In this thesis,
my research has: (i) quantified the effect of pysd temperature, soil type and
incubation temperature on biochar-C mineralisatgar a relatively long period (2
years) and estimated biochar mean residence tinrRI'§Mii) measured the influence
of biochar on native soil organic carbon (SOC) mafisation in different soils and
temperatures; (iii) evaluated the temperature seitgiof biochar-C and native SOC
in biochar-amended soils; (iv) undertook a semingjtetive analysis of C functional
groups in fresh and aged biochars using light dierisiction of native and biochar
amended; and (v) assessed the interactive prinfiagt®f biochar and labile organic

matter (LOM) in a clayey soil over 2.1-year period.

Two wood biochars, produced by slow pyrolysis ad 4hd 550 °C from a
5C-depleted (-36.4%0)Eucalyptus saligna were incubated with four soils
(Inceptisol, Entisol, Oxisol and Vertisol) at diféat temperatures (20, 40 and 60 °C)
over a 2-year period. The mineralisation of bioeGasr SOC was monitored through
the analyses of evolved Gé&nd associatetfC during the incubation period. Using a
two-pool isotopic mixing model, biochar-derived arsmbil-derived CQ were
determined. Concurrently, any decreases or incsei@seative SOC mineralisation
caused by the presence of biochar, so-called “pgreffects”, were quantified.



The proportion of added biochar-C mineralised otrex two years was
significantly (p < 0.001) greater in the 450 °C dhar (0.80-10.58%) amended
samples than in the 550 °C biochar (0.43-3.28%)p$@snacross the soil and
temperature treatments. The biochar-C mineralisatimcreased with increasing
incubation temperature. The proportion of the 480ochar-C mineralised was
significantly (p < 0.05) smaller in the Oxisol ahtteptisol than in the Entisol and
Vertisol across all temperatures. The effect of sbaracteristics, particularly clay
mineralogy on biochar-C mineralisation can be ¢yeabserved when the biochar-C
mineralisation was expressed as per unit basisibéli native SOC. The smallest
proportion of biochar-C was mineralised in the ©kiand the greatest in the
Inceptisol. In comparison, the mineralisation oD5% biochar-C was less affected
by soil properties. Near-edge X-ray absorption fistructure (NEXAFS)
spectroscopy results show that the C functionaligga(i.e. aromatic C) of the light
fraction (< 1.8 g cm) of soil amended with biochars (fresh and agedif@nd 2

years) did not show any change after 12 montharws incubation temperature.

The MRT of biochar-C, estimated from the 2-yeamenalisation data,
decreased with increasing incubation temperatutee WIRT of the two woody
biochars ranged between 25 and 1061 years in tbe doils across the three
temperatures. Although the MRT values decreasel initreasing temperature, at
elevated temperatures (40 and 60 °C) the MRT vabfigbe 550 °C biochar in the
soils was still in the range of a century to selveeaturies. Therefore, wood biochar

produced at 550 °C can be useful for long-termaCasgje.

Biochar was found to enhance the stabilisation ative SOC over time,
especially in clayey soils. However, a small lokthe native SOC was observed in a
sandy soil at different temperatures over the 2-y@aubation period. Biochar in a
Vertisol produced positive or negative priming eteeon LOM-C (labile organic
matter-C) mineralisation depending on the LOM aggilon rates. On the other hand,
input of LOM (e.g. plant litter) at higher ratesncdecrease biochar-C stability;

biochar may still persist in the solil in the ramde few centuries.

Biochar-C temperature sensitivity {§p decreased at the high temperature
range (40 to 60 °C) compared to the low temperatamge (20 to 40 °C).

Temperature sensitivity of biochar did not varyhwiyrolysis temperature, and was

vi



either smaller or similar to the native SOC acrthss four soils. Furthermore, the
presence of biochar was found to decrease the tatope sensitivity of native SOC
mineralisation and consequently this may enhaneeGhsequestration of biochar

under climate warming.

Taken together, data from the current study indithat biochar may store C
in soil in the range of a few centuries or abowteatury at elevated temperatures,
particularly when produced by slow pyrolysis at 580 This research provides a
direct support on the capability of biochar for determ C storage in soil by
quantification of biochar-C mineralisation in a ganof soils and at different
temperatures. The stability of biochar producelbattemperature can be influenced
by soil type, with the greatest stability occurring the Oxisol at elevated
temperatures (40 and 60 °C). In contrast, bioclmadyred at the higher pyrolysis
temperature contain greater proportion of arom@tand consequently less affected
by soil type. Concurrently, biochar may stabilisgive SOC in clayey soils, which is
found to be greater for the 550 °C biochar than 466 °C biochar therefore to
increase long-term C sequestration by biochar. k@n dther hand, biochar may
increase native SOC mineralisation in a sandy $bire was some indirect evidence
for increased biochar-C stability through its iaigtfon with variable charge minerals,
particularly Fe and Al oxides. However, more resbaxamining the mechansims of
biochars interaction with soil minerals and nat8©®C, and the effect of soil
envrionmental conditions, such as pH and redox itiond on biochar-C stability are

needed.
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Chapter 1 — General introduction

Chapter 1: General introduction

1.1. Introduction

Biochar is a solid material obtained from the thechremical conversion of biomass
in an oxygen-limited environment (International &war Initiative, 2012). It has

been used as a potential soil amendent (LehmannJeseph, 2009) with aims to
improve soil nutrient retention, water holding ceipg soil pH and cation exchange
capacity, and possibly increasing crop yield (Glase al., 2002; Lehmann and
Rondon, 2006; Liang et al., 2006; Van Zwieten et 2010). More importantly,

biochar can increase stable forms of carbon (Gpih by diverting waste biomass C
from a rapid to a slow C-cycling pool. Thereforapdhar has been evaluated
globally as a means to sequestrate C to mitigateatt change (Lehmann et al.,
2006).

The feasibility of biochar as a technology to nateg climate change rests on
its stability relative to parent feedstock, whiabngrally decomposes faster than the
pyrolysed or charred biomass (Santos et al. 2@idthar stability varies depending
on biomass feedstock and pyrolysis or charring tatpre, which can influence
aromatic C condensation and the compositions éérift C forms (i.e. aromatics,
aliphatics, water-soluble organics) within biocligeiluweit et al., 2010; Lin et al.,
2012a; McBeath and Smernik, 2009). The degree mdeasation of aromatic C and
the compositions of C components can influenceHhaodegradation via biotic and
abiotic processes (Baldock and Smernik, 2002; Chetngl., 2006; Hilscher and
Knicker, 2011; Zimmermann et al., 2012). Biochasaill may be stabilised through
interaction with soil clay minerals and occlusioithm soil aggregates (Brodowski
et al.,, 2005; Brodowski et al., 2006; Glaser et a000). However, the role of
organo-mineral interactions and other soil propsrt{e.g. native organic carbon
content and quality, clay content and clay mineggJan the stabilisation of biochar
has not been well studied. Considering the incekgmeblic interest in the use of
biochar as a soil amendment for C sequestrationcdinelr benefits, it is vital to

understand biochar-C stability and its stabilisatieechanisms in contrasting soils.

Compared to biochar-C stability, even less work lbesn done to investigate

the influence of biochar on native soil organicbcer (SOC) mineralisation, i.e.
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priming effect, in different soils. It has been gagted, for example, that biochar can
increase (positive priming effect) the loss of watorganic C (Wardle et al., 2008),
thus possibly diminishing its C sequestration poétn On the other hand,
Zimmerman et al. (2011) reported both positive aadative priming of biochar on
native SOC mineralisation in a range of biocharsadeel soils. To distinguish
between biochar-C and SOC mineralisation and totfyathe priming effect of
biochar on the mineralisation of native SOC, ihecessary to differentiate the €O
emission sources from biochar-amended soil. Regehibchars with isotopically
distinct C ¢“C or*3C) have been employed to isolate biochar-C anddddganic C
or native SOC mineralisation (Hamer et al., 200%he} et al., 2011; Keith et al.,
2011; Kuzyakov et al., 2009; Liang et al., 2010plet al., 2011). In these studies,
the priming effects of biochar have also been repboto range from positive,
negative, or no effect on native or added organio Goil. On the other hand, the
addition of labile organic matter (LOM) in soil capositively increase the
mineralisation of biochar-C (Hamer et al., 2004jtKeet al., 2011; Kuzyakov et al.,
2009; Luo et al., 2011), or there may be no sigaiit effect on aged biochar (Liang
et al., 2010). Over a longer term period, the ¢ffgce. organo-mineral interaction,
biochar adsorption and microbial activity or stwue) contributing to interactive
priming may change, and consequently, the direclioth magnitude of interactive
priming may also change with time. The dynamics amthanisms of interactive
priming of biochar on native SOC mineralisationsmils are poorly understood and

require further investigation.

Biochar-C and SOC mineralisation can be accelerdtgd increasing
temperature (Nguyen et al., 2010; Zimmermann et 2012). Interest in the
temperature sensitivity of SOC decomposition idhdge to its importance in global
C cycle and potential feedbacks to climate chamypgvifson and Janssens, 2006).
However, there has been a lack of studies provitisghts about the temperature
sensitivity of biochar-C decomposition in soils @fntrasting characteristics. The
studies of SOC temperature sensitivity show thatréhatively stable C in soil can be
more, equally, or less sensitive to temperatuia the relatively labile C, and these
divergent observations may result from the confaumdnhfluence of soil properties
and environmental conditions (Conant et al., 20D8yidson and Janssens, 2006;

Fang et al., 2005; Liski et al., 1999). Biocharswmil could potentially interact with
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SOC and soil minerals to alter SOC mineralisatidik(tta et al., 2006; Torn et al.,
1997) and consequently influence SOC temperatunsiteaty to decomposition.
However, so far there is no study that has dematestrif the presence of biochar

alters the temperature sensitivity of native SO@Geralisation in contrasting soils.

Research on historical charcoal or black carbonahestnates that biochar
molecular structure changes with time after biodgplication to soil (Cheng and
Lehmann, 2009; Cheng et al., 2006; Hilscher et20Q9; Lehmann et al., 2005;
Nguyen et al., 2009). The knowledge of chemicalcitre of biochar can be useful
in understanding the interaction mechanisms of Haoavith minerals and organic
matter in soils. The functional groups on biocharfeece can interact with native
organic matter and soil minerals which are relevartiochar stability (Brodowski et
al., 2005; Hilscher and Knicker, 2011; Nguyen et2009). Spectroscopy techniques
have been used for characterising C functional ggoaf biochar and SOC. Near-
edge X-ray absorption fine spectroscopy (NEXAFS) maveal the oxidation degree
from the small changes of C functional groups wchar, for example, the nanoscale
spatial analysis of the BC particle indicated angigant oxidation of BC surfaces
with a reduction of aromatic C and an increase asbaxylic C (Lehmann et al.,
2005). X-ray photoelectron spectroscopy (XPS), idase sensitive technique, can
provide complementary information on the develophwdrsurface functional groups
and the changes in element composition with bioegaing (Cheng and Lehmann,
2009; Cheng et al., 2006; Lin et al., 2012b; Ngugeral., 2009). Moreover, the
negatively charged functional groups can contribtdesoil alkalinity through
association with H such as -COQ-COOH) and —@-OH) (Yuan et al., 2011).
However, limited research has been done to invastithe C functional groups of

biochar during its ageing process in differentsatl different temperatures.

1.2. Aim

The specific aims of the research presented irtllesis are:

1. To quantify biochar-C stability in different soig different temperatures over a
long-term period.
2. To assess the priming effect of biochar on nati@€3nineralisation in different

soils at different temperatures over a long-termoge
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3. To determine the temperature sensitivity of biochamd native SOC

mineralisation in biochar-amended soils.

4. To characterise C functional groups of aged bioahalifferent soils at different
temperatures using spectroscopic techniques.

5. To assess the long-term interactive priming effeftbiochar and added labile
organic matter and the microbial community struettinanges in a clayey soil.

The thesis is organised into 8 chapters, includingsearch chapters. The
introductory chapter (Chapter 1) is followed byewiew of literature (Chapter 2)
relevant to the research topic. The results fromrdsearch work are presented in
Chapters 3-7 and each research chapter targetsficpmmns and hypotheses.
Chapter 3 presents estimates of biochar-C stabihtyfour contrasting soils
(Inceptisol, Entisol, Oxisol and Vertisol) at 20da#0 °C, evaluated over a one-year
incubation period and the results presented hetkisnchapter has been accepted in
European Journal of Soil Science. Chapter 4 pressstimates of biochar-C stability
in the four contrasting soils, including the primiaffects of biochar on native SOC
mineralisation at 20, 40 and 60 °C, evaluated adenger term (two-year incubation
period). Chapter 5 presents temperature sensitoftybiochar and native SOC
mineralisation in the four biochar-amended soilkager 6 presents the chemical
structure changes of aged biochar-C in differeris sa different temperatures using
near edge X-ray absorption fine structure (NEXARSX X-ray photoelectron
spectroscopy (XPS) technique. Chapter 7 presestsnteractive priming effect of
biochar and labile organic matter and the microb@mnmunity structure changes
over a 2.1-year incubation period. The final chapié this thesis (Chapter 8)
summarises the results presented in the reseasagiterh, and suggests direction for

future research in the field of biochar stabilitdgriming effects.
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2.1. Introduction

Black carbon (BC) contributes to the Earth’s slowtng carbon pools (Baldock

and Smernik, 2002; Lehmann et al., 2006). Estimategest that 0.05 to 0.2 Tg
(10° t) of BC is annually produced and stored in s&illflbusch, 1998). It can

constitute 35% of soil organic carbon (SOC) in Gamnarable soils (Brodowski et
al., 2007), 9% in the grassland soils along a diesgouence in North America
(Glaser and Amelung, 2003), and 30% in Australiaits {Skjemstad et al., 1996).
Amazonian Dark Earths (so calledérra pretd) are anthropogenic soils that were
created by the addition of charcoal, bone and netwinfertile soil between 500
and 2500 years ago. Black carbon constitutes sgnif amounts of C stocks even
several thousand years after they were abandonkeddiGet al., 2001). Moreover,
BC has been reported to be the oldest fraction @i €oils, with mean residence
times (MRTSs) of several thousand years (Gavin e2803; Lehmann et al., 2009).
Consequently, BC seems to be both a large andsagmrganic C pool.

Biochar is considered functionally identical to B@d is obtained from the
thermochemical conversion of biomass in an oxygmitdd environment (IBI, 2012).
Lehmann (2007) suggested that the application ofHar to soil can lead to the
sequestration of about 20% of the net photosyrdh€siwithdrawal from the
atmosphere to soil. Therefore, biochar may offeoportunity to store biomass C in
soil in relatively stable forms and potentially s#t the C®@ emission by humans.
Furthermore, when biochar is added to soil, thezesacondary benefits of improved
nutrient contents, nutrient retention capacity amrdp yields (Mukherjee and
Zimmerman, 2013; Van Zwieten et al., 2010). Alsochar can improve soil quality
by increasing cation exchange capacities (Glased.e®002), water retention and
aeration of soils (Case et al., 2012), microbialctions (Steinbeiss et al., 2009), and

reducing aluminium availability (Chan and Xu, 2009)

Considering biochar as a potential soil amendmaniohg-term C storage, it
is important to understand its turnover rate aabibty (estimated by mean residence
time, MRT) in different soils and environments. Jlehapter will present the current
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knowledge of biochar molecular structure, its pithn conditions and their
relationship with biochar-C stability. In order tmderstand biochar-C stability, |
have summarised a table to compare biochar-C niisetian that has been
measured under laboratory conditions and its MR&stisnated by various means or
modelling approaches. This chapter will also pretescurrent knowledge of factors
that influence biochar-C stability in soil, inclugj soil minerals and soil temperature.
Biochar and soil organic carbon (SOC) mineralisatioay also be changed by the
addition of biochar to soail, including in the prase of labile organic matter with
implications for its C sequestration potential.tthis chapter, | will also present the
interactive effect of biochar and soil organic @ar{SOC) mineralization, including

with added labile organic matter, and the possidehanisms.

2.2. Biochar molecular structure and production conditions

2.2.1. Definition

Black carbon (BC) is produced by incomplete combustof fossil fuels and
vegetation (Goldberg, 1985). Black carbon can bet bdescribed with the
combustion continuum modeFigure 2.1) (Masiello, 2004). The BC continuum
contains different charred residues, ranging frdighdy charred biomass, char,
charcoal, and highly condensed refractory sootg&lat al., 2001; Masiello, 2004).
Black carbon has a high C content, is chemicallgtogeneous, and dominated by
aromatic structures (Masiello, 2004). Biomass fommsmatic ring structures, and
then a progressive condensation of smaller aromatits into larger conjugated
sheets Figure 2.2) (Schmidt and Noack, 2000). Recently, biochar esn called
BC (Hamer et al., 2004; Nguyen and Lehmann, 206X9)yrogenic carbon (Hilscher
and Knicker, 2011a), produced by humans for sgdrowement and C sequestration
purposes (Lehmann, 2007; Spokas et al., 2012). hArods a solid elemental
carbonaceous material obtained from the thermodat@mbnversion of biomass in
an oxygen-limited environment (IBl, 2012). But BGaynalso specifically refer to
charcoal produced through artificial or natural rbng process in terrestrial

ecosystems.
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2.2.2. Biochar molecular structures and H/C ratio change with

temperature

Keiluweit et al. (2010) developed a model of thelenalar structure of biochar with
charring temperatureF{gure 2.3. At intial charring stage, the native structuife o
plant material remains preserved. With increasingriing temperature, the initial
stage is followed by the formation of volatile disgtion products and phenols
(transition char), and aliphatic and aromatic (gwhous char) Kigure 2.3). The
degree of aromaticity of biochar increases withreasing charring temperature
(Czimczik et al., 2002; Ghani et al.,, 2013; McBeathd Smernik, 2009). For
example, Nguyen et al. (2010) evidenced 5-15% n@r@ aromatic rings when
charring temperature increased from 350 to 60(0pt@pnated aromatic C increased
by 43-57%, and aromatic bridgehead C by 39%. Siipjlhased on the solid state
13C DP NMR analysis, McBeath et al. (2011) found thatproportion of aromatic C
of biochar increases abruptly from 14% at 200 °@8&o at 350 °C, and aromaticity
of biochar produced at charring temperatures higien 400°C was found to be >
90%. At high charring temperatures, the degree mimatic condensation is
relatively high and long-range order turbostratigstallites are formed=jgure 2.3).
The volatile matter (i.e. non-aromatic and aliptiatin biochar decreases with

increasing temperature.

12
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Figure 2.3.Dynamic molecular structure of plant biomass-detikack carbon
(biochar) across a charring temperature gradieetl(i¢eit et al., 2010).

The degree of condensation of aromatic rings ichmos varies depending on
biomass feedstock (Keiluweit et al., 2010; Smemtikal., 2006). The molar H/C and
O/C ratios of biochar are negatively correlatedhwaromaticity and degree of
aromatic condensation (Pereira et al., 2011; Sclelpiennig and Glaser, 2012).
Since aromaticity increases with temperature (M¢Bea al. 2011), so H/C and O/C
ratios will decrease with increasing temperatureofibie et al., 2013; Keiluweit et
al., 2010) and may indicate condensed aromatictsires (Preston and Schmidt,
2006). According to the International Biochar laiive (2012), a H/gyq ratio below
0.7 can be distinguished as biochar that has beemobchemically altered from the
unaltered biomassF{gure 2.4). This biochar has a greater proportion of fused
aromatic ring structures when the 4Qatio is below 0.7. The ratio of H/C has been
proposed to identify whether biochar has been thehmmically altered to
recalcitrant C forms and hence could be used fog-term C sequestration purposes.
However, it is under debate whether the limit afslehan 0.7 proposed by IBI is
appropriate for evaluating biochar-C sequestratipatential. For example,
Schimmelpfennig and Glaser (2012) recommended ltlathar is suitable for C

sequestration when the H/C and O/C ratios arethess0.6 and 0.4, respectively.

13
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Figure 2.4. Relationship between molar H/Corg ratio and temnipeea of
themochemically altered organic matter in comparigm untreated biomass (IBI,
2012).

Aromatic structure from different biomass sourcearént materials) can be
different. Knicker et al. (2008) found that a sfgrant amount of nitrogen (N) in
grass leads to char consisting of N-heteroarontatwith an average cluster size of
the aromatic units smaller than six rings. Addisityy, smaller rings would have
considerable N, O and S substitutions, thus makimegn more easily amenable to
biological and chemical oxidation than larger cdustwith limited N, O and S
substitutions (Knicker et al., 2008). However, wipgmolysis temperature is high, i.e.
550-600 °C, biochar derived from different materigvood, corn and manure)
would have more fused aromatic structures (Singil.eP012; Sun et al., 2012), thus
narrowing down biochar-C stability differences bet&n biochars produced from
different feedstocks (Singh et al. 2012).

2.2.3. Molecular structure change with ageing

The molecular structure of biochar may change aifteubation (Hilscher and
Knicker, 2011a; Nguyen et al., 2009). The spatmlgsis of a BC particle by near-
edge X-ray absorption fine structure (NEXAFS) spmsstopic analysis indicated a
significant surface oxidation of BC with a reductiof aromatic C and an increase of
carboxylic C (Lehmann et al., 2005). Hilscher amidker (2011a) also found that

the proportion of O-containing functional groupsials as carboxyl and carbonyl)

14
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increased with the ageing of char in soil, leadimgn increase in O/C ratio (Cheng
et al., 2008a). High temperature can accelerateotidation process, i.e. the O/C
ratios were evidenced to increase with increasengperature (Nguyen et al., 2010).
Other BC characteristics may also change with ageior example, compared to
fresh biocharaged BC has higher surface acidity and negativiaseircharge, but

lower pH, surface basicity, and adsorption capaotyorganic matter such as
hydroquinone (Cheng and Lehmann, 2009; Cheng,2@08a).

2.3. Biochar-C stability

In general, biochar is not easily amenable to chaha@nd biological decomposition,
and may be more stable than other organic mattersfan soil. The term ‘stability’
here refers to biochar’s resistance to loss viaratkgion or mineralisation, with
higher stability translating to a longer mean resie time (MRT). Biochar-C
degradation or mineralisation can be monitored ®asaring biochar-derived GO
emissions and then estimating biochar MRT fronmfittmodels to the C{emission
kinetics data (Kuzyakov et al., 2009; Singh et2012; Zimmerman, 2010). Due to
relatively high chemical recalcitrance of biochgritakes a reasonable duration of
time to detect biochar-C mineralisation. Moreowsyr utilising C isotopes, biochar-C
mineralisation can be distinguished from mineraiisaof SOC. Biochar-C stability
may also be predicted by measuring O/C or H/C mmaiaos (Schimmelpfennig and
Glaser, 2012; Spokas, 2010), as discussed in teeiopis section. Additionally,
Cross and Sohi (2013) proposed that biochar-C lgtabould be determined from

accelerated biochar ageing induced by chemicalabixid.

2.3.1. Incubation studies of biochar-C mineralisation

In recent years, there have been a large numbmrcobation studies investigating
biochar-C stability, and the results from thesdlistsi are summarised fable 2.1

In these studies, biochars were incubated alormaixed with sand/soil medium in
closed chambers with a GQrap, maintaining soil moisture to 50~70% water
holding capacity, keeping temperatures betweema®2 °C, and then the total @O
emissions were measured over a certain time pefioe results show that biochar-C
mineralisation in soils varies widely in differestudies, ranging from 0.5-8.9% (in a

Vertisol over 5 years) (Singh et al., 2012), 4.5% 4 sandy-loamy soil over 3.2
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years) (Kuzyakov et al., 2009), 0.4-3% (in a saver d-year) (Zimmerman, 2010),
to 6-21% ( in a sand over 1-year) (Nguyen and Letmma009).

Some studies of biochar or BC stability were comeldign a sandy medium or
in a soil without quantifying the source of C miaksed. However, the stability of
biochar in sand and soil may be different sincecleo can be degraded by both
biotic and abiotic processes. Other recent studie® been usetfC / “C labelled
biochars to distinguish between the mineralisatddrbiochar-C and native SOC
(Table 2.1). Moreover, since the biochar added to the soik@opically distinct
from native SOC, any decreases or increases inen&®DC mineralisation due to
biochar can be quantified, and priming effect cardbtermined (Keith et al., 2011,
Zimmerman et al., 2011). The priming effects ofdbiar on SOC mineralisation will

be discussed separately.

2.3.2. The influence of production condition and feedstock type on
biochar-C stability

The mineralisation of biochar-C varies dependingitenproduction condition and

feedstock typeTable 2.1) due to their influence on the C forms in biockay. low

molecular weight organics, and aliphatic and aranstructures (Keiluweit et al.,

2010; Lin et al., 2012; McBeath et al., 2011).

Generally, biochar-C stability increases with iragi@g charring or pyrolysis
temperature (Bruun et al., 2008; Zimmerman e28i1,1). For example, Nguyen et al.
(2010) found greater C mineralised in the 350 “&htthe 600 °C biochar after 1-year.
Keith et al. (2011) also reported that the C mihgmtion of eucalyptus biochar
produced at 450 °C was 1.5-1.9 times greater thandf the biochar produced at
550 °C when the two biochars were incubated in ai&# in the absence and
presence of sugarcane residue. As the productropeature for biochar increases,
the aromaticity and the degree of aromatic condemwsacrease (Ghani et al., 2013;
McBeath and Smernik, 2009; Schmidt and Noack, 200 the fraction of aliphatic
C decreases (McBeath and Smernik, 2009).

Singh et al. (2012) reported that biochar-C wasemalised faster in the
manure-based biochars than the plant-based biodkguyen et al. (2010) found the
oak-derived biochar was more stable than corn-ddribiochar. Furthermore,
biochars produced from woody biomass are more estttain those produced from
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grasses (Hilscher et al., 2009; Zimmerman, 2010)mdlecular study by NMR
clearly showed that wood-derived biochar has mommatic C component than
other biomass-derived biochars, such as leavespanttry litter (McBeath and
Smernik, 2009; Singh et al., 2012). However, théeddnce in molecular structure
may decrease when they were produced at a highetamope, e.g. similar fused
aromatic ring cluster size were found in wood aachaerived biochars produced at
600 °C (Sun et al., 2012).

Clearly, biochar production temperature and feedksteource are the two
major determinants of biochar properties (Singhl¢t2010), including its C stability
(Singh et al., 2012; Zimmerman, 2010). Neverthelegxhar-C stability may also be
influenced by soil type and incubation temperatudgochar was found to be
incorporated in organo-mineral fractions in a maheoil after a short period of one-
month (Hilscher and Knicker, 2011b), this could tpod biochar from microbial
degradation. The fast association of biochar witimemal soil suggests that the
influence of soil properties, particularly clay ramal content and composition, need
to be considered on biochar stability. The inflleerof soil-biochar interaction on
biochar-C stability will be discussed in the neattson. Biochar-C mineralisation by
biotic and abiotic processes may increase withegging temperature (Cheng et al.,
2006; Knicker et al., 2013; Zimmerman, 2010). Offaetors, such as the heating rate,
residence time at highest heating temperature (Hit)feedstock particle size can
also alter the chemical composition and physiaadtste of a biochar (McBeath and
Smernik, 2009; Sun et al.,, 2012; Zimmerman, 20t0))sequently influence its

stability in the soil.

2.3.3. Biochar-C stability as influenced by biotic and abiotic

processes
Biochar or BC can be slowly oxidised or mineralisggdbiotic and abiotic processes
(Cheng et al.,, 2006; Zimmerman, 2010; Zimmermanralgt2012). Zimmerman
(2010) reported that biochar-C mineralisation miarobial inoculated sand medium
was 1.1-2.0 fold greater than that of the abioticubations. Some studies have
reported that BC decomposition was enhanced by e@olic reactions where
added labile C served as a C and energy sourcenifomoorganisms, therefore

increasing microbial activity and enhancing theaheposition rate of biochar or BC

17



Chapter 2 - Literature review

in soils (e.g. Hamer et al. 2004; Kuzyakov et aD02 Keith et al. 2011).
Furthermore, aromatic C in biochar was found talégraded by 9-12% during a 7-
month incubation study and the authors hypothdsikat this was related to the
growth of microbial community which can utilise tlaeomatic core of pyrogenic
organic matter as a C and energy source (Knickat.e2013). Similarly, ‘aromatic
transformation’ enzymes (phenoloxidases and peisesi were found to be active at

degrading aromatic rings in biochar (Zimmermanal£t2012).

Biochar-C mineralisation may increase at well agtatonditions due to the
increased soil microbial activities. Nguyen and foalmn (2009) found a significantly
higher biochar-C loss under altering saturated warshturated conditions than under
saturated conditions, and the difference in C lossveen different soil moisture
conditions is possibly related to availability ofygen (Nguyen and Lehmann, 2009).
Knoblauch et al. (2011) reported that 5.9 and 8d&%e biochar derived from rice
husk was mineralised under anaerobic and aerolbidittons, when the biochar was
incubated with Typha-marsh soil. In Mollisols, Glasand Amelung (2003) found
that at a given temperature regime, the wettes sitcumulated more charcoal than

the drier sites.

The studies of biochar properties showed that ipolidation occurs over a
wide range of temperatures (e.g. -22 °C to 70 ©hefg and Lehmann, 2009;
Zimmermann et al., 2012). Abiotic oxidation of biac was reported to increase with
increasing temperature from -22 °C to 70 °C (Chang Lehmann, 2009). The
reported oxidation of biochar surface due to abiatid biotic process may vary in
different studies. For example, Cheng et al. (20f)nd the biochar surface
oxidation was mainly contributed to abiotic procas80 °C instead of biotic process.
By comparison, Zimmermann et al. (2012) reporte tnly 29-35% of biochar-C
mineraliation was caused by abiotic process at@0ahd the rest was attributed to
biotic mineralisation process. The temperature afi@mms can affect microbial
activities (Zimmermann et al. 2012), therefore himeC mineralisation. Additionally,
the contributions of biotic mineralisation relatite abiotic mineralisation decreases
with increasing incubation temperature from 30 t© ®C for young biochar
(Zimmermann et al., 2012). The effect of tempertm biochar-C stability will be

further discussed in Section 2.6.
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Table 2.1.A summary of biochar or BC mineralisation and messidence time (MRT) data reported in recent jghield studies.

Biochar or BC type Experiment Medium Biochar or BC Model MRT Reference
mineralised

Woody and grass derived biochar  1-year laboratory Pure sand 0.4-3% Power model 1.43%104x10  Zimmerman

produced at 250, 400, 525 or 650 °Cincubation, 32 °C years (2010)

Two biochar pyrolysed at 350 or 700180 days laboratory  Aquic Paleudalf 0.1-0.8% - - Luo et al. (2011)

°C incubation, 25 °C

Corn and oak derived biochar 1-year laboratory Pure sand 6-21% - - Nguyen and

produced at 350 or 600 °C incubation, 30 °C Lehmann (2009)

Aged black carbon with SOC 177 days laboratory A range of soils - Single-pool 115 years Cheng et al.
incubation, 30 °C exponential model (2008b)

Natural BC with SOC

Carbonised rice husks

Maize and straw derived biochars
(350°C), and woody biochar (800
OC)

Charred plant residue (250 °C)

Charred plant residue produced at
350 °C under oxic conditions

532 days laboratory Anthrosol (developed on 2.8-3.3%

incubation, 30 °C Oxisols, Ultisols, or

Spodosols)

2.9-year laboratory Typic fluvaquents
incubation, 28 °C and Aquic udifluvents

60 days laboratory
incubation, 20 °C

Haplic Phaeozem

280 days laboratoryolcanic ash sail
incubation, 25 °C

28-month laboratory Cambisol
incubation, 30 °C

4.4-8.5%

0.3-1.2%

Not detected

35-38% loss

Two-pool
exponential model rich soil)

44-52 years (BC Liang et al.
(2008)

Single-pool 34.1-66.2 years  Knoblauch et al.
exponential model (2011)

Two-pool 39-76 years Hamer et al.
exponential model (2004)

- - Shindo (1991)

Two-pool 3-5years Hilscher and

exponential model Knicker (2011b)
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Biochar or BC type Experiment Medium Biochar or BC Model MRT Reference
mineralised

4C labelled grass biochar (400 °C)  3.2-year laboyato Haplic Luvisol 3.8-4.5% Single-pool 200 years Kuzyakov et al.
incubation, 20 °C exponential model (2009)

3C labelled biochars (made from A long-term 5-year Vertisol 0.5-8.9% Two-pool exponential 90-1600 years Singh et al.

plant, manure, papermill sludge) laboratory incubation, 20 model (2012)

pyrolysed at 400 or 550 °C °C

3C Jabelled woody biochar 120 days laboratory Vertisol 0.14-1.1% Two-pool exponential 62-428 years Keith et al.

produced at 450 or 550 °C incubation, 20 °C model (2011)

3C labelled woody biochar (450  6-month laboratory Haploxeralfs 0.37-0.41% Two-pool exponential389-605 years (Santos et al.,

°C) incubation, 25 °C model 2012)

3C labelled wheat and eucalypt 74 days laboratory Arenosol (FAO 0.24-0.30% Two-pool exponential - Farrell et al.

shoot biochars produced at 450 °Cincubation, 25/12 °C WRB) model, with an (2013)

asymptote
3C labelled woody biochar using  2-year field study Oxisol ~2.2% Two-pool exponehtia600 years Major et al.
the traditional mound kiln model (2010a)

technique

BC collected after natural fire (1
and 11 years)

6-month laboratory
incubation, variable
temperatures (20-5)

Woody and grass derived biochar 1-year laboratory
produced at 250 or 650 °C incubation, 32 °C

Over glass beads

Pure sand

1.5% per year

0.2-2.4%

Single-pool
exponential model,
Arrhenius function

67 years

Two-pool exponentialf8-74921 years
model

Zimmermann et
al. (2012)

Zimmerman
and Gao (2013)
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2.4. Biochar mean residence time

Biochar is relatively recalcitrant form of C comedrto other organic C forms that
exist in the soilsTable 2.1 shows the estimated mean residence time (MRT) of
biochars in recent studies. The MRT of biochar & Eanged from decadal to
century timescales (Bird et al., 1999; Hilscher &micker, 2011b; Liang et al., 2008;
Singh et al., 2012; Zimmermann et al., 2012). Taeable MRTs may be because of
the variations in biochar type, incubation mediumd different models employed to

estimate MRT in different studies.
Various models used to estimate biochar MRT arerghelow.

® Single-pool exponential model (Cheng et al., 20@hgh et al., 2011):
Cge = Cx (1 —e7K) (2.1)

whereCg, is the cumulative biochar-C mineralised at time () represents the
amount of “potential” mineralisable biochar-C; ktiee mineralisation rate constant

for potential C mineralisation.
(i) Two-pool exponential model (Hamer et al., 2004):
Cge = Cp X (1 —e7Xt) + (100 — C) x (1 — e™XrY) (2.2)

where Cg; is the cumulative of added biochar-C mineralisedtime (t); C; and

(100-C,) are the proportions of labile (easily-minerali®dland recalcitrant (slowly-
mineralisable) pools in biochar-C, respectivédy;andky are the mineralisation rate
constants for the labile and recalcitrant C poodspectively. MRT of labile and

recalcitrant C pools are the inverse of rate caorsta

(i) Power model (Zimmerman 2010; Zimmerman and Gab3R0

ac

as _ bsm
= Coe’t (2.3)
Cror = Co — C, = (2ypm+1 (2.4)
lost 0 t m+1 .
+1 (——
Ce,)p = o) e (2.5)
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_ Cty )
MRT = % (2.6)

Where Gis initial biochar-C amount; Ct is biochar-C amoanhtime (t); m and b are

the slope and intercept, respectiveﬂyl;/2 is the half-life of biochar.

Exponential decay models have been widely usedddeinthe dynamics of
soil C mineralisation. The one-pool exponential elq&quation 2.1) assumes C as a
homogeneous or a single pool. The two-pool expeaemodel (Equation 2.2)
assumes that C in a substrate is made up of twgogrborganic constituents; one is
relatively labile and degrades at a rapid rate, tedother is relatively recalcitrant,
degrades slowly. Singh et al. (2011) used the aw-gxponential model to estimate
the MRT of BC using data from several publishediists, and reported MRT ranging
from 4-109 years in soils and 2-181 years in sanks.two-pool exponential model
has been used to fit biochar-C mineralisation datastimate MRT of biochars in
several recent studies (Keith et al., 2011; Sastoal., 2012; Singh et al., 2012).
Katterer et al. (1998) used both one-pool and teolexponential models to fit the
soil C mineralisation data from a wide range oluiation experiments with varying
soil types under different climates and found the-pool exponential model to be
more suitable than the one-pool exponential modeddscribing and fitting the C
mineralisation dynamics. Although similar proponsoof the added biochar-C were
mineralised in one year, much higher MRTs were ngploin Zimmerman’s (2010)
study (ranged between 1.4%18nd 1.4x10years, estimated from Equation 2.3, 2.4
2.5 and 2.6) compared to other studies (Kuzyakasd.e2009; Major et al., 2010b;
Singh et al.,, 2012). This large difference in th&tireates of MRT between
Zimmerman’s (2010) study and other studies canttioated to the use of power
model (Equations 2.3, 2.4 and 2.5) versus the exmital model. The power model
assumes infinite C pools in a substrate (i.e. @ocith increasing slow degradation
rates along a degradation continuum (Zimmerman R(A@ure research needs to

identify which model can predict MRT more precisely

Furthermore, duration of incubation, i.e. shortiefweeks to months) to
long-term (years) may also result in differencedha estimated MRT of biochar
(Keith et al., 2011; Singh et al.,, 2012). Shortrtestudies capture mainly the

mineralisation of more labile biochar-C fractiomdahence underestimate biochar
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MRT. Therefore, longer-term incubations (i.e. tweays or more) are needed to
obtain realistic estimates of biochar-C stabil®yngh et al. 2012).

2.5. Biochar-soil interaction in relation to biochar-C stability

There have been a number of recent publicationssiigating the stabilisation
mechanisms of biochar in soils (Czimczik and MasjeR007; Knicker, 2011,
Lehmann et al., 2009). Biochar is considered tostabilised by the following
mechanisms: (i) chemical or molecular recalcitrapic€ in the biochar structure, (ii)
interactions with soil minerals, or (iii) occlusiomithin soil aggregates. Biochar
chemical recalcitrance is related to its high arbeitg and degree of aromatic
condensation (see sections 2.2 and 2.3; Hilschak.,e2009; Keiluweit et al., 2010;
Singh et al., 2012). Also, BC was found to be aiséed with plaques of Fe and Al
oxides on mineral surfaces (Glaser et al., 2000;etial., 2012). The highest BC and
soil organic C is generally found in heavy dendngction and clay-associated
organic fraction (Brodowski et al., 2007; Brodowskial., 2006). The stabilisation of
BC could be due to the reaction of its surface exyfynctional groups, i.e. carboxyl
and aromatic functional groups, with soil minerdlehmann et al., 2005; Lin et al.,
2012). However, there are very few studies aboet ritle of biochar-mineral
interactions, particularly clay content and composij and other properties of soil

(such as native C content) in influencing biochastability.

There are other mechanisms of interactions of ecgaatter or biochar with
different minerals. In a smectite-rich solil, all/ican be intercalated into smectites in
a flat extended conformation in an acid environmartich enables van der Waals
interactions to be established between clay anghpal (Baldock et al., 1997; Theng
et al., 1986). Mollisols andTerra pretd, both have high BC concentration (Glaser
and Amelung, 2003; Glaser et al., 2001), which d@l$o be attributed to bonding of
anionic organic functional groups with the negdtiveharged clay surfaces and
aided by cation bridges in the presence of calcf@zmimczik and Masiello, 2007;
Muneer and Oades, 1989; Theng et al., 1986).

Thus, organo-mineral interactions play an importaié¢ in physically and
chemically protecting BC or biochar from mineralisa. Furthermore, the multitude
of organo-mineral interactions may lead to the fation of water-stable aggregates
(Tisdall and Oades, 1982), which not only physicallotect soil organic matter and
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biochar, but also reduces their accessibility t@roorganisms and their enzymes
(Six et al., 2004). Various experiments were cotellicas a part of this thesis
enhancing our understanding of the role of thedegpsaperties in altering biochar-C

mineralisation and stability in soils (see Chap&r4 and 7).

2.6. Incubation temperature effect on biochar-C stability

Incubation temperature may also affect biochar-Gemalisation. For example,
Nguyen (2010) reported biochar-C loss increaseah ftc6—10% at 4 °C to 14-20%
at 60 °C after one-year incubation across cornaatdderived biochar produced at
350°C or 600°C. Similarly, Cheng et al. (2008b)eaed that the decomposition of
charcoal was greater at high than low mean aneagbérature (MAT). Cheng et al.
(2008a) found a significant positive relationshgtvieeen MAT and oxidation (O/C
ratio) of charcoal collected from historical fureasites. In tropical environments the
longevity of BC in soils has been reported in thege of decadal timescales (Bird et
al., 1999; Zimmermann et al., 2012). By contrasi tb the colder temperature in
European chernozems soils, BC longevity was regarteseveral millennia (1160—
5040 years) of radiocarbon age (Schmidt et al.2200

The temperature sensitivity of soil C mineralisatiaeferred to @, is
defined asthe rate of increase in soil GGmission with a 10 °C increase in
temperature (Kirschbaum, 1995). It is an importgarameter to evaluate the
feedback intensity between @@mission and global warming (Luo et al., 2001,
Zhou et al., 2009). Since biochar has been advoage soil amendment for long-
term C squestration across different agro-climaggions, it is important to
understand the temperature sensitivity of biochecodhposition in response to
increasing temperature or climate warming. Howetlegre are very few studies on
the sensitivity of biochar-C decomposition to temgpere change in soil
environments. Nguyen et al. (2010) esimated the @ corn and oak derived
biochars when they were incubated in pure sandQiberalues ranged between 1.6
and 5.8 at 4-10 °C, and between 1 and 1.8 at 1066Qwith higher values for
relatively recalcitrant biochars and vice-versani&rly, Zimmermann et al. (2012)
reported a decrease of biochap@lues from 1.73 at 20°C to 1.53 at 60°C.

According to the kinetics of enzymatic theory, @ation energies are related

to the ambient temperature and to the moleculacttre of organic C (Davidson and
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Janssens, 2006). Biochar contains low-quality aog@nfractions, which may have
inherently low reactivity and require high activatienergy for decomposition, and
hence possess greater temperature sensitivitydtan C fractions in soil (Davidson
and Janssens, 2006). Consistent with the thedof,d studies on SOC temperature
sensitivity have shown a higher temperature sentsitior old or stable C than labile
C (Bol et al., 2003; Conant et al., 2008a; Conardle 2008b; Craine et al., 2010;
Fierer et al., 2005; Knorr et al., 2005; Leifelddfuhrer, 2005; Vanhala et al., 2007).
But the opposite findings also exist, e.g., noatdhce in the temperature sensitivity
between different SOC fractions or pools (Fang lgt2005; Giardina and Ryan,
2000), or lower temperature sensitivity for old SQGski et al., 1999). Davidson
and Janssens (2006) summarised the possible rea$armnflicting temperature
sensitivity results for different soil organic Cgs®. They suggested the factors that
influence the temperature sensitivity of soil onga@ include the chemical structure
of C fractions, incubation temparature, clay mitmygt and soil aggregation. For
example, organo-mineral interaction and physicalusion of C in the interior of
soil aggregate can protect C mineralisation in,stillerefore, decreasing the
temperature sensitivity of soil C. Although theree aa lot of studies on the
temperature sensitivity of native SOC, the studesluating the temperature
sensitivity of biochar-C in soil, including theimfluence on the temperature
sensitivity of native SOC are limited. The studi@® required across soils of
contrasting mineralogies and other soil propetiedetermine the realistic biochar-C

sequestration potential in soil.

The theory of soil C decomposition kinetics witmfgerature has been widely
researched. However, there is no agreement abautfuhctional equations to
describe the relationship between C mineralisatioth temperature. Currently, there
are three main approaches to obtain SOC tempersgumstivity (i) soil respiration
rate (Luo et al., 2001), (ii) the time required tbe loss in a given proportion of C
(Conant et al., 2008b) and (iii) total mass lossn@-et al., 2005; Giardina and Ryan,
2000; Liski et al., 1999). The most common exprssiof temperature sensitivity
are by comparing instantaneous L£é&¥flux rates (Davidson et al., 2006), as given
below:

van't Hoff: Resp = aefT, whereQ,, = ef*10 (2.6)
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Respr,

10
Modified van’'t Hoff: Qo = ( )T2-T1 (2.7)

Respr,

E
Arrhenius:Resp = ae */rT (2.8)

Where Resp is respiration, 3, Ey are fitted paratmeters, T, @nd T, are measured
temperatures (°C or °F for the Arrhenius functidR)js the universal gas constant
(8.314 X *mol™), and Qo is the factor by which respiration is multipliechen

tempeature increases by 10 °C.

Some researchers have incorprated a temperatunegsftanction in an exponential
decompostion model which can be optimized and avedento Q, (Katterer et al.,
1998; Reichstein et al., 2000), as given below:

Conin (6 T) = C;y X (1 —e™Mkit) 4 ¢, x (1 — eT(Dkety (2.9)

Q1o = r(T)™Tref (2.10)

Where Gin (t, T) is the cumulative proportion of added C eradised as a function
of temperature (T) and time (t); r(T) is a temperatscaling function, relating
mineralisation rate at a temperature T to the ahie reference temperaturg:TThis
approach assumes that both rate constapt&.fkare equally affected by temperature
(Katterer et al., 1998; Reichstein et al., 2000).

2.7. Interactive priming effect of biochar and labile organic carbon

mineralisation

Biochar application to a soil can influence the enalisation of native or added SOC
and interactively, native or added labile organatter in a soil can also influence the
mineralisation of biochar (Hamer et al. 2004; Kegthal. 2011). The increased or
decreased mineralisation rates of organic C, x&dt respective controls, have been
defined as positive or negative priming, respettivét is, however, difficult to

isolate the effect of native SOC on biochar frora dther factors, such as soil pH,
clay content or clay composition, which can alsdluence the biochar-C

mineralisation.
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2.7.1. Priming effect on native or added organic carbon (by biochar)

Biochar addition to soil may increase the lossatiue organic C (“positive priming
effect”), and thereby decrease its C sequestramential Table 2.2. Hamer et al.
(2004) found the addition of biochar acceleratattgée mineralisation, up to 17%,
after 26 days. Luo et al. (2011) reported the amtdivf biochar increased native SOC
loss by 66-514% in 87 days. Wardle et al. (2008preed that charcoal buried in the
humus layer of boreal forests in northern Swedempted the loss of humus-C in
soil. The increased mineralisation of native orgadiby biochar or BC may reduce
or negate the C sequestration benefit of biochahénsoil. On the other hand, the
negative priming effect of biochar on SOC minestlsn in clayey mineral soils has
also been reported. For example, Keith et al. (@ddnd that biochar application
decreased the mineralisation of added labile oog@nin a smectite-rich soil over a
4-month incubation period. Similarly, Liang et §€010) also found the negative
priming effect of BC on the added LOM. On the otlhand, Santos et al (2012)
reported that BC addition to Haploxeralfs (14-19ky¥ did not affect the native
soil C mineralisation. These contrasting observation the direction of biochar
priming effect on native or added SOC may be rdlate biochar lability.
Zimmerman et al. (2011) found the positive primingsoils with the addition of
more labile biochar, and negative priming in soigh the addition of relatively
recalcitrant biochar. Similarly, the larger positipriming effect was reported in
biochar with relatively higher labile C than biochath more recalcitrant C (Hamer
et al., 2004; Luo et al., 2011).

Priming effects of biochar on native soil organih&e been shown in field
and laboratory experiments; however, the mechanisnsved in the process are
still not well understood. The positive, negativeno priming effects in published
studies suggest that several different mechanismag occur in soil. Firstly, the
positive priming of native SOM could be triggered énhanced microbial activity
and the accompanying increase in enzyme produdijotabile-C components in
biochar (Hamer et al., 2004; Kuzyakov et al., 2009 et al., 2011). The short-term
primed CQ may also orginate from the dissolution of inorga@iin biochar (Jones
et al., 2011). Secondly, the stabilisation of orgad in mineral soil may be caused
by organo-biochar-mineral interaction (Liang et2110; Keith et al. 2011). Thirdly,
biochars possess large specific surface area anttl siablise or decrease C
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mineralisation through the sorption of organic s¢raies on biochar (Kasozi et al.,
2010; Kwon and Pignatello, 2005).

Most of the published studies have been conducted & short-term period.
The positive priming effect triggered by labile & biochar may decrease with the
depletion of labile C. Consequently, the positivenmg effect of biochar on soil
organic C may not be large in magnitude over a dongrm. Therefore, the
cumulative negative or positive priming may notlushce the C squestration
potential of biochar application to soil. Woolf ah@hmann (2012b) argued the
priming effect of biochar on SOC mineraliation isgtigible over a longer period,
and only equated to a maximum 3-4% loss of SOC d@8ryears in humic Acrisol,
Mollisol and Oxisol (clay: 29-38%).

2.7.2. Priming effect on biochar (by added labile organic C)

Biochar-C mineralisation can be enhanced with imsireg input of labile organic
matter in soil or sandT@ble 2.3. Kuzyakov et al. (2009) found up to a six times
increase in biochar-C mineralisation rate over twegks after the addition of glucose.
Similarly, Keith et al. (2011) reported the mingsation of woody biochar-C was
increased significantly with the increasing apglma rates of labile organic matter
(sugarcane residues) at early stages of incubati@nsmectitic-rich soil. However,
over time, biochar-C mineralisation was decreasedtabilised in the presence of
added organic matter in Vertisol (Keith et al. 2DWIso, Hamer et al. (2004) found
that glucose C addition increased mineralisatiorbiothar-C at 36 to 189% in a
sand mixture in a 2-month of incubation period. darer, Luo et al. (2011) reported
a 33-137% increase in biochar-C mineralisation whth addition of ryegrass in a 3-
month incubation study. Contrary to these obsemnati Liang et al. (2010) reported
that the addition of labile organic matter (LOMydiot increase the mineralisation
of aged BC in an Anthrosol of Central Amazon, bibé tadded residues were
incorporated and stabilised within an organo-mih&etion in the kaolinitic soils.
These results suggest that LOM input may only eoédhe mineralisation of labile
biochar-C components and once biochar is ageddg@eted in labile components),
the stabilisation of added C may be enhanced ichicamended mineral soils.
Longer-term incubations are required to discerrrdihe of biochar in the stabilisation

of added LOM upon interactions with soil clay miglsr
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Biochar type Soil type Experimental period and coniions ~ Magnitude and direction  References
of priming
Maize, rye and wood (350 °C) Pure sand with gludo=sted Up to 26-60 d at 20 °C +37% to +64% Hamhat. (2004)

Grass (400 °C)
Straw (350 or 700 °C)

Natural charcoal

Haplic Luvisol 3.2-year at 20 °C

Aquic Paleudalf 87 dat25°C

Anthrosol (developed on Oxisols, 532 d at 30 °C

Ultisols, or Spodosol
Vertisol with sugarcane addition at120 ¢ at 20 °C

0, 1, 2 and 4% rates
Boreal forest buried witimus

Wood (450 or 550 °C)
Fired-derived charcoal 10-year buried in field

Maize (500 °C) Acrisol, Mollisiol, Oxisol

%3t +6%
+66% to +514%
-15to +21%

-150% to +20%

Increased about 80% of
humus los

50% of above-ground maize residues +3 to +4% in 100 years

converted to biochar and return to soil time (Modeled)

Wood (450 °C)
Sugarcane (350, 450 and 550 °C)

Eutric Cambisol 3-year field study

Agriculture soll d28 30 °C

Wood (450 °C)

Woody and grass (250, 400, 525A(fisol, Entisol and Mollisol
and 650 °C)

Fypic Dystrochrept 5dat 20 °C

l-year at 32 °C

Pecan-shell (700 °C) Typic Kandiudult 67 d at 1727
Woody (450 °C) Haploxeralfs 180 d at 25 °C
Wheat and wood (450 °C) Arenosol (FAO WRB) 74 @%2 °C

aftect

No effect to slightly
negative priming
Nie ef

-5286 89%

+0.18 to +11.99%
No dffec
+20% to +30%

Kuzyakov et al. (2009)
Luo et al. (2011)
Liang et al. (2010)

Keith et al. (2011)

Wardle et al. (2008)

Woolf and Lehmann
(2012a)

Jones et al. (2012)
Cross and Sohi (2011)

Jones et al. (2011)

Zimmerman et al. (2011)

Novak et al. (2010)
Santos et al. (2012)
Farrell et al. (2013)
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Table 2.3.Priming effect (PE) of added organic carbon i gosand on biochar-C mineralisation.

Experimental period and

Magnitude and direction of

Biochar type Soil type conditions priming References
Maize, rye and wood (350 °C) Pure sand with gludcoessted Up to 26-60 d at 20 °C +36% to +189% Hashat. (2004)
Grass (400 °C) Haplic Luvisol with glucose addition  3.2-year at 20 °C +20% to +160% Kuzyakov et &00@

Straw (350 and 700 °C)

Natural BC

Wood (450 and 550 °C)

Aquic Paleudalf 87dat@5°

Anthrosol (developed on Oxisols,

Ultisols, or Spodosols) 532dat30°C

Vertisol with sugarcane addition at 1, 2

120 d at 20 °C
and 4% rates a

+33% to +137%

No effect

-20% to +40%

Luo et al. (2011)

Liang et al. (2010)

Keith et al. (2011)
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2.8. Spectroscopic analyses in relation to biochar oxidation and

stability

Spectroscopy techniques, including Fourier tramsfoinfrared (FTIR), X-ray
photoelectron spectroscopy (XPS), near-edge X-ragomtion fine structure
spectroscopy (NEXAFS), can provide direct inforroatof biochar surface or bulk C
chemistry including changes in carbon functionabugps or structure during the
oxidation process (Cheng and Lehmann, 2009; Cherad.,e2006; Hilscher et al.,
2009; Lehmann et al., 2005; Lin et al., 2012; MdBend Smernik, 2009; Nguyen et
al., 2009). The surface functional groups can adewith soil minerals (Gu et al.,
1994; Kaiser and Guggenberger, 2003; Lin et all22@nd spectroscopic techniques
can be useful in evaluating biochar-mineral inteo@s. For example, Fourier
transform infrared (FTIR) spectroscopy has beenl tsexamine the type of surface
functional groups on biochar surfaces (Cheng e28D8a; Cheng et al., 2006) and to
clarify mechanism of biochar functionality in soilhese functional groups can
interact with native organic matter and soil mitenahich are relevant to biochar
stability (Brodowski et al., 2005; Hilscher and Kker, 2011b; Nguyen et al., 2009).
Moreover, the negatively charged functional groo@as buffer the acid addition and
contribute to alkalinity through association with, Iduch as -COQ—-COOH) and —
O (—OH) (Yuan et al., 2011). Similar to FTIR, XPS also provide complementary
information on the development of surface functlog@ups with biochar ageing,
especially carboxylic and phenolic groups (Cheng) eehmann, 2009; Cheng et al.,
2006). Near-edge X-ray absorption fine structurecspscopy has been developed to
explore the electronic and structural propertie®rgianic matter such as biochar or
BC (Heymann et al., 2011; Keiluweit et al., 2018)milar to XPS, NEXAFS spectra
can reveal the oxidation degree from the small gaarof C functional groups in
biochar, for example, the spatial analysis of tl& fBarticle indicated a significant
oxidation of BC surfaces with a reduction of aromafC and an increase of
carboxylic C (Lehmann et al., 2005). Near-edge ¥-adbsorption fine structure
spectroscopy can semi-quantitatively determine @Ghéorms of BC and non-BC
(Liang et al., 2006; Liang et al., 2008), therefarelerstanding the mechanisms of
different stability of BC-rich soil and adjacentiisoMoreover, advances in biochar-
mineral interactions could further benefit from g@gress made in nondestructive

microscopic and microscale X-ray spectroscopy tiegles such as scanning electron
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microscopy (SEM) and energy dispersive x-ray (E@xXplysis (Brodowski et al.,
2005; Lin et al., 2012).

The increasing proportions of aromatic C with cimgrcan be directly
examined byC nuclear magnetic resonance (NMR) (Knicker et24113; McBeath
et al., 2011; Preston and Schmidt, 2006). ¥IeNMR technique can also quantify
the condensed or “graphitic” biochar, so called digree of aromatic condensation
(Smernik et al., 2006). Furthermore, changes ik RQufunctional groups can also be
examined by NMR, e.g. an increase of carboxyl/cayb€ ratio and a decrease of
O-alkyl/alkyl-C ratio with time (Hilscher et al.0P9).

Spectroscopic techniques mainly qualitatively datee surface or bulk C functional
groups rather than quantifying them; these techesqure complicated and expensive,

but can complement biochar stability studies iatreh to understanding mechanisms.
2.9. Summary

Biochar-C stability estimates range from decadahiitennia timescales and it seems
to be influenced by intrinsic physical-chemical alettrance and environmental
conditions (i.e. soil minerals and temperature)wkleer, most of the studies have
been conducted in a sandy medium or in limited typiks. Furthermore, it has been
shown that biochar-C stability estimates may chamgé incubation time, and

longer incubation times (years) can provide moralisgc MRTs than shorter

incubation studies (months). There is clearly a gapur understanding of the
biochar-C stability and the stabilisation effectsboochars produced at different
pyrolysis temperatures on native SOC in a rangesafs and under different

incubation temperatures. The addition of biochasail may increase the loss of
SOC; therefore negate the C sequestration poteritiabchar in soil. Current studies
show that the positive priming occurs in the shotéem; however, over a longer-
time period the direction of priming may changenegative priming. Overall, the

research on biochar-C stability and stabilisation Soils possessing variable
properties, such as clay content, clay compositiative C content, over a long-term
period is urgently needed to underpin the long-termechar-C sequestration potential

under contrasting environmental (temperature) deord.
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Chapter 3: Biochar carbon stability in four contrasting

soils?

Abstract

There is a limited understanding of the effectsaf properties on biochar carbon (C)
stability. This knowledge is essential to fully &wte the capacity of biochar for
long-term soil C sequestration. In this study, tWomchars, produced by slow
pyrolysis at 450 or 550 °C from &*C-depleted (-36.4%cFucalyptus salign&8m.
woody material, were incubated in four soils (Inceg, Entisol, Oxisol, Vertisol) of
contrasting chemical and mineralogical propertigse total biochar-C mineralised
over 12 months was 0.30-1.14% and 0.97-2.71% froensbil-biochar mixtures
incubated at 20 and 40 °C, respectively. The tatathar-C mineralised (mg GE&C
per unit of native soil organic C, SOC basis) freails incubated with the 45C
biochar was approximately twice the correspondmguant mineralised from the 550
°C biochar systems. The influence of soil propemiediochar-C mineralisation was
greater for the 450C biochar than the 55 biochar. The smallest proportion of C
mineralised from the 450C biochar occurred in the Inceptisol incubated @@
and in the Oxisol at 40C. However, when expressed on a per unit of nBE
basis, the C mineralisation of the 450 and 85Miochars was least in the Oxisol and
greatest in the Inceptisol at both incubation terajpees. Mean residence times
(MRT) of the biochars estimated using the two-peaponential model varied
between 44 and 610 years. The estimated MRT dbittehars may vary under field
conditions depending upon the environmental comaktiand addition of labile
carbon from plants. Our results indicate that bave@ was stabilised by variable
charge minerals in the Oxisol and that the staiibs occurred rapidly at high

temperatures.

' This chapter has been published in European Joafr@&bil Science under the title “Biochar carbon
stability in four contrasting soils” in August 2013uthors are Yunying Fang, Balwant Singh,
Bhupinder Pal Singh and Evelyn Krull.
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3.1. Introduction

Biochar is a solid material obtained from the thechemical conversion of biomass
in an oxygen-limited environment (IBI, 2012). Incemt years, biochar has been
promoted as a technology that can provide multgrtgironmental benefits upon
application to soil, including long-term sequestatof carbon (C) in soil (Woolf et
al., 2010). Because of their predominantly aromaature (McBeath & Smernik,
2009), biochars are considered as a recalcitrant td C with long mean residence
times (MRT) in the range of centuries to millenniiguzyakov et al., 2009;
Zimmerman, 2010; Keith et al., 2011; Singh et 20]12). However, observations of
reduced stability in the range of a few decadesn&dural and laboratory produced
char or biochar have also been made, especiallgrunigh & 30° C) incubation
temperatures (Bird et al., 1999; Murage et al.,722®dIscher et al., 2009; Hilscher &
Knicker, 2011; Zimmermann et al., 2012). Thus, stebility of biochar-C requires
further understanding so that the potential of bavctechnology as a long-term C

sequestration method can be assessed (Lehmann2€Qf).

Some of the uncertainties in the estimates of lasio¢h stability have been
related to production conditions and feedstock tyjidguyen et al., 2010;
Zimmerman, 2010; Keith et al.,, 2011; Singh et 2012). For example, biochars
produced at lower temperatures (400-450 °C) haee beported to mineralise faster
than the higher temperatures (550-650 °C) countisrpa.arge production
temperatures generally increase the aromaticitydegiee of aromatic condensation
in the biochar (McBeath & Smernik, 2009; McBeatlakt 2011; Pereira et al., 2011,
Kaal et al., 2012) and consequently its intrinsleernical recalcitrance against
biological and chemical decomposition (Zimmermai @ Singh et al., 2012).

The stability of biochar in soils may not be solatyributable to its chemical
characteristics but also to its reduced accedssibilnen involved in organo-mineral
associations. Biochar can be stabilised throughmate interactions with soil
minerals and subsequent physical occlusion in argmameral fractions, thereby
limiting its spatial accessibility to soil microagisms and their enzymes (Lehmann
et al., 2011). For instance, Brodowski et al. (20fiund aged char-C in micro-
aggregates and aggregate-occluded fractions amthegized that reactive surfaces

on aged char can contribute actively to aggregatendtion and consequently
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stabilisation of char in a mineral soil. Furthermochar-C was embedded within
plaques of iron (Fe) and aluminium (Al) oxides omenmal surfaces (Glaser et al.,
2000). Lin et al. (2012) found a relatively largencentration of Al at the interface
between biochar and mineral phases following stesrt+ ageing of biochar in a
Ferrosol. Eckmeier et al. (2010) found that orgaeregallic or organo-mineral

complexes and intrinsic recalcitrance of char wesponsible for large SOC stocks
in sesquioxides-rich Cryptopodzols. Although biaeBais intrinsically chemically

recalcitrant, the above studies have demonstréwedntportance of organo-mineral
complexes to enhance biochar-C stability in thd. SGonsidering the growing

interest in biochar for long-term C sequestratiorsoil, a greater understanding of
the biochar-C stability in soils with varying cland organic matter contents and

compositions is required.

In addition to biochar-soil interactions, soil emnmental conditions, such as
temperature, may have considerable effects on tialisy of biochar-C in soil.
Nguyen et al. (2010) observed increasing loss othar-C from biochar-sand
mixtures (from 1.5 to 20% of the applied biocham@er a one-year incubation
experiment) with increasing incubation temperatinoen 4 to 60 °C. Cheng et al.
(2006) found an increase in the abiotic oxidation boochar with increasing
temperature over a four-month incubation periodjtHncubation temperatures can
increase biochar-C mineralisation (Zimmermann gt2812), but whether biochar-
soil mineral interactions play a role in counteiragtthe effect of temperature on

biochar-C mineralisation is not known.

Biochar-C mineralisation may be enhanced with iasimegy organic matter
content in soil. For example, the mineralisationwafod biochar-C was increased
with the increasing application rates of sugarcaesidues at early stages of
incubation (positive priming) followed by the stidation of biochar-C
mineralisation (negative priming) in a smectitéarisoil (Keith et al., 2011). The
stabilisation of biochar was attributed to the passinteractions of biochar with
minerals and native/added organic matter in the Samilarly, Hamer et al. (2004)
found that addition of glucose-C increased the naiiation of biochar-C in a sand
mixture. Contrary to these observations, Liangl.et2810) reported that the addition

of sugarcane residues did not increase the misat@n of aged black C in
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Anthrosols of Central Amazon, rather that the addsidues were incorporated and
stabilised within an organo-mineral fraction in kaibe dominated soils.

Most previous studies on biochar-C stability weaeried out in pure sand or
in soils with a limited range of clay minerals, ylaontent and native organic C
content. We still have a poor understanding of ittiience of soil properties on
biochar-C mineralisation and hence its stabilityR'M) in a variety of soils. Here, we
used two wood biochars with distinctly differeBitC signature (-36.4%o) from the
soils (-14.128.2%0) (Table 3.1), which allowed us to quantify the mineralisatioin
biochar-C and soil C fractions using an isotopixing model. The biochars were
incubated in four soils of contrasting propertiesluding clay mineral composition,
clay content and organic C content under contrataditions of temperature (20 or
40 °C) and moisture (70% of maximum water holding ca@gac Our hypotheses
were that (i) biochar-C stability will vary acrossils of contrasting properties, and
(i) biochar produced at high temperature (58) will have greater stability than

that from low temperature (45C) in these soils.
3.2. Material and methods

3.2.1. Biochars and soils

Two wood biochars were produced at 450 and 550si@gwslow pyrolysis (5-10 °C
per minute heating rate, 40 minutes residence thgeRacific Pyrolysis (Somersby,
Australia) from*3C-depleted woody biomass &ucalyptus saligne&Sm. trees that
had been grown for two years under an elevated €®ironment (Barton et al.,
2010). The biochars were ground and sieved thraugtmm sieve for the incubation

experiments.

Surface soil samples (0-15 cm) were collected fiagricultural fields in
Australia located at: Wongan Hills in Western Aabkf& (Inceptisol; 35°89’S,
116°38°E); Port Kenny in South Australia (Entis®8°14’S, 134°72°E); Wollongbar
in New South Wales (Oxisol; 28°50°S, 153°25E); &tetmitage Research Station,
Warwick in Queensland (Vertisol; 28°13°S, 152°6{Epil survey staff, 2010). Soill
samples were air-dried, and roots and other vigladat remains were removed. Soil
samples were ground and sieved to obtain the < Zipenfraction for the incubation

experiment.
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The measured properties of biochars and soils4{phare shown iTable 3.1
and Appendix 2. The pH of biochars and soils waasueed in 1:5 solid / solution
ratio in deionised water using a pre-calibrated gdéttrode. Electrical conductivity
(EC) was also measured in 1:5 solid / solution aot using an electrical
conductivity meter. Soil particle size was analybgdhe hydrometer method. Cation
exchange capacity (CEC) and exchangeable cations getermined by the silver
thiourea (AgTU) method. Biochar and soil samples were ground taiota <53um
fraction to measure total C and nitrogen (N) by doynbustion using a vario MAX
CNS elemental analyser (Germany). The Entisol weeted with v HCI (at 60 °C)
to dissolve carbonate C (Midwood & Boutton, 199Bje acid-treated Entisol was
washed repeatedly with deionised water until néytkd was obtained, dried at
40 °C, and the total organic C content was analgsedescribed above. TREC
signatures of the ground (<%3n) soil and biochar samples were determined by a
Delta V Thermo Finnigan IRMS.

Clay minerals were analysed by X-ray diffractiorRIX) following standard
pretreatments (Brown & Brindley, 1980) (detailsagivn the Supporting Information
and Appendix 3). Specific surface area and poremel analyses of biochars were
made with a Micromeritics ASAP 2020 surface ared parosity analyser (details

given in the Supporting Information 3.7).
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Table 3.1.Important properties of soils and biochars usetiénincubation experiment.

Property Inceptisol Entisol Oxisol Vertisol 450 °Chiochar 550 °C biochar
WRB order (FAO, 2006) Arenosols Calcisol Ferralsol Vertisol - -
pH (1:5 HO) 5.70 (£0.01) 8.77 (x0.01) 5.65 (£0.01) 7.89 (0. 8.64 (+0.05) 9.96 (+0.01)
EC (1:5)/ mS it 8.2 (+2.3) 24.5 (£2.3) 15.0 (x0.5) 13.0 (+2.6) 89.4 (x21.7) 112.7 (¢52.4)
Sand / % 97.5 (£0.1) 66.3 (£0.1) 24.3 (£2.0) 223.7) - -
Silt / % 1.2 (x0.1) 12.2 (+0.2) 31.6 (x1.4) 28.9(8) - -
Clay / % 1.3 (20.1) 21.5(20.4) 44.1 (£0.6) 44.D (1) - -
CEC / mmalkg* 24.4 (£2.5) 99.1 (£3.3) 119.9 (+2.9) 265.4 (£3.1) 11.4 (+3.9) 54.0 (£4.4)
Organic carbon / % 0.95 (£0.02) 2.53 (£0.09) 4.39 (+0.02) 2.25(#0.04) 67.40 (x0.20) 73.19 (x0.14)
Inorganic carbon / % - 6.01 (+0.06) - - - -
8°C /| %o -28.17 (+0.02) -14.08 (+0.01) -21.35 (x0.01) -17(20.01) -36.34 (x0.01) -36.53 (+0.02)
Total N/ % 0.07 (z0.01) 0.16 (x0.01) 0.43 (£0.02) 0.16 (+0.01) 0.52 (x0.02) 0.62 (£0.01)
SSA/nfg* - - - - 191.0 228.3
Pore volume / cig® - - - - 57.2 67.5
*k%k 1h**x*

Clay minerals Kaol+, I, ISaOci***’ (I—sklebm*’: S, - -

Qtz*, llI* Kaol***, Qtz* ' ' Kaol**

Ant**, HIV*

EC: electrical conductivity; CEC: cation-exchang@acity measured by the silver thiorurea methody: SBecific surface area measured by g @@sorption method (see

Supporting Information).

Kaol=kaolinite; Sm= smectite; Ill= illite; Qtz= qua; Goe= goethite; Gib= gibbsite; Hem= hematitet-Aanatase; HIV= hydroxy interlayered vermiculitembers
represent the ratio of each clay, *****, *xxx ek xx * represents 60% over, 40-60%, 20—40%, 5-20% kess than 5%, respectively.

The numbers in parentheses are the standard étfter mean (n=4).
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3.2.2. Incubation experiment

The two biochars were uniformly mixed with eachl $gpe (300 g oven-dry) at 2%
(w/w); a non-amended control soil was also includBmbchar-soil mixtures were
placed into 300 ml containers (maintaining a bubngity of 1.2 g ci) and
incubated separately in 1.2 | plastic jars sealéd Waseline or silicon grease at 20
and 40 °C for up to 12 months. These temperatutearccommonly in temperate
and tropical regions (Zimmermann et al., 2012).hEmeatment was replicated four
times. A CQ-trap (40 ml of 2.5v NaOH in 70 ml jar) and a jar of deionized water
(40 ml water in 70 ml jar) were placed in each etion chamber to absorb the £0
produced and maintain a constant humidity, respelgti To account for headspace
CO,, four control incubation chambers were set up he same fashion but
containing a closed, empty container instead obibehar-soil container. A nutrient
solution (see Appendix 1) that contained tlgpil) aprroximately 183 mg N, 28 mg
P, 220 mg K, 13 mg S and required amounts of tedements was uniformly mixed
with each of the soils or soil-biochar mixturesstgoport microbial growth during the
incubation period (Chapman, 1997). A microbial moen was prepared by mixing
soil samples collected from fields under differemigetations (native eucalyptus
forests, pine plantation, maize cropping and gragastures), thus introducing a
diverse range of microbial communities to the soirlsoil biochar-mixtures (Keith et
al., 2011). The microbial inoculum was prepare@ &®il extract (50 g soil : 100 ml
water, seived to < 100 um). The soil extract waseahiwith the nutrient solution in a
ratio of 1:125 and applied to the soil-biochar mies.The control soils and biochar-
soil mixtures were maintained at 70% of maximumew&tlding capacity. The GO
traps were changed at days 3, 9, 18, 38, 94, 183, 365 for the 20 °C incubation
experiment, and days 2, 4, 8, 16, 30, 51, 80, 186, 246, 313, 365 for the 40 °C
incubation experiment for total G& andd'C analyses. The sampling intervals
were varied for the two incubation temperaturesabse of the expected differences

in the CQ emission rates at the two temperatures.

3.2.3. Total and biochar carbon mineralisation

The amount of C@respired from biochar amended and control soils eetermined
by titrating a 1 ml aliquot of the GQrap solution against 0. HCI, using
phenolphthalein as the indicator. To determsniC signature of the CQevolved
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from soil and soil-biochar mixtures, a 10 ml alitqwd the CQ trap solution was
mixed with 10 ml of 1.25x SrCh to precipitate the trapped G@s SrCQ. The
precipitates were analysed f81°C using the procedure described by Keith et al.
(2011).

The proportion of biochar-derived G@ (Ggiochar (%0)) In the total C@C
produced was determined using the following twotgd® isotopic mixing model:

(31°C0,-8¢*3C0y)
(35 >C02-5¢">C0O,)

CBiochar (%) = x 100 y (31)

where §;1°C0O, is the 6'%C value of the total CEC evolved from biochar-soil
mixtures, 5c%CO; is the 8'°C value for the C@C evolved from the same soil
without biochar amendment aidg™*C is the5'*C isotopic composition of the fresh
biochar. Using the proportion of G& derived from biochar, the proportion and
amount of native soil C mineralised was determirféa results on the dynamics and
magnitude of priming effect of biochars on soil amgg C mineralisation will be
published separately.

The daily rates of C mineralisation from native Isand biochar were
calculated from the amounts of €O released over a given sampling period and the
number of days in the sampling period (Kuzyakowalet 2009; Luo et al., 2011;
Singh et al., 2012).

The cumulative proportion of added biochar-C milisea over 12 months
across all treatments was fitted to a two-pool egndial model to estimate the MRT
of biochars (Keithet al, 2011):

Cpe(%) = Cp X (1 — e ) 4+ (100 — Cp) x (1 — e™*rY), (3.2)

where Cg; (%) is the cumulative proportion of added biochar-Genalised
at time (t);CLand (100€,) are the proportions of labile (easily-mineraliedband
recalcitrant (slowly-mineralisable) pools in bioct@ respectivelyk; andkg are the
mineralisation rate constants for the labile anthi@trant pools, respectively. The
Solver add-in tool in Microsoft Excel was used stiraate the model parameters by
minimising the sum of the squared errors betweedeited and measured values of
the cumulative proportion of added biochar-C mitigeed over 12 months. The mean

residence time (MRT) is the inversd /k; or 1/kg) of the mineralisation rate
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constant. Model parameters were obtained separdtelyeach replication, and

standard errors were calculated from four replgate

3.2.4. Statistical analysis

Repeated measures analyses were performed foCtatiadl biochar-C mineralisation
rates separately for each temperature using arlmesed model framework in the
Genstal 14th edition (VSN International, 2011). Each asayconsisted of fixed
effects of soil and biochar treatments, time andaabociated interactions, and
random effects of replicate and replicate by tiffie.allow for correlation between
repeated measures on the same units, a first arderegressive model was fitted
(giving a larger residual log-likelihood than thewer model). Heterogeneity in the
residual variances between time-points was incluaedt was deemed significant
using a residual likelihood ratio test. For the alative (after 12 months) total C and
biochar-C mineralisation, a three-way (soil, biaclad temperature) analysis of
variance was performed in the Gen3tadth edition of the log-transformed response
(to remove variance heterogeneity between tempestwith random effects of
replicates. Wald-type F statistics (with KenwardgRoadjustments) were calculated
for all fixed terms and associated interactions.eYéhthe F-statistic was significant,
the means were compared using the LSD test at #hesi§nificance level unless

stated otherwise.
3.3. Results

3.3.1. Total carbon mineralisation

Total C mineralisation rate (expressed as mg-CQeleased per unit of total organic
C per day, mg COC ¢g* TOC day") was initially large across all treatments and
decreased with time in an exponential manner. Tteemion were (i) the non-
amended Inceptosol at 4C where the total C mineralisation rate increasedau
day 9 and then decreased with time, and (ii) thdis at 40°C where the rate of
total C mineralisation in the 45 biochar amended and non-amended treatments
increased between three and eight months and theneabked or stabilise&igure
3.1). All main and interactive effects of biochar, Isand time on the rate of total C
mineralisation at each incubation temperature weghly significant P < 0.001)
(Table 3.3. The total C mineralisation rate was consisterddgs (or similar,

particularly at the later stages of incubation) tlee biochar-amended soils than for
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the correspoding non-amended soils. The only exaeptas the Inceptisol where the
total C mineralisation rate was greater for thechar-amended than for the non-
amended solil in the first three and/or nine daymadibation. Total C mineralisation
rates for the biochar-amended and non-amended $wi®ved the sequence:

Vertisol < Oxisol< Entisol< Inceptisol at both incubation temperatures.

Over the 12-months incubation time, the cumulataraount of total C
mineralised ranged between 6.2 and 164 mg-CQ@j' TOC and followed the
sequence: Vertisot Oxisol < Entisol < Inceptisol across biochar and temperature
treatmentsKigure 3.2). All main and interactive effects of biochar, |samd time on
total C mineralisation were highly significanP (< 0.001) Table 3.4. The
cumulative of total C mineralised was significarilyger for the 450C than for the
550 °C biochar-amended soilTéble 3.S3. The total C mineralised for the two
biochar treatments was significantly less thanrtbe-amended treatments after 12
months Figure 3.2 Table 3.S3, with the exception of the Vertisol at 2C where
the total C mineralised was significantly greatarthe 450°C biochar-amended soill
than for the non-amended soil. The cumulative dfaltadC mineralised was
significantly greater at 40 °C than at 20 °C acrtes biochar and soil treatments
(Figure 3.2 Table 3.S3.

The 3*°C signatures of the GQevolved from the biochar-amended and non-
amended soils along the incubation time at 20 &id4are given in the Supporting
Information Figure 3.SJ). These data show that tR&3C signatures of the GO
evolved from the biochar-amended soils were momgatie than from the non-
amended soil throughout the incubation period. éaoh of the amended soils, the
5"*C signatures were relatively more negative for46@ C biochar than the 55

biochar at most stages of incubatiégire 3.SJ.
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Figure 3.1. Total carbon (C) mineralisation rate (mg £@nission of per gram total organic C per day, n-C g* TOC d*) from different
soil-biochar mixtures incubated at 20 °C (open syisiband 40 °C (closed symbols) over the 12-montluibation period. Square, triangle and
circle symbols represent control (without biochd§0 and 550 °C biochar-amended soils, respecti#&tpr bars represent + standard errors of
the mean (n=4). Thick bars show least significaffeéinces (at 5% level, LS[3s) of the interaction of soil and biochar types iffiedent time-
points for each incubation temperature.
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Figure 3.2.Total carbon (C) mineralised (mg @@mission per gram of total organic
C, mg CQ-C g* TOC) from control (without biochar), 450 and 550 biochar-

amended soils incubated at 20 °C (white histograems) 40 °C (grey histograms)
after 12-months incubation Error bars represenamdard errors of the mean (n = 4).

3.3.2. Biochar carbon mineralisation

There was a rapid mineralisation rate of biocharpGo day 3 (0.09-0.64 mg G@

g* biochar-C day) which then decreased rapidly to slow rates (0-00865 mg
CO,-C ¢* biochar-C day) over 12 months across all treatmenfggre 3.3.
However, at 40 °C, the biochar-C mineralisatior iatreased for the first eight days
in the Inceptisol and Entisol for both biocharsdan the Vertisol for the 450C
biochar, and then decreased with time in an expaidashion in the Inceptisol, or
decreased but stabilised over time in the Entigdl the Vertisol [Figure 3.3). All
main and interactive effects of biochar, soil anaeton biochar-C mineralisation rate
were highly significant B < 0.001) Table 3.3. Biochar-C mineralisation rates
varied from significant to non-significant differegs with time among the soil and
biochar treatments at each of the incubation teatpess; the differences among the
soil treatments were more pronounced for the 460than the 550°C biochar
treatment, and also at 4@ than 20°C (Figure 3.4, Table 3.S3. Biochar-C
mineralisation rates were slower for the 550 °CGchay than for the 450 °C biochar,

and at 20 °C than 40 °C at most stages of the ateubperiod across all soils.

The cumulative proportion (% of added biochar-Gj amount (mg C@C g
Linitial native SOC) of biochar-C mineralised afi&r months was significantly?(=

0.009) influenced by the interactive effects ofl,sdiiochar and/or incubation
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temperature treatment&igures 3.4 and 3.5; Table 3)4 The proportions of the
added biochar-C mineralised over 12 months vaniech f0.30 to 2.71% across all
treatments. At 20 °C, the proportion of biochar-@enalised in the 450 °C biochar-
amended Entisol was 1.14%, which was significalatiger than for the other soils
(0.65-0.86%); the smallest proportion of biocham@s mineralised from the
Inceptisol. At 40 °C, the smallest proportion (R&)7o0f biochar-C was mineralised
in the 450 °C biochar-amended Oxisol; the extenbiothar-C mineralised was
similar for the other three soils (2.29-2.71%). Theoportion of biochar-C
mineralised from the 558C biochar-amended soils was similar across soitaeh
of the incubation temperatures (0.30 to 0.42% @@ and 0.97 to 1.16% at 4C),
except for a significantly smaller proportion ofothar-C mineralised in the Vertisol
than the Inceptisol at 20C (Figure 3.4 Table 3.S3. When expressed on per unit
basis of initial native SOC, the amount of biocBamineralised followed the
sequence: Oxisol < Entisal Vertisol < Inceptisol across both biochar and both
incubation temperature treatments, except for 48Mifbchar at 20 °C where the
sequence was Oxisol < Vertisol < Entisol < IncggtiFigure 3.5). The proportion
of the added biochar-C and amount of biochar-C nalieed (mg C@C g¢* initial
native SOC) were significantly greater (i) for 40 °C biochar-amended soils than
the 550 °C biochar-amended soils at both tempearsitand (i) at 40 °C than 20 °C
across all biochar and soil treatmerfésg(ires 3.4and Fiugre 3.5. The extent of
increase in biochar-C mineralisation with incregsiemperature was smaller in the

Oxisol than the other soils, particularly for the04C biochar.
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Figure 3.3.Biochar carbon (C) mineralisation rate (mg&80g" biochar-C day) from soils amended with 450 and 550 °C biochacsithated
at 20 °C (open symbols) and 40 °C (closed symlmyej 12 months incubation. Error bars represenaadard errors of the mean (n = 4). Thick
bars show least significant differences (at 5% llek8Dy ¢5) of the interaction of soil and biochar types #tedent time-points for each
incubation temperature.
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Figure 3.4. The proportion (%) of biochar carbon (C) minerdisfrom soils
amended with 450 and 550 °C biochars incubated &2 (white histograms and
40 °C (grey histograms) after 12-months incubattemor bars represent + standard
errors of the mean (n=4).
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Figure 3.5. Biochar carbon (C) mineralised (mg €@mission per gram of native
soil organic C, mg C®C ¢* native SOC) from soils amended with 450 and 550 °C
biochars incubated at 20 °C (white histograms)4MdC (grey histograms) after 12-
months incubation. Error bars represent + standamds of the mean (n = 4).
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3.3.3. Mean residence time of biochar carbon in soil

The estimated MRT of recalcitrant biochar-C variedween 214 and 610 years at
20 °C and 44 and 439 years at 40 °C across soiberuthar treatmentsT@ble 3.2.
The model-derived labile biochar-C constituted et 0.09 and 0.70% of the total
biochar-C at 20 C, with MRT of 5 to 107 days, and between 0.20 &ri®% at 40
°C, with MRT of 9 to 45 days, across soil and bioctiaatments. In general, the
MRT of biochar-C increased with increasing pyratysemperature, and decreased
with increasing incubation temperature. There wasclear pattern for the soil

influence on the biochar MRT.
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Table 32. Mean residence time of labile and recalcitrantipobd biochar carbon (C) and their proportions {fojhe four soils estimated using
a two-pool exponential model fitted to the cumwatbiochar-C mineralised over 12 months. B450 aB8Brepresent 450 and 550 °C
biochar, respectively.

Mean residence timé&

taxir?gmy Labile C / days Recalcitrant C / years Model fit (R?) Labile C/ %

or9er  Biochar _ 20°C 40 °C 20 °C 40°C 20 °C 40 °C 20 °C 40 °C
. B450 13 (+2) 33 (5) 259 (+11) 102 (#23)  0.989-B99 0.992-0.999 0.29 (+0.03) 1.19 (+0.20)
neeptsol B550 24 (+12) 45 (1) 344 (£23) 439 (+82) 0.9838r9  0.995-0.999 0.15 (+0.03) 0.82 (+0.04)
_ B450 107(x16) 26 (2) 214 (+21) 62 (4) 0.997-0.999 0.996-0.999 0.70 (x0.07) 0.90 (+0.06)
Entsel B550 49(+6) 29 (£3) 610 (+112) 178 (+36)  0.985-B99 0.992-0.997 0.19 (+0.03) 0.40 (+0.02)
_ B450 24 (+1) 9 (1) 235 (+24) 106 (+12) 0.994-0.997 0.992-0.999 0.43 (x0.02) 0.50 (+0.02)
oxsel B550 11 (+4) 30 (+11) 579 (+60) 190 (£#16)  0.9849B9  0.980-0.997 0.17 (+0.03) 0.45 (+0.08)

_ B450 26 (15) 11 (£1) 218 (+14) 44 (+1) 0.978-0.987 0.999 0.34 (+0.06) 0.42 (+0.01)
vertisd B550 5 (+3) 9 (1) 450 (+22) 126 (+20) 0.966-0.990 0.982-0.994 0.09 (+0.02) 0.20 (+0.01)

The numbers in parentheses are the standard éttee mean (n=4).

#The mean residence time is the inverse (fkl/kz ) of the mineralisation rate constant.
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Table 3.3.Wald F statistics for the fixed terms of incubatiome, soil and biochar
and their associated interactions on the testedrdbgmt variables.

Degrees of Wald F statistic/ Denominator degrees
Source

freedom / d.f. d.f. of freedom / d.d.f P>F

Total C mineralisation rate / mg Ga g* TOC d*

20 °C

Day 1273.61 103.4 <0.001
Soil 3 1347.4 85 <0.001
Biochar 2 420.66 85 <0.001
Day x soil 21 87.09 155.8 < 0.001
Day x biochar 14 21.52 136.9 <0.001
Soil x biochar 6 101.82 85 <0.001
Day x soil x biochar 42 10.43 178.4 <0.001
40 °C

Day 11 329.85 146.5 <0.001
Soil 3 52.91 83.3 <0.001
Biochar 2 231.9 83.3 <0.001
Day x soil 33 35.15 230.4 <0.001
Day x biochar 22 6.77 200.3 <0.001
Soil x biochar 6 8.28 83.3 <0.001
Day x soil x biochar 66 4.16 266.1 <0.001
Biochar-C mineralisation rate / mg G& g* biochar-C d'

20 °C

Day 7 243.19 68.9 <0.001
Soil 3 30.79 54.6 <0.001
Biochar 1 338.09 54.6 <0.001
Day x soil 21 9.39 100.4 <0.001
Day x biochar 28.31 68.9 <0.001
Soil x biochar 3 35.3 546 <0.001
Day x soil x biochar 21 3.51 100.4 <0.001
40 °C

Day 10 141.41 34 <0.001
Soil 3 56.34 53,5 <0.001
Biochar 1 389.92 53.5 <0.001
Day x soil 30 15.4 125.3 <0.001
Day x biochar 10 21.43 829 <0.001
Soil x biochar 3 19.56 53,5 <0.001
Day x soil x biochar 30 2.45 125.3 <0.001
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Table 3.4.Wald F statistics for the fixed terms of soil, ¢thar, temperature and their
associated interactions on the tested dependanbies.

Source

Degrees of

freedom / d.f.

Wald F
statistic / d.f.

Denominator
degrees of P>F
freedom / d.d.f

Total C mineralised / mg GEC g' TOC
Soil

Biochar

Temperature

Soil x biochar

Soil x temperature

Biochar x temperature

Soil x biochar x temperature

Proportion of biochar-C mineralised / %
Soil

Biochar

Temperature

Soil x biochar

Soil x temperature

Biochar x temperature

Soil x biochar x temperature

3
2

1
6
3
2
6

1

3
3
1

3

Biochar-C mineralised / mg GEC g* native SOC

Saoll

Biochar

Temperature

Soil x biochar

Soil x temperature
Biochar x temperature

Soil x biochar x temperature

3
1

1
3
3
1
3

1048.2
389.65

10429.04

13.19

266.27
28.57
13.89

6.54
415.25
691.22
7.78
7.09
3.59

4.3

304.42
355.03
657.5
9.51
6.6
1.94
4.35

69.0 <0.001

69.0 <0.001
69.0 <0.001
69.0 <0.001
69.0 <0.001

69.0 <0.001
69.0 <0.001
48.0 <0.001

48.0 <0.001
48.0 <0.001

48.0 <0.001
48.0 <0.001
48.0 0.064

48.0 0.009

450 <0.001
45.0 <0.001
45.0 <0.001
45.0 <0.001
45.0 <0.001
45.0 0.171
45.0 0.009
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3.4. Discussion

3.4.1. Biochar carbon stability in soil

There have been some recent studies on the assgssingochar-C stability in soil
or sand mixtures (Kuzyakov et al., 2009; Nguyen éhinann, 2009; Nguyen et al.,
2010; Zimmerman, 2010; Keith et al., 2011; Singlalet2012). To our knowledge,
this is the first research that has focussed ormrampg our understanding of the
stability of wood biochar, with distinéd">C signatures from that in soils, across four
soils of contrasting properties at two incubatiemperatures. The decrease in the
fraction of total C mineralised after applicatiohbiochar to the soils, which was
greater for the 550C biochar than the 450C biochar Figures 3.1 and 3.},
suggests that biochar-C is relatively more reaaoit than native organic C in the
soils; this pattern has also been observed by (€beal., 2008b). The proportions of
biochar-C mineralised in our study across all trestts (0.30-2.71%) are similar to
the range (0.4-3.0%) reported by Zimmerman (2018p aver a 12-month
incubation, despite differences in biochar typesubation media (soil compared
with sand) and incubation temperature (20-40 °Cpamed with 32 °C). However,
the proportions of biochar-C mineralised at 40 A®@ur study (0.97-2.71%) are less
than those reported by Nguyen et al. (2010) whonted a loss of 11-14% of oak
wood biochar-C over 12-months incubation at 45R€hypothesized by Singh et al.
(2012), the differences in biochar-C mineralisatiorNguyen et al. (2010) and our
study may be related to the use of a shorter resedéime in the Daisy Reactor
(about 20 minutes compared with our 40 minutes)Nigyyen et al. (2010), thus
producing biochar with less intrinsic chemical deiteance than our biochar.
Kuzyakov et al. (2009) found that 2.8-3.2% of tkieled biochar-C was mineralised
over 12 months in a 39-month incubation study. giteater biochar-C mineralisation
in the latter study than in ours study may be laited to the grass-derived biochar,
which mineralises faster than wood-derived biocl{Zrmerman, 2010). Similarly,
Hilscher & Knicker (2011) reported a much fastegrdelation rate of char C than we
did, recovering 6265% of added C in soil after 28 months, possiblgalse their
char was produced at low (35@) temperature by charring biomass under oxic
conditions (for ¥4 minutes) and hence having less chemical recahaé than in our

study.
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The greater C mineralisation of the 450 °C biodhan the 550 °C biochar
across all soils and temperaturdsigires 3.4 and 3.5 can be attributed to
differences in the relative proportion of alkyl aadomatic C, and the degree of
condensation of aromatic C, which varies with barcproduction temperature, in
addition to biomass feedstock type (McBeath & Snker2009; Singh et al., 2012).
Cross & Sohi (2011) also found a decrease in ldk#esily mineralisable) C content
with increasing pyrolysis temperature. Furthermottee degree of aromatic C
condensation increases with increasing produconperature, which is related to
biochar-C stability in soil (McBeath & Smernik, 280 Several other studies have
also found greater C mineralisation of low tempamatbiochars than of high
temperature biochars (Baldock & Smernik, 2002; Zenman, 2010; Pereira et al.,
2011).

Our results of initially high, progressively slowand then relatively stable
biochar-C mineralisation over time are consistenithwother temporal C
mineralisation observations reported in the liter@at(Hamer et al., 2004; Kuzyakov
et al., 2009; Zimmerman, 2010; Keith et al., 20Lap et al., 2011; Singh et al.,
2012). This pattern of biochar-C mineralisation gegjs that there are some highly
labile C components in biochars, which were minseal predominantly through
biotic decomposition mechanisms (Bruun et al., 2008/e calculated that
approximately 40—-60% of the total biochar-C minised in 12 months was released
within the first two months. Following the initiahpid mineralisation, there was a
considerable decrease in the biochar-C mineradisatite Figure 3.3, likely due to

slower decomposition of the relatively stable C poments in biochars.

The MRT of biochar-C in different soils at 20 (214-610 years) and 4C
(44-439 years) incubation temperatures are sinidathose reported in previous
studies under a range of environmental conditi@&ngl (et al., 1999; Kuzyakov et al.,
2009). However, a short-term (120 days) study ufiegsame biochars incubated in
a Vertisol at 20 C, Keith et al. (2011) indicated a relatively ShdiRT (62 and 248
years) for the 450 and 55C biochars, respectively. These results suggestthiea
estimated MRT of biochars may increase further hasr tchemical recalcitrance
increases and labile components deplete over timleadter interactions with soil

minerals. Clearly, longer incubation periods amgureed to obtain realistic estimates
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of biochar-C stability (Singh et al., 2012) andutaderstand biochar-C stabilisation
processes in mineral soils. Moreover, different sledmay also vary in their
estimates of MRT. For example, although similarportions (0.4-3.0%) of the
added biochar-C were mineralised in our study amdZimmerman’'s (2010)
incubation experiment over 12 months, much largeRTMwere reported in
Zimmerman’s study in which the half-life rangedveen 16 and 10 years, than in
our study. These results suggest that there i®d twefurther evaluate how different
models vary in their ability to estimate realisligahe stability and MRT of biochar

in soils using long-term biochar-C mineralisatiatal

3.4.2. The influence of mineralogy and native soil C on biochar

carbon stability in soil

Although the soils used in this study had variationphysical, chemical and
mineralogical properties (sd@able 3.1); these variations were not systematic and did
not isolate confounding variables. Neverthelesgfulsinformation can be drawn
about how soil properties may have influenced baod¢h stability in the soils. For
example, when expressed as per unit native SOCh&ieC mineralised was least in
the clayey soils (Oxisol < Vertisol) followed byettsandy clay loam soil (Entisol)
and greatest in the sandy soil (Inceptisblig(re 3.5). These results provide insights
of the importance of clay content and mineralogy stabilising biochar-C
mineralisation in the soils. Brodowski et al. (2DGHhowed that oxidized biochar
surfaces can chemically interact with the functlogeoups of clay minerals and
native organic matter in soil. These interactioms aecrease C mineralisation
through the stabilisation of biochar-C and nativ@CSin organo-mineral fractions
and encapsulation within the soil mineral matrixeotime (Glaser et al., 2000;
Brodowski et al., 2005). Mineral-organic interacsomay be enhanced through
accelerated mineralisation conditions in the latwoya(Liang et al. 2010; Keith et al.
2011).

Furthermore, the two clayey soils (Oxisol, Vert)sbhd similar clay content
(44%) but different clay mineral compositions (@le charged minerals of goethite,
hematite, gibbsite and kaolinite in the Oxisol angredominant permanently charged
mineral, smectite, in the Vertisol), organic mattentent (Oxisol, 4.39%; Vertisol,

2.5%) and pH (moderately acidic in the Oxisol afichlane in the Vertisol) Table
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3.1). Although the soil pH was probably not ideal &mil microbes in both Oxisol
and Vertisol, the large native SOC content in thdas@l, relative to that of the
Vertisol, may support greater microbial activityddsiomass for biotic mineralisation
of biochar-C (Keith et al., 2011). Thus, our reswf less biochar-C mineralised in
the Oxisol Figure 3.5 can be attributed to the greater stabilisingatffef variable
charged minerals in the Oxisol than the permankatged mineral (smectite) in the

Vertisol.

It has been widely accepted that the associatibmds organic matter and
clay minerals involves the ligand exchange mechmani§u et al., 1994; Kogel-
Knabner et al., 2008). The ligand exchange reastomecur between hydroxyl groups,
on the surfaces of Fe and Al oxides and at thesed@ehyllosilicates, and carboxyl
and phenolic groups of organic matter, and thesetims may be stronger with
sesquioxides than phyllosilicates (von Lutzow et a006). The carboxyl groups
developed on biochar surfaces during its ageingoih (Cheng et al., 2008a) may
enhance the interaction of biochar surfaces widly chinerals. Moreover, the acidic
pH in the Oxisol may contribute to enhanced orgamaeeral association through the
ligand exchange reactions (Gu et al., 1994), thecrehsing biochar mineralisation
through limiting its accessibility to soil microagisms (Santos et al., 2012). Fine
clay particles may fill the pore spaces of bioctesr,observed in scanning electron
micrographs of the isolated biochar particles frdine soils (micrographs not
presented here), and consequently may limit thiechimineralisation of biochar. The
rapid decrease of biochar-C mineralisation in thst fwo—-three weeks in the Oxisol
at 40 C than in the other soilgFigure 3.3 suggests that interactions with the
sesquioxides minerals slowed the mineralisatiothefbiochar-C over the incubation
time. The Entisol contained illite and kaoliniteddmad the largest amount of calcium,
which can also stabilise biochar by ligand exchaage calcium bridging between
clay, native organic matter and biochar in soisth interactions may be weaker than

those occurring with sesquioxides in the Oxisoh(kditzow et al., 2006).

The native SOC content may also influence (primeg¢hmr-C mineralisation
(Keith et al., 2011). For example, the larger prtipa of the 450 °C biochar-C
mineralised in the Entisol, and to some extent {significant at P < 0.05) in the
Vertisol at 20 °C, may be attributed to their largative SOC contents than in the

Inceptisol Figure. 3.4. Some studies have shown that biochar-C mineataiis
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increases with increasing input of labile organgtter in the soil (Hamer et al., 2004;
Kuzyakov et al., 2009; Keith et al., 2011; Luo &t 2011). However, for the soils
used in our study it is not possible to isolate effect of SOC content on biochar-C
mineralisation from the other confounding variabksch as clay content and
mineralogy, and pH. Further studies using similaiisswith a clear native soil
organic matter gradient are required to fully assté® role of native SOC in

influencing biochar-C mineralisation.

3.4.3. The influence of incubation temperature on biochar carbon
stability in soil

Our results clearly show that biochar-C mineraitgatvas responsive to changes in
the incubation temperature across all soil-biod¢reatmentsKigure 3.3, Figure 3.4
and Figure 3.5. There are a few distinct differences, howeverthe response of
biochar-C mineralisation to incubation temperatwirech depended on the biochar
and soil treatments. The extent of increase of Hao€ mineralisation with
increasing temperature was more variable for th@ €5biochar than for the 53@C
biochar across different soil&igures 3.4and 3.5). The relatively smaller increase
than in the other soils may have resulted fromitbensification of the stabilisation
effect of variable charged minerals in the Oxisotler accelerated C mineralisation
conditions at 40C (Figures 3.4 and 3.% On the other hand, the greater increase in
the 450 C biochar-C mineralisation in the other soils wititreasing incubation
temperatureRigures 3.4 and 3.5 could be because there was little protection from
the small amount of clay in the sandy soil (Incgg)i or limited ligand exchange
reactions between biochar and permanent charggdralzerals in the Vertisol and
Entisol (von Lutzow et al., 2006). Other studieséhalso found increased biochar-C
mineralisation with increasing incubation temperasuacross a range of biochars (or
chars) incubated in pure sand or on glass beadsy@get al., 2010; Zimmermann et
al., 2012). Hence, the resultant stabilisationiotbar in the sesquioxides-dominated
mineral soil may negate the influence of high terapges on biochar-C
mineralisation to some extent e.g. such as thoserebd by Zimmermann et al.

(2012) study without the presence of clay minerals.

3.5. Conclusions and implications
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This study has shown that the mineralisation ofch&r-C varied across soils.
Biochar-clay interactions appears to have conteibuthore to the stabilisation of
biochar-C in the variable charge soil (Oxisol) thhe soils dominated by permanent
charged minerals (Vertisol and Entisol) or sanaéptisol). Furthermore, biochar-
mineral interactions may be particularly importdot the stabilisation of low

temperature (450 °C) biochar under accelerated radisation conditions at high

incubation temperatures (40 °C). Our results algmest that wood biochar produced
at high temperature (550 °C) is more stable thanteEmperature (450 °C) biochar
across all soils and incubation temperatures. Ftben biochar-C mineralisation

results of our study and those reported in thedlitee, we conclude that both
biochar-mineral interactions and the intrinsic clehrecalcitrance of biochar are

important in determining the long-term C sequestngpotential of biochar in soils.

The estimated MRT of biochars from our 12 montleubation study varied
between 44 and 610 years across soil, biochar amgdrature treatments. This
incubation experiment was conducted under conttoléboratory conditions, the
biochar-C stability (mean residence time) and tstar&ates reported here may vary

considerably under natural field conditions.
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3.7. Supporting information

Methods for XRD and SSA analysis

For the identification of clay minerals in the expeental soils, soil samples were
dispersed in dilute NaOH and the clay fraction (gr2) was separated by dispersion
sedimentation procedure. Dispersed clays were dtedosn to ceramic tiles and the
oriented clays were analysed by X-ray diffractiodRD) following standard
pretreatments (Brown & Brindley, 1980). Random pewdRD patterns were also
obtained by filling the cavity of Al-holder with palered clay fractions of the soils.
X-ray diffraction patterns were obtained using aGGBIMA diffractometer (Cokk
radiation at 35 kV and 28.5 mA, step size 0802Ad scan speed 1.0°per minute).
The minerals in the clay fraction were estimateccbmparing integrated peak areas

of the minerals with the known mixtures of standaviderals.

For specific surface area and pore volume analgédsiochars, CQ adsorption
isotherms were collected at 273K. The samples wegassed under vacuum for 12
hours at 573K before obtaining the isotherms. Thalysis was done by using a

Micromeritics ASAP 2020 surface area and porogityiygser.
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Table 3.S1.Total organic C of initial biochar-soil treatmen&t50-SOC and
B550-SOC represent SOC contents for the 450 andG%0ochar-amended soils.

Property Inceptisol Entisol Oxisol Vertisol

WRB order Arenosols Calcisol Ferralsol Vertisol
B450 - SOC (%) 2.15 (+0.11) 3.90 (x0.21) 5.77 (40.0 3.63 (x0.02)
B550 - SOC (%) 2.33 (£0.13) 4.12 (+0.23) 5.84 (8).0 3.71 (20.04)

The numbers in parentheses are the standard étoe mean (n=4).
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Table 3.S2.Predicted means and associated LSD values foregted dependent
variables (log-transformed).

Temperature
Saoll Biochar 20 °C 20°C LSD
Total C mineralised / mg GEC g* TOC
Inceptisol BO 3.84 5.09 0.10
B450 3.45 4.59
B550 3.34 4.40
Entisol BO 3.68 4.78
B450 3.36 4.42
B550 3.12 4.24
Oxisol BO 3.00 4.58
B450 2.86 4.28
B550 2.66 4.26
Vertisol BO 1.97 4.54
B450 2.20 4.09
B550 1.82 3.70
Proportion of biochar-C mineralised / %
Inceptisol B450 -0.43 0.81 0.22
B550 -0.87 0.14
Entisol B450 0.13 0.93
B550 -1.04 0.03
Oxisol B450 -0.16 0.38
B550 -1.11 -0.05
Vertisol B450 -0.28 0.98
B550 -0.87 0.14
Biochar-C mineralised / mg GEC g* native SOC
Inceptisol B450 2.25 3.48 0.22
B550 1.89 2.89
Entisol B450 1.83 2.62
B550 0.74 1.72
Oxisol B450 0.99 1.52
B550 0.13 1.18
Vertisol B450 1.54 2.79
B550 0.68 1.88
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Chapter 4: Biochar carbon stability and priming effects
in four contrasting biochar-amended soils: long-term

incubations at different temperatures?

Abstract

The aim of this work was to monitor the primingeeff of biochar on native soil
organic carbon (SOC) and to determine biochar-Gilgtaover a two-year period in

different soils. Two biochars, produced frodi°*C-depletedEucalyptus saligna

woody biomass (-36.4 %o) by slow pyrolysis at 450 &350 °C, were added to four
soils (Inceptisol, Entisol, Oxisol and Vertisol)dathe soil-biochar mixtures were
incubated at 20, 40 and 60 °C.

The direction and magnitude of priming effect addsiar on SOC varied with
soil, biochar, incubation temperature and timegiaq from -32.6 mg C®C g*
SOC in the 550 °C biochar amended Vertisol incubates0 °C to 48.3 mg GEC g
1 SOC in the 450 °C biochar amended Inceptisol intedat 40 °C. At 20 and 40 °C,
both biochars caused positive priming of native S®Ehe Inceptisol; in the other
soils, biochars had either negative priming or igggle positive priming on native
SOC. The 550 °C biochar caused a smaller posilneeptisol) or a greater negative
(Entisol, Oxisol and Vertisol) priming of native 8Qhan the 450 °C biochar. The
priming effect of biochar on native SOC changecwitne; generally positive or no
priming occurred during the first month, which rensa positive in the Inceptisol,
and shifted to negative priming with time in thetigol, Oxisol and Vertisol. At
60 °C, positive priming was observed in the fir& months that changed to no
priming afterwards in the Inceptisol; whereas rgigle positive or negative priming
occurred in the other soils in the first ~6 monthst changed to positive priming in
the Entisol and Oxisol, and to negative primingtire Vertisol, at the end of

incubation.

® This chapter has been submitted to Soil Biology Biwthemistry under the title “Biochar carbon

stability and priming effects in four contrastingp¢har-amended soils: long-term incubations at
different temperatures” in August 2013. Authors dmmying Fang, Balwant Singh and Bhupinder Pal
Singh.
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The proportion of added biochar-C mineralised iilssover the two-year
period was significantly (p < 0.001) higher for th80 °C biochar (0.80-10.58%)
than the 550 °C biochar (0.43-3.28%). The proporiid the 450 °C biochar-C
mineralised was significantly (p < 0.05) smallertlre Oxisol and Inceptisol than in
the Entisol and Vertisol across the three tempezatuln comparison, the
mineralisation of 550 °C biochar-C was less affédig soil type. At 20 °C, the mean
residence time (MRT) of 450 °C and 550 °C biocharthe four soils ranged from
341-454 and 732-1061 years, respectively, whidbriger than the corresponding
values estimated from the 1-year mineralisatiora {gang et al., 2014). At 40 and
60 °C, the MRT of both 450 °C and 550 °C biochagsrdased substantially, with
values ranging from 25-134 and 93-451 years, réispdc This study shows that
wood biochar produced by slow pyrolysis at 550 &@ store C in soil over a century
or more even at elevated temperatures. Furthermmoghar can enhance the
stabilisation of native SOC, particularly in theepence of clay and slightly increase

the loss of native SOC in sandy soil.

4.1. Introduction

As the increase of atmospheric £Q@oncentration contributes greatly to global
warming, there is a pressing need to capture amaesger CQinto long-lived plant
biomass and soil organic matter pools (Lackner320Biochar is a solid elemental
carbonaceous material obtained from the thermodat@mbnversion of biomass in
an oxygen-limited environment (IBI, 2012). Biocham much more durable form of
C than parent plant biomass or most forms of @ihasganic matter (Knicker et al.,
2013; Lehmann et al., 2009; Santos et al., 2012alkmi et al., 2011). Hence, the
application of biochar to soil is being proposed ifcreasing the stable C pool and
restraining the growth of atmospheric £0oncentration (Woolf et al., 2010;
Lehmann, 2007). In addition to the C sequestrabenefits (Lehmann et al., 2006),
biochar application to soil has potential to geteei@her positive benefits, such as
improving soil quality and agronomic yield (Glasetr al., 2002; Lehmann and
Rondon, 2006; Liang et al., 2006; Van Zwieten ef 2010) and reducing soll
greenhouse gas emissions (Singh et al., 2010).
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The addition of biochar may influence the minegtlen of organic C in soill,
so called as the priming effects. If biochar insesathe mineralisation of soil organic
C (SOCQ), i.e. positive priming effect, the C sedua®n benefit from biochar
application to soil can be negated and conversély thve negative priming effect the
C sequestration effect is increased. Wardle €2808) reported the positive priming
effect of wildfire charcoal on the turnover of husnlitter C in boreal forests.
Similarly, Luo et al. (2011) reported biochar-inédddoss of organic C in a mineral
soil. Besides the observations of positive primieffect of biochar on SOC
mineralisation, negligible or no significant impaftbiochar on C@emission from
soil, have also been reported (Abiven and Andr@dli,1; Novak et al., 2010; Spokas
and Reicosky, 2009; Zavalloni et al., 2011; Zimmannet al., 2011). However, these
studies have measured the total C emission fromas@r biochar addition, the
increased C@emission may result from the biotic breakdownatfile organic C in
soil or biochar (Cross and Sohi 2011), or the abreease of carbonate C in biochar
(Jones et al.,, 2011). Consequently, the increas®d €mission from biochar-
amended soil cannot be solely attributed to thetipesporiming effect of biochar on
native SOC mineralisation. Cross and Sohi (201bwsld that the increasd GO
emission from soil was due to rapid mineralisatoéiabile components of biochar,
and not due to the increased mineralisation oaaOC in the presence of biochar.
Some studies have used C isotope labelling appesachquantify the mineralisation
of biochar-C and native SOC in biochar amendeds ¢6irrell et al., 2013; Keith et
al., 2011; Kuzyakov et al., 2009). Biochar addittonsoil was observed to increase
the mineralisation of added labile organic mattefLOM-C) or native SOC (Awad
et al., 2012; Farrell et al., 2013; Hamer et @042 Luo et al., 2011), possibly due to
enhanced microbial biomass and enzyme productiomrontrast to these findings,
other researchers have found no influence of bioohanative SOC mineralisation
(Jones et al., 2012; Santos et al., 2012). Keitd.gR011) reported positive priming
of native SOC by biochar; however, biochar preserregluced LOM-C
mineralisation (negative priming) and the magnitodenegative priming increased
with increasing LOM addition rate in a Vertisol. &hvariable direction and
magnitude of the priming effect of biochar reporiedhe literature may be related to
variations in soil properties, including clay miakrgy, clay and native SOC contents
and pH. Moreover, the direction and magnitude omprg effect of biochar on

native SOC may change with incubation period. Bangple, a positive priming
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effect of biochar on SOC was observed in the #s8 months (Farrell et al., 2013;
Hamer et al., 2004, Luo et al., 2011), which deseéao negative priming with time
(Santos et al., 2012). Besides the possible infleeri soil properties and incubation
time, the direction and magnitude of biochar’'s pnigneffects may change at high
incubation temperatures, considering that the ralisation of SOC and biochar
generally increases with increasing temperaturadfed al., 2014; Kirschbaum, 1995;
Nguyen et al., 2010). So far there has been naareseon the direct effects of

incubation temperature on the priming effect ofchiar in different soils.

The C sequestration benefit from biochar is linkedits stability in soil.
Several studies have shown that biochar-C minesabs a very slow rate in soils, e.g.
averaged 0.1-3% applied biochar-C mineralised pear Fang et al., 2014;
Knoblauch et al., 2011; Kuzyakov et al., 2009; lgat al., 2008; Major et al., 2010;
Singh et al., 2012; Zimmerman, 2010; Zimmermannakt 2012). The low
mineralisation rate of biochar is mainly attributed its relatively high chemical
recalcitrance (McBeath and Smernik, 2009) and tmes@xtent to its interactions
with soil clay minerals and environmental condiigffrang et al., 2014; Luo et al.,
2011). Consequently, it has been demonstratedite@IRT of biochar in soils are in
the range of centuries to millennia (Knicker et @013; Kuzyakov et al., 2009;
Major et al.,, 2010; Santos et al., 2012; Singh let 2012; Zimmerman, 2010).
Incubation period seems an important factor infaileg the estimates of biochar
MRT since it is a function of the turnover ratesamid proportion of constituent C
pools in biochar (Singh et al., 2012; Zimmerman &wb, 2013). For example,
shorter MRT (62-248 years) have been reported basethe data of a 4-month
incubation study (Keith et al., 2011) comparedhe 1-year data (218-450 years)
(Fang et al., 2014) for the same biochars incubatedVertisol. This could be due to
distortion in the modelling data resulting from @ger data points for the labile C (i.e.
faster mineralisation during the earlier stageshgared to relatively recalcitrant C in
biochar in shorter term studies, which may consiblgr underestimate the MRT of
biochar-C. Therefore, long-term C mineralisatiomadare required to determine the

realistic stability of biochar in soil.

Temperature is an important environmental factiuémcing the stability of
biochar-C in soil. Studies of biochar-C stabilibydate have been conducted in soil at
or below 40 °C (Fang et al., 2014; Hilscher anddkar, 2011a; Zimmerman, 2010),
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or over glass beads at temperatures up to 60 18@ni&rmann et al., 2012). At high
incubation temperatures, biochar-C mineralisat®ragcelerated through relatively
stronger abiotic processes than biotic processesnfgrmann et al., 2012) and
consequently the longevity of biochar is expectedéd relatively short (Fang et al.,
2014; Zimmermann et al., 2012). For example, irpita@ savannah, where the
surface soil temperature is usually above 30 °C aray reach up to 60 °C
(Zimmermann et al., 2012), the estimated longewitire-derived char accumulating
on soil surface was of decadal timescales (Bir&lgt1999; Zimmermann et al.,
2012). It is possible that increased biochar-soteractions at high incubation
temperatures especially in the presence of reactayeminerals may slow down the
mineralisation of biochar-C and native SOC. Comémdethe potential of biochar
application in tropical and sub-tropical areas fomproving soil fertility and

increasing soil C sequestration (Glaser et al.,12Q@@hmann and Rondon, 2006;
Major et al., 2010), evaluation of biochar-C stiéiin soils of contrasting properties

at high incubation temperatures is required.

Here, we present the result of a two-year laboyastudy that used woody
biochars §*C -36.4 %.) produced at 450 and 550 °C and incubitddur soils of
contrasting properties at 20, 40 and 60 °C. i@ isotopic differences between
biochar and native SOC allowed the quantificatidrbimchar-C and native SOC
mineralisation and consequently biochar-C stabditg priming effect were assessed
in different soils. We hypothesised that (i) theedtion and magnitude of priming
effect of biochar are dependent on soil type, iatiolm temperature and duration, and
pyrolysis temperature; and (ii) the estimated MRTbimchar in soil will increase

with increasing incubation period.

4.2. Materials and methods

4.2.1. Biochars and soils

A 5C-depleted woody biomass frofucalyptus salignasaplings that had been
grown under an elevated G@nvironment for 2 years (Barton et al., 2010) wsead
to produce biochars. Biochars were produced by glgrelysis at a heating rate of
5-10 °C/min from 20 to 450 °C or 20 to 550 °C, whigas followed by holding at
450 or 550 °C for 40 min (Daisy Reactor at Padfjcolysis, Australia).
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Surface (0-15 cm) soils were taken from four adtical fields in Australia
(Fang et al., 2014). The experimental soils inatldesandy soil — Inceptisol, a sandy
clay loamy soil — Entisol, and two clayey soilsr-@xisol and a Vertisol. Properties
of the soils and biochars have been describedeedfang et al., 2014); the most

relevant properties of soils and biochars are showmable 4.1
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Table 4.1.Some relevant properties of the soils and biochsesl in the incubation experiment.

. pH o a0 o Organic Inorganic 13~ 1o . .
Soil type (1:5 H,0) Sand (%) Silt (%) Clay (%) carbon (%) carbon (%) 67°C (%o) Dominant clay minerals
Inceptisol 5.70 (x0.01) 97.5 (+0.1) 1.2 (£0.1) #8.1) 0.95 (x0.02) - -28.17 (x£0.02) Kaolinite,
Entisol 8.77 (x0.01) 66.3 (+0.1) 12.2 (x0.2) 2145 .4) 2.53 (x£0.09) 6.01 (+0.06) -14.08 (+0.01) tdlikaolinite
: _ Goethite, gibbsite, kaolinite,
Oxisol 5.65 (+0.01) 24.3 (£2.0) 31.6 (x1.4) 44.0@) 4.39 (£0.02) -21.35 (+£0.01) hematite, anatase
Vertisol 7.89 (x0.01) 27.3 (x0.7) 28.5 (+0.8) 444D.1) 2.25 (+£0.04) - -17.32 (£0.01) Smectite, kait
450 °C
biochar 8.64 (+0.05) - - - 67.40 (x0.20) - -36.34 (+0.01) -
550 °C
biochar 9.96 (+0.01) - - - 73.19 (£0.14) - -36.53 (£0.02) -

The number in the parentheses are the standandoditee mean (n=4).
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4.2.2. Laboratory incubation

To investigate the priming effects of biochar ortivea SOC of the four soils,
equivalent to 300 g oven-dried basis and < 2 mnh fsactions were separately
mixed with the 450 °C biochar (B450) or the 550Hi6char (B550) at 20 g Kgsoil
(dry weight basis). The incubation experiment isadibed in detail in Fang et al.
(2014). Briefly, the soil-biochar mixtures and amhtsoils were supplied with a
microbial inoculum and a nutrient solution, andrthke samples were incubated at
201 °C, 40£1 °C or 60+1 °C. Soil moisture was géically monitored and
maintained at 70% of the maximum water holding capaof each soil. Each
treatment was replicated four times. The,@Wolved was trapped in NaOH and the
traps were periodically replaced betweenahl 22 times across different incubation

temperatures over the two-year period.

4.2.3. Mineralisation of biochar-C and native SOC

The total soil C mineralised (mg Kgoil) at each sampling time was determined by
titrating a known volume of the trap solution again0.1 M HCI, using
phenolphthalein as the indicator. To determinesti€ signature of trapped GT,

a 10 ml aliquot of the C&trap solution was mixed with 10 ml of 1.25 M Sr@
precipitate SrC@ The §'°C analysis of precipitates was done by an isotaie r
mass spectrometer (IRMS; Delta V, Thermo Finnigas)described by Keith et al.
(2011). Thes™C signatures (%o0) of CEC evolved from control and biochar

treatments are shown in Appendix 5.

The proportion of biochar-derived GQ@ (Ggiochar (%0)) In the total C@C
evolved was determined using a two-pti@l isotopic mixing model (Kuzyakov and
Bol, 2006), as given below:

_ (®r'°C0,-3¢°C0,)
(352 CO,=5¢2C0,)

CBiochar (%) x 100 (4 1)

where 8:°CO; is the §'°C value of the total CEC evolved from biochar-soil

mixtures,3c°CO;, is thed™*C value for the C@C evolved from the same soil but
without biochar amendment, arsg™*C is the'°C isotopic composition of fresh
biochar. The proportion of native soil C mineralisgas determined by subtracting

the proportion of C@C derived from biochar from 100. The amounts aichar-C
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and native SOC mineralised were then calculated reoxchalised to per gram of
added biochar-C and initial native SOC, respectivel

4.2.4. Priming effect
The priming effect (PE) of native SOC induced bydhiar was calculated as follows
(Kuzyakov and Bol, 2006):

PE = Cg,soc— Csoc (4.2)

Where, Cgsoc is the amount (mg Ky soil) of CQ-C evolved from soil in the
presence of biochar and 43¢ is the amount (mg Kysoil) of CQ-C evolved from
soil without biochar (i.e. control soil). The priche@ative SOC mineralisation was
normalised to per gram of initial native SOC.

4.2.5. Biochar and native SOC’s mean residence time

A two-pool exponential model was fitted to the tiseries of cumulative proportion
of C mineralised from biochar or native SOC over thyear incubation period to
estimate their MRT.

Crmin () = Cy x (1 —e7™X1t) + C; x (1 — e7keb) (4.3)

Where Cpi, (t) is the cumulative amount of C mineralised (%); and the
incubation time (days). The parametérsandC,, represent the proportion (%) of
the labile and recalcitrant C pools in biochar-Cnative SOC, respectiveli; and
k, are the mineralisation rate constants for the daldhd recalcitrant pools,
respectively. It was assumed tl@at+ C, = 100% for the added biochar-C or native
SOC mineralised. The paramete€s,, C,, k; andk,, were estimated using a
nonlinear least-squares curve fitting in SigmaR®&0O by minimising the sum of the
squared errors between the modelled and measurkebsvaf cumulative C
mineralised over the two-year period. The paramsetgre estimated separately for
each replication, and standard errors were cakxilatom the derived values of four

replicates. The MRT is the inverse of the mineeadie rate constant {k, or1/k,).

4.2.6. Statistical analysis

For the cumulative amount of total C and biochami@eralised, a three-way (soill,
biochar and temperature) analysis of variance veafopned using Gensfatl4th
edition (VSN International, 2011) of the log-tramshed response (to remove
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variance heterogeneity between temperatures) aitdam effects of replicates. For
the priming effect, a three-way (soil, biochar @athperature) analysis of variance
was performed. Where the F-statistic was significdime means were compared

using the LSD test at the 5% significance levekaslstated otherwise.

4.3. Results

4.3.1. Mineralisation of total soil carbon

Over the 2-year incubation period, the cumulativ®ant of total C mineralised (i.e.
biochar + native SOC), expressed as mg-CQeleased per unit of total organic C
(TOC), ranged between 10.3 and 365 mg©Qy* TOC Figure 4.1 and Figure
4.S]). The total C mineralised followed the sequencertigol < Oxisol < Entisol<
Inceptisol for both biochar-amended and non-amersdéld at 20, 40 °C and non-
amended soils at 60 °C. For biochar-amended so0il60a°C the total C was
mineralised in the sequence: Vertisol < Inceptis@ntisol ~ Oxisol. The total C
mineralised from soils amended with the two bioshaas significantly smaller than
the non-amended treatments; the only exceptiontiea¥ertisol at 20 °C where the
total C mineralised was significantly greater foe t450 °C biochar-amended soil
than the non-amended soil. Overall, the cumulasineunt of total C mineralised
from the biochar treatments followed the trend:toan< 450 °C biocharx 550 °C
biochar in each soil. The total C mineralised wgsicantly (p < 0.001) highest at
60 °C, followed by 40 °C, and the lowest at 20 When the total C mineralised was
expressed in different unit, i.e. mg €O kg* soil (Figure 4.S5), the sequence of
total C mineralised from the biochar-amended andamended soils changed to the
following order: Vertisol < Inceptisol < Oxisal Entisol at 20°C; and Inceptisol <

Vertisol < Entisol < Oxisol at 40 and 6C.

All main and interactive effects of time, biochamdasoil on the total C
mineralisation rate at each incubation temperatgee significant (p < 0.001) over
the two years incubation period (see Supportingrintion 4.7 Table 4.S). Total
C mineralisation rates were fast initially acrofisr@atments, which then decreased
to slow rates in an exponential manner over 12 hw(fFang et al. 2014); the rates

continuously remained slow at 20 and°@X) or continued to decrease to slower rates
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at 60°C, between 12 and 24 months after incubation. dlyéogal C mineralisation
rates ranged from 0.006-0.05, 0.04-0.25 and 0.33+®g CQ-C g TOC d" at 20,
40 and 60 °C, respectively, in the 12 to 24 mopiisod Figure 4.S2. Generally,
total C mineralisation rates were slower for thechiar-amended soils than the
corresponding non-amended soils at 20 °C, 40 ®a&h°C. During the 12 to 24
month incubation period, total C mineralisatioregtvere not significantly different
between soils and biochar treatments at each itionb@mperature.
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Figure 4.1. Cumulative amounts of total carbon (C) mineraligag CQ-C g* TOC) from control (without biochar), 450 and 530 Biochar-
amended soils at 20 °C (white columns), 40 °C (grelymns) and 60 °C (black columns) over the 2-yaaincubation period. Error bars
represent standard error of the means (n = 4). ISettdrs compare significant differences amondsstor each of the biochar or control
treatments at each incubation temperature. Cdpttats compare significant differences among @50 and 550 °C biochar treatments for
each of the soil types at each incubation tempegatu
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4.3.2. Priming effect of biochar on native SOC

The cumulative priming effect of biochars on nat8@C mineralisation (mg GEC

g* SOC) after 2 years of incubation was significarffly=0.004) influenced by the
main effects of soil, and the interactive effecfssoil, temperature and biochar
(Table 4.2. The two biochars resulted in a significantly50.004) different priming
effect on native SOC mineralisation at 20 and 40With generally a lower priming
effect for the 550C biochar than the 450 biochar. However, there was no clear

pattern in the priming effect for the two biochats0 °C.

At 20 and 40 °C, both biochars produced a pospring effect on native
SOC mineralisation over the whole incubation petiodhe Inceptisol. Whereas, in
the Entisol, Oxisol and Vertisol, both biochars leadegligible priming effect in the
initial few months and then negative priming efferom the 550 C biochar, with the
exception of the Vertisol at 2@ (Figure 4.2). Overall, the priming effect was less
positive (in the Inceptisol) or more negative (e Entisol, Oxisol and Vertisol) from
the 550 °C biochar than the 450 °C biochar at 20 4t °C. In the Inceptisol, the
positive priming effect from both biochars levelleft at 6 months after incubation
with a maximum value of about 20 and 40 mg,@Dg* SOC at 20 °C and 40 °C,
respectively. In the Entisol, the 450 °C biochad Basmall priming effect with values
ranging from -1.83 to 1.07 mg G@ ¢* SOC at 20 °C and -4.75 to 3.75 mg 8O
g* SOC at 40 °C. The 550 °C biochar produced negdéigitegative priming in the
first 6 weeks and then the negative priming incedas7.22 to -18.45 mg GLL g*
SOC) over the remaining incubation period at 20 40dC. In the Oxisol at 20 °C,
there was a small positive or negative priming frdm 450 °C biochar, and a
significant negative priming from the 550 °C biochahereas at 40 °C, the negative
priming became greater (-5.46 to -10.89 mg,@Dg' SOC) with time from both
450 and 550 °C biochars over the two-year incubatiriod. In the Vertisol at 20°C,
both biochars showed a negligible negative or p@spriming effect, ranging from -
0.67 to 5.61 mg COC ¢* SOC. At 40 °C, initially there was negligible piitg
from both biochars, which became strongly negative reached to a maximum
value at 12 months (-12.45 to -35.50 mg,&Dg* SOC). Afterwards, the negative
priming from the 450 °C biochar was reversed tdighly positive priming and the
negative from the 550 °C biochar continued but vaittecreased intensity towards

the end of incubation period.
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The priming effect of biochars on native SOC mitisation showed a
different behaviour over time at 60 °C, compare@@and 40 °CKigure 4.2). In the
Inceptisol, the initial positive priming effect wagseater for the 550 °C biochar than
the 450 °C biochar, which reached to a maximum evadm day 80, and then
decreased to negligible negative or positive prgniar the remaining incubation
period. In the Entisol and the Oxisol, small negapriming occurred in the first 6 to
12 months, which was reversed to positive priminthwime for both biochars. In
the Vertisol, after almost no priming effect duritige first 3 months, both biochars
produced negative priming at 5 months, which wastinoed and then plateaued
after 12 months. The negative priming effect wasaggr from the 450 °C biochar
than 550 °C biochar at 60 °C in the VertisBigure 4.2). The cumulative priming
effect of biochars on native SOC mineralisationregped as per kg soil was shown
in Figure 4.S6.

Table 4.2. Statistical significance of the effects of soilpdhar and temperature
treatments and their interactions on and totali@;Har-C mineralised, proportion of
biochar-C mineralised and priming effect over thge@r incubation period.

Proportion of

Treatment Total C Biochar-C : Priming of biochar
. . _ ) biochar-C )
effect mineralised mineralised . . on native SOC
mineralised
Soil (S) NN NN NN 1
Biochar (B) HEE] HEN] HEE] ns
Temperature EEN EER EEN ns
SxB (1] 1 1] ns
SxT (1] 1 (1] 1T
BxT 11 O ns 0
SxBxT (1] 0.003 0.003 0.004

*p < 0.05; ** p < 0.001; ns, not significant.
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Figure 4.2. Cumulative amounts of primed native SOC (mg@g* native SOC)

in soils induced by the addition of 450 °C biocl{rangle) and 550 °C biochar
(circle) at 20 °C (empty symbols), 40 °C (grey sytsh and 60 °C (dark symbols)
over the 2-year of incubation period. Error baggesent standard error of the means
(n=4).
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4.3.3. Biochar-C mineralisation

The proportion of added biochar-C mineralised ai gi@ars was significantly (p =
0.003) influenced by the main effects of soil aethperature and the interactive
effects of soil,biochar and temperature treatmenfal{le 4.2. The proportions of
biochar-C mineralised over the two-year incubatmeriod varied from 0.43 to
10.58% across all treatments. The mineralisationbioichar-C increased with
increasing incubation temperatures across the fmils and for both biochars
(Figure 4.3). The proportion of biochar-C mineralised from #t0°C biochar was
significantly (p < 0.001) greater than from the 58D biochar. At 20 °C, the
proportion of biochar-C mineralised in the 450 9G8char-amended Entisol remained
significantly greater (1.50%) than the other sq®s80-1.09%), and the smallest
proportion of biochar-C was mineralised from theeptisol after the two-year of
incubation. At 40 °C, the proportion of biochar-Gneralised in the 450 °C biochar
was significantly greater in the Vertisol (5.19%#gm in the Entisol (4.20%); and a
significantly smaller proportion of 450 °C bioch@rwas mineralised in the Oxisol
(2.94%) and Inceptisol (3.03%). At 60 °C, the pndjom of 450 °C biochar-C
mineralised was the greatest in the Vertisol (1%h8followed by the Entisol
(8.18%), and much smaller mineralisation occurnedthie Inceptisol (5.84%) or
Oxisol (5.38%). The proportion of 558 biochar-C mineralised (0.43 to 0.52%) was
similar across the four soils at 2@. However, the proportion of biochar-C
mineralised from the 550C biochar at 40 and 6@C was greatest in the Vertisol
compared to the other soils, with 2.63 and 3.28%enallised, respectively, cf.
1.40-1.54% at 40C and 2.31-3.18% at 6C (Figure 4.3).

When expressed on per unit basis of the initiaiveaBOC, the biochar-C
mineralised from both biochars after the 2-yeainotibation period at 40 and 60 °C
followed the sequence: Oxisol < Entisol < Vertisolinceptisol Figure 4.3). At
20 °C, the mineralisation sequence was Oxisol <rtisd < Entisol < Inceptisol,
which is similar to the sequence observed fronfitseyear of incubation data (Fang
et al., 2014).

A time series of the cumulative fraction of addedchar-C mineralised and
the biochar-C mineralisation rates are shown inShpporting InformationKigure
S3 andFigure 4.S4. The cumulative fraction of added biochar-C matised was
greater for the 450 °C biochar than the 550 °C Hmodhroughout the incubation
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(Figure S3. All main and interactive effects of time, biocland soil on the biochar-
C mineralisation rate at each incubation tempeeatuere significant (p < 0.001)
over the two years incubation perio@aple 4.S). The mineralisation rate of
biochar-C at 20 and 40 °C in the first year havenbaiscussed in Fang et al. (2014).
In the second year, biochar-C mineralisation radethe 450 °C biochar were mostly
higher at 60 °C than 40 °C across the soils, butHe 550 °C biochar there was no
significant difference between 40 and 60 °C at nstatjes of incubation across all
soils. Biochar-C mineralisation rates for both biaxs were the lowest at 20 °C

across the four soil${gure S4).
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Figure 4.3. The proportions (%) and cumulative amounts of héccarbon (C)
mineralised (mg C®C g* biochar-C) from soils amended with 450 °C and 360
biochars at 20 °C (white columns), 40 °C (grey owuig) and 60 °C (dark columns)
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over the 2-year of incubation period. Error baggesent standard error of the means
(n = 4). Small letters compare significant diffezes among soils for each of the
biochar at each of the incubation temperature. t@afetters compare significant
differences between the two biochars at each teatyrerand within each soil.

4.3.4. Mean residence time of biochar-C and SOC

The MRT of labile and recalcitrant C of biochar aradive SOC was estimated using
a two-pool exponential model and the results aesgmted inTable 4.3andTable
4.4. The MRT of recalcitrant C in the biochars varetween 341 and 1061 years at
20 °C, 41 and 451 years at 40 °C and 25 and 123 ya&0 °C across the soil and
biochar treatmentsT@ble 4.3. The model-derived labile biochar-C ranged betwee
0.14 and 3.27% of the total biochar-C across ahtments. The MRT of labile
biochar-C ranged between 2 and 147 days and dighmt any systematic trend
across the treatmentggble 4.3.

The MRT of the recalcitrant fraction in the nat8®C was shorter than that
of the biochar-C and it decreased with increasnuyibbation temperaturef( Table
4.3 and Table 4.4. At 20 °C, the MRT of recalcitrant C in native SOC was the
greatest in the Vertisol (240 years), followed ¥ig0l (94 years), Entisol (71 years)
and Inceptisol (54 years). At 40 and 8D, the MRT of recalcitrant C in native SOC
varied between 216 years, and 21 years, respectivelyTéble 4.4. Model
predicted labile SOC constituted between 0.92 &h#@% of the total SOC across all
treatments and it increased with increasing indabaemperature. The MRT of the
model estimated labile SOC varied from 16 to 29sdzcross all treatment¥gble
4.4).
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Table 4.3.Mean residence time (MRT) of labile and recalatrpools of biochar carbon, and the proportion otdei-derived labile biochar-C
in the four soils. The parameters were estimat@uyus two-pool exponential model fitted to the iacC mineralisation data over the 2-year

incubation period. B450 and B550 represent theHaeproduced at 450 and 550 °C, respectively.

Labile C (%) in biochar

Recalcitrant C (years)

_ Labile C (days)
St 20 °C 40 °C 60 °C 20 °C 40 °C 60 °C 20 °C 40 °C 60 °C
Inceptisol 24 (+4) 45 (+6) 114 (+15) 454 (+33) 1(34.8) 77 (+10) 0.39 (+0.04) 1.45 (+0.19)  3.27 3D
Entisol 147 (£21) 24 (£3) 38 (15) 372 (£39) 6@)+ 28 (£3) 0.96 (+0.10) 0.85 (+0.05) 1.15 (+0.28)
P4%0 Oxisol 35 (+4) 6 (+1) 2 (+1) 341 (+10) 84 (+1) 460) 0.53 (+0.04) 0.39 (+0.05)  0.45 (+0.15)
Vertisol 43 (+20) 8 (1) 104 (+8) 345 (+47) 41 j+1 25 (x2) 0.46 (+0.08) 0.33 (+0.02) 3.03 (+0.07)
Inceptisol 82 (+20) 52 (+5) 31 (+9) 992 (+220) 4871) 127 (¥23) 0.31 (+0.04) 0.92 (+0.07)  0.66.(19)
Entisol 78 (14) 58 (+24) 61 (£23) 1061 (+166) 2A431) 102 (+25) 0.26 (+0.03) 0.54 (+0.09) 0.78 &%)
o550 Oxisol 15 (5) 29 (+10) 2 (£1) 768 (+151) 185 (+2) 94 (+4) 0.19 (+0.03) 0.43 (+0.07)  0.25 (+0.04)
Vertisol 27 (£14) 5 (1) 81 (+25) 732 (£99) 93 =7 97 (13) 0.15 (+0.03) 0.14 (+0.01) 1.29 (+0.28)

R? > 0.95; the numbers in parentheses are the sthedar of the mean (n=4).
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Table 4.4.Mean residence time (MRT) of labile and recalcitr@ pools of native SOC, and the proportion of elatkerived labile native SOC
in the four soils. The parameters were estimatedgua two-pool exponential model fitted to the S@tfheralisation data over the 2-year
incubation period.

Labile C (days) Recalcitrant C (years) Labile C (%)

Soil
20 °C 40 °C 60 °C 20 °C 40 °C 60 °C 20 °C 40 °C 60 °C

Inceptisol 78 (£15) 77 (+24) 213 (x14) 57 (#6) 17 (+2) 20 (+3) 3.01 (x0.26) 11.49(x2.56) 33.23(-)
Entisol 99 (+8) 41 (6) 100 (+11) 73 (x6) 12 (+1) 9(x1)  2.67 (+0.07) 3.96 (x0.43) 13.35 (+0.82)
Oxisol 23 (+2) 36 (+2) 108 (+21) 94 (+1) 16 (¥1) 7 (x1)  0.92(0.03) 3.93 (x0.11) 8.78 (x1.31)
Vertisol 16 (1) 298 (117) 179 (¥34) 241 (x9) 18 (+4) 12 (+1) 0.34 (+0.04) 5.88 (+1.98) 9.68 (+1.57)

R?> 0.99; the numbers in parentheses are the sthedar of the mean (n=4).
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4.4. Discussion

4.4.1. Priming effect of biochar on native SOC mineralisation

Soil properties may influence the biochar inducetnmg of native SOC. The
direction and magnitude of priming of native SOCswvdifferent for the four soils,
with generally positive priming in the sandy soihdeptisol), and negative or
negligible positive priming in the other soils. Thleservation of positive priming of
native SOC in the Inceptisol is consistent withliearstudies where a significant
increase of organic C mineralisation has been tegafter the addition of biochar in
sand or sandy soils (Awad et al., 2012; Farredlgt2013; Hamer et al., 2004). The
positive priming of native SOC in the Inceptisoutibbe attributed to the addition of
small amount of labile C in the biochar which iresed soil microbial activities
(Farrell et al., 2013), the so called co-metabeffect (Hamer et al., 2004). Moreover,
the stabilisation of SOC and biochar-C through naogaineral associations (Fang et
al., 2014; von Lutzow et al., 2006) in the Incepitiwas expected to be minimal due
to its low clay content (1.3%). The positive primifrom biochar in the Inceptisol
may also be related to relatively greater labilibf native organic C for
microorganisms, as suggested by the shorter MRTyéars) for the recalcitrant C

fraction in this soil relative to the other soi3¢241 years) at 2UC.

In soils containing adequate clay content (> 208tgbilisation or a decrease
of native SOC mineralisation in the presence otlhéw may occur through biochar
induced organo-mineral interactions; this paradiggems to be supported in our
study by observations of negative priming from biacin a sandy clay loam (Entisol)
or clayey soils i.e. Oxisol and VertisdtiGure 4.2). Complexation of organic matter
with dissolved minerals and on variable chargedases, e.g. Fe and Al oxides, and
edges of kaolinite and 2:1 clay minerals via ligaxd@hange reactions can result in
the formation of strong organo-mineral associati@bs et al., 1994; von Lutzow et
al., 2006). Cation bridging by €abetween permanent charged minerals (e.g.
smectite and illite) and organic functional groupghe Vertisol and Entisol can be
an important mechanism for SOC stabilisation inséhsoils (von Lutzow et al.,
2006). Previous studies have suggested that “adadthar may facilitate
interactions between native SOC and clay and/@otisd minerals in soils through

the mechanisms of complexation reactions, liganthamge or cation bridging, thus
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stabilising native SOC (Brodowski et al., 2006; Gieet al., 2008; Hilscher et al.,
2009; Joseph et al., 2010). The interaction of lmpavith native organic matter and
clay minerals during ageing may also enhance gojitegation, possibly mediated by
enhanced biological activity (Brodowski et al., BQ®lerath et al., 2013; Liang et al.,
2010). However, it is not yet clear to what extémbdchar could increase soil
aggregation over the duration of this study (2 gear

In our study, the results of greater positive pnignfrom the 450 °C biochar
than the 550 °C biochar, especially at 20 and 4QFiQure 4.2), are consistent with
the results of earlier studies, attributing thigpbmenon to the greater co-metabolic
effect of lower-temperature biochars (Luo et ab1®2, Zimmerman et al., 2011). We
observed more labile C in the 450 °C biochar amémsads than the 550 °C biochar
amended soils in our MRT modelling resuli@le 4.3. The above results could
also partly be due to the greater specific surfacea (228 and 191 ‘mg”,
respectively) and pore volume (67.5 and 57.2% ef tibtal, respectively) of the
550 °C biochar than the 450 °C biochar, which ccwdde caused greater physical
and chemical interactions with native SOC and suiherals in the higher-
temperature biochar treatment than the lower-teatper biochar treatment (Kasozi
et al., 2010).

As the dynamics of priming effect of biochar onivatSOC was followed
over time in this study, this provided useful imfa@tion for interpreting the
differences across treatments along an ageing reamh. The priming effect of
biochar continued throughout the incubation periadheit the direction and
magnitude changed over time, which may be the re$deveral interacting factors,
such as changes in microbial activity and compasijtand the extent of biochar-
induced mineral protection and sorption of orgamatter on biochar. Initially, the
positive priming effect occurred across the sdiischar and temperature treatments.
Some researchers have suggested that this addi@G@»aemission is an “apparent
positive priming” effect within the first few dayafter the organic C application,
which is linked to the accelerated turnover of veatnicrobial biomass C rather than
from the accelerated mineralisation of native S@agodatskaya and Kuzyakov,
2008; De Nobili et al., 2001; Perelo and Munch, 200Vu et al., 1993). As
mentioned above, the small proportion of labile rCbhiochar can accelerate the
activity of soil microorganisms that respond speaify to this substrate (Lehmann
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et al.,, 2011). The accelerated activity of micr@mgms can then enhance the
mineralisation of native SOC (“real positive primih as a result of co-metabolism
and higher enzyme production (Blagodatskaya andy&kav, 2008). Furthermore,
with time, the real positive priming may predommaglative to the apparent positive
priming, which is generally induced immediatelyldoting the addition of labile
organic matter (Kuzyakov, 2010).

The negative priming occurred over time in the saibntaining significant
clay minerals but levelled off after68 months, or the negative priming switched to
positive priming in some cases, e.g. Entisol andis@ at 40 °C after 18 months.
These results indicate that the factors contrilgutonthe priming effect may change
during prolonged incubation. For example, the sormptapacity of biochar may
decrease with ageing (Martin et al., 2012), whiohld occur due to the blocking of
the biochar external surface during the adsorppi@mtess (Pignatello et al., 2006).
The reversal of negative priming to either no pnighor positive priming may also
occur due to the shift in microbial community sture degrading relatively
recalcitrant C in the soil (Anderson et al., 20fdlowing the depletion of relatively
labile C components in soil and biochar. Gram pasibacteria, known users of
recalcitrant C (Bird et al., 2011; Santos et &@12) may increase in community size
relative to other microbial groups. Furthermorengy the major decomposers of
aromatic compounds (Kabuyah et al., 2012), weremies to increase in size in the
presence of aged biochar (Zimmermann et al., 20¥R)obial enzyme activities
may also shift to degrade relatively recalcitranto@ns, for example, Zimmermann
et al. (2012) found ‘aromatic transformation’ enagmn the presence of 1-year aged
biochar. Such shifts in microbial communities arit enzymes to relatively
recalcitrant C forms may have contributed to thangfe in direction of priming of
native SOC from biochar after the 24 months of bation. Further research is
warranted to test the hypothesis about shifts iorebial communities and their

enzymes to alter the priming effects of biochar.

Microbial activity may increase with increasing uh@tion temperature from
20 and 40 °C which can lead to the increased ocgamnineralisation. However, the
incubation temperature did not significantly infhee the biochar priming effect.
This could partly be due to stabilisation of nats®C by sorption on to biochar

(Pignatello et al., 2006) and/or to a possible ease in biochar induced organo-
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mineral interactions with increasing incubation pemature. At 60 °C, the additional
cumulative release of CLL after a 2-year period in the Inceptisol, Entisold
Oxisol may be attributed to the abiotic effect, Isus the increased solubility and
degradation of humic substances at high temperatwstad of “positive priming”.
By comparison, the negative priming effect of biamcbn native SOC was sustained
in the Vertisol at 60 °C, possibly because of lestubility or relatively more

recalcitrant nature of native SOC in the Vertisminpared to the other soils.

4.4.2. Biochar-C mineralisation in soil

Consistent with the results of our 1-year incubattudy (Fang et al., 2014), the C
stability of the 450 °C biochar produced variedhnsbil properties across the three
incubation temperatures over the 2-year periody @lmeralogy was hypothesised to
play an important role in influencing biochar-Clslidy as biochar functional groups
interact with mineral fractions (Cusack et al., 20Hilscher and Knicker, 2011b;
Joseph et al., 2010). Biochar-C mineralisation Tn@0,-C g* native SOC) was
significantly higher in the sandy soil (Inceptisthlan in the sandy clay loam soil
(Entisol) or the clayey soils (Oxisol < Vertisol)20 °C, thus highlighting the role of
clay content and clay mineralogy in stabilisingdbiar. Biochar-C mineralised (% of
added C in biochar) across the Inceptisol, Entasal Vertisol was similar up to 12-
month. However, in this 2-year study, the resulesarty showed that a smaller
proportion of added biochar-C was mineralised er@latively SOC-poor Inceptisol
than in the Entisol and Vertisol across all tempees. These results highlight the
importance of native SOC content, among other aomding soil properties, in

altering the mineralisation of biochar-C.

Similar to the results of 1-year incubation stuéhar{g et al., 2014), the C
stability of biochar produced at higher tempera(®s0 °C) was less affected by soill
properties. Similarly, Steinbeiss et al. (2009)rfduno difference in the stability of a
considerably high temperature (850 °C) biochamia $oils (forest and arable soils).
The C stability was greater for biochar produce8& °C than at 450 °C pyrolysis
temperature across the three incubation tempegstusbich is similar to the
conclusion drawn from the 1-year data (Fang et 2014). Pyrolysis at lower
temperatures may result in lower aromatic C anddrigabile C components in
biochar (Ameloot et al., 2013; McBeath et al.,, 201dnd therefore the higher
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biochar-C mineralisation in lower temperature bershthan higher temperature
biochars (Singh et al., 2012).

The mineralisation of biochar-C continued to inseedrom 12 to 24 months
and it was 23-46%, 23-157% and 30-137% times hidjimen the corresponding
values observed in the first 12 months at 20, 40 & °C, respectively, across all
biochar and soil treatments (Fang et al., 2014 Thmineralised from 12 to 24
months was higher than, or equal to, that obsenvebe first 12 months in certain
biochar-soil treatment combinations at high incidratemperatures (40 or 6@),
for example, the 550 °C biochar-Vertisol-40 °C, 58D biochar-Oxisol-60 °C, and
450 °C biochar-Oxisol-40 and 60 °C. The rapid bare@ mineralisation of biochar
in the second year indicates that biochar-C may nemtessarily stabilise at high
incubation temperatures. Consistent with our figdisimmermann et al. (2012) also
reported rapid biochar-C mineralisation in an adpgmthar (11-year old) at high
(30-50°C) incubation temperatures and there was no sogmifi difference in the
degradation rate of the 11-year and 1-year agechhro Furthermore, the increased
biochar-C mineralisation with increasing incubattemperatures could be caused by

the increased abiotic than biotic oxidation of hi@acC (Zimmermann et al., 2012).

The MRT of the recalcitrant fraction of C in thebhars at 20 °C (341-1061
years), 40 °C (41-451 years), and 60 °C (25-127syeross the soils agreed well
with previous studies employing incubation tempeed ranging from 22 °C to
60 °C (Bird et al., 1999; Kuzyakov et al., 2009n@h et al., 2012; Zimmermann et
al., 2012). The MRT of the biochars increased fier 2-year data compared to the 1-
year data at 20 °C; however similar MRT values wargerved for the two data sets
at 40 °C ¢f. Fang et al., 2014). These results indicate thragdr incubation periods
may be needed for obtaining a more realistic esénwd the biochar-C stability,

particularly at lower temperatures (Singh et 812).

4.5. Summary and implications for C sequestration in soil

Mineralisation of native SOC in a sandy soil (Intte@) was stimulated by biochar
addition. On the other hand, in a sandy clayey l@antisol) and clayey soils (Oxisol
and Vertisol), mineralisation of native SOC wasegatly suppressed in the presence

of biochar. Our results suggest that over the twary incubation period, the
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interaction between biochar, native SOC and clayenails will result in an overall
increased stabilisation of native SOC in clayeyssdihe 550 °C biochar resulted in
greater stabilisation of native SOC than the 450bf@thar at 20 and 40 °C. Our
study has shown that biochar can persist in sadr @/ few centuries to millennia
timescales with a mean annual temperature of 20 HGwever, at elevated
temperatures (40 or 60 °C), which may be expergnedropical environments at
certain times and especially in surface soil, dhky biochars produced at a higher
pyrolysis temperature (e.g. 550 °C) may persisttiore than 100 years. Whereas, a
lower temperature biochar (e.g. 450 °C biochar) megrade in soils over decadal
scales to just over a century at elevated temp@&stuith only minimal role of clay
minerals or other soil properties in enhancing bayeC stability. Considering the
above two benefits of the 550 °C biochar applicatmthe mineral soils (i.e. greater
native SOC stabilisation as well as biochar-C $itghi wood biochar produced by
slow pyrolysis at 550 °C may be more effective@osequestration in soil, relative to
that produced at 450 °C.
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4.7. Supporting Information

Statistical analysis

Repeated measures analyses were performed for Tid@®iachar-C mineralisation
rates using a linear mixed model framework in Gafistl4th edition (VSN
International, 2011). Each analysis consisted &&di effects of soil, biochar,
temperature, time and all associated interactiand,random effects of replicate and
replicate by time. Separate repeated measuressaalfysoil C mineralisation rate
was conducted for each temperature. To allow faretation between repeated
measures on the same units, a first order aut@®sge model was fitted.
Heterogeneity in the residual variances betweee-pints was included as it was

deemed significant using a residual likelihoodaagist.
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Table 4.S1.Statistical significance of the effects of timeil smd biochar treatments
and their interactions on and total C and biochani@eralisation rate over the 2-
year incubation period.

Total C mineralisation Biochar-C

Treatment effect . L
rate mineralisation rate

Time (T) RN HEN

Soil (S) 1 EEN|

Biochar (B) HEN 11

TxS [N a0

TxB mEN mEN

SxB 1l N

TxSxH NN [0

* p < 0.05; *** p < 0.001; ns, not significant.
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from soils amended with 450 °C biochar (trianglenbpl) and 550 °C biochar (circle
symbol) at 20 40 and 60 °C over the two years iatoh period. Error bars
srepresent standard error of the means (n=4). Thaiks show least significant
differences (at 5% level, LS[3s) of the interaction of soil and biochar types at
different time-points.
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Figure 4.S5.Cumulative amounts of total carbon (C) mineraliged CQ-C kg” soil) from control (without biochar), 450 and 58D biochar-
amended soils at 20 °C (white columns), 40 °C (grelymns) and 60 °C (black columns) over the 2-yaincubation period. Error bars
represent standard error of the means (n = 4).
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Chapter 5: Temperature sensitivity of biochar and

native carbon mineralisation in biochar-amended soils3

Abstract

Temperature sensitivity of biochar-C in soil is natll understood. To acquire this
information, we incubated tw&"*C-depleted (=36 %o) wood biochars produced at
450 and 550C, under controlled laboratory conditions at 20,aé@ 60°C in four
contrasting soils (Inceptisol, Entisol, Oxisol awertisol). The respired COand
associateds™>C were analysed periodically @22 times) over two years. The
temperature sensitivity of biochar-C and native S@i@eralisation was computed as:
() averaged @ (Qio9 for the whole (2-year) time series using a terapge-
incorporated mineralisation model to estimate apinaiture scaling function for the
exponential @ model; (ii) instantaneous 1Q(Q10) by using a time series of C
mineralisation rates for a simpledmodel; and (iii) cumulative 9 (Qi00 by using

cumulative C mineralised for a simplednodel.

The mineralisation rates of biochar-C and nativeCSicreased with
increasing temperature and their sensitivitiesetoperature were significantly (p <
0.001) affected by soil type. For example, biocBa®; o, was the greatest (also for
native SOC) in the Vertisol (2.72.77), followed by Inceptisol (2.42.66) and
Entisol (2.39-2.45), and the smallest in the Oxisol (£220) for the 20-40 °C
range. Biochar and native SOGeRwere the smallest in the Vertisol for the 40-60
°C range. Biochar-C Qswas not influenced by biochar type (450 or 58). The
presence of biochar decreasedydf native SOC in the Entisol, Vertisol and
Inceptisol, but this influence did not occur in Bgisol, especially at 2040 °C. The
temperature sensitivity of biochar-C @ and Qo) and SOC (@a and Q)
decreased with increasing incubation temperatdres.Q;values of biochar-C and
SOC increased with time at 20—40 °C. Even thougichar-C was more stable than
native SOC (based on their mineralisation rate teons), the Gha, Qioc and Qo

*This chapter has been submitted to Agriculture, sgsems & Environment under the title
“Temperature sensitivity of biochar and native cerbmineralisation in biochar-amended soils” in
June 2013. Authors are Yunying Fang, BhupinderStagh and Balwant Singh. This paper has been
revised and resubmitted to Agriculture, Ecosysté&nisvironment in August 2013.
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values for biochar-C were either smaller or simitar that of native SOC. In
conclusion, soil characteristics can alter the terajure sensitivity of biochar-C.
Furthermore, biochar can decrease the temperatemsitisity of native SOC
mineralisation and consequently enhance C seqtiestran soil under climate

warming.

5.1.Introduction

An accelerated decomposition of soil organic car(®@C), especially of the stable
forms of carbon (C), by increasing temperaturefisomsiderable significance to the
C balance in soils and the global C cycle. The e&nampre sensitivity of soil C
mineralisation, referred to as;& is defined ashe rate of increase in soil GO
emission with a 10 °C increase in temperature (Kibgum, 1995). Q is an
important parameter to evaluate the feedback irttebgetween CQ emission and
global warming (Luo et al., 2001; Zhou et al., 20090 may change with changes
in chemical recalcitrance of organic matter, orgampoeral interactions and
environmental conditions, and consequently alter ibsponses of SOC to global
warming (Conant et al., 2008a; Craine et al., 2@Aayidson and Janssens, 2006;
Wagai et al., 2013; Zimmermann et al., 2012b).

Soil organic carbon (SOC) is generally partitionetb labile and relatively
stable SOC pools based on their turnover rates déiuret al., 2012; Krull et al.,
2003; Paustian et al., 1992). Labile SOC poolsciremically less recalcitrant C,
which turns over in months (Krull et al., 2003).a8ie SOC pools are either
chemically more recalcitrant or stabilised throygbtection by and within the soil
mineral matrix, with turnover times in the range sdveral years to centuries
(Dungait et al., 2012). It has been reported that $table SOC pools are more
sensitive to changes in temperature than the |&W€ pools (Conant et al., 2008b;
Ghee et al.,, 2013; Haddix et al., 2011; Knorr ef 2005). However, there are
conflicting reports of similar temperature sengiyiof labile and stable SOC pools
(Fang et al., 2005) or smaller temperature seiityitof stable SOC pools than labile
SOC pools (Liski et al., 1999). These contraditiandicate a high degree of
mechanistic uncertainty. More recently, Wagai et @013) reported that the
temperature sensitivity of organic C mineralisatiorcreased with increasing

aromaticity of the light, mineral-free, organic fadtions in soil, thus supporting an

118



Chapter 5 — Temperature sensitivity of biochar aradive soil organic carbon

enzyme kinetic theory for the relationship of C lgyaand temperature sensitivity in
the mineral-free organic fraction (Bosatta and Agre999; Davidson and Janssens,
2006). However, Wagai et al. (2013) did not finek ttemperature sensitivity of
organic C to be related to the C quality indicedwlk soil or with the C molecular
structure of bulk organic fraction, possibly duethe protective effect of the soil
mineral matrix. Similarly, Giardina and Ryan (2066)nd that the decomposition of
whole SOC was not sensitive to temperature chaimgasineral soils. The organo-
mineral interactions in mineral soils may decrets® organic C accessibility to
microbes for decomposition (Mikutta et al., 2006prd et al., 1997) and
consequently confound the relationship between @@lityu and temperature
sensitivity of SOC mineralisation (Davidson andskems, 2006; Kirschbaum, 2006).
Furthermore, the temperature sensitivity of orgadimineralisation in soil usually
decreases with increasing temperature (Kirschbal®85; Suseela et al., 2012).
Other environmental conditions may also play roteshe variation of temperature
sensitivity (Davidson and Janssens, 2006). For pl@mSuseela et al. (2012)
reported an effect of soil moisture ongQwith a decrease in ;@under drought

conditions.

Biochar is a solid material obtained from thermaoulwal conversion of
biomass in an oxygen-limited environment (IBI, 2P&8&d is purposely produced for
application to agricultural soil as an amendmemrhthann and Joseph, 2009). Due to
its predominantly aromatic C structures at tempeeaexceeding 400 °C (McBeath
et al., 2011), biochar may degrade at a slower ttea other forms of C in sail.
Hence conversion of biomass to biochar is propdsedong-term C storage and
mitigate climate change (Lehmann et al., 2009). &@mple, less than 0.1 to 3% of
the added biochar-C was mineralised per year achbgshars produced at
contrasting production temperatures or using dffiefeedstocks, with the estimated
mean residence time (MRT) ranging from a centurgeweral millennia (Knoblauch
et al.,, 2011; Kuzyakov et al., 2009; Singh et &012; Zimmerman, 2010).
Furthermore, biochar may stabilise native SOC (Kettal., 2011; Liang et al., 2010),
through physical and chemical interactions betwbethar, native SOC and soil
minerals (Fang et al., 2014; von Lutzow et al., ®@0GHowever, there is a lack of
knowledge about the temperature sensitivity of léweC mineralisation (Nguyen et

al., 2010), particularly in soils of contrastingachcteristics, and also it is not known
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if the presence of biochar could alter the tempeeasensitivity of native SOC. In
studies without the presence of clay minerals,téneperature sensitivity of biochar
decomposition was found to decrease with increasimgubation temperature
(Nguyen et al., 2010; Zimmermann et al., 2012a).réduer, the temperature
sensitivity of biochar-C mineralisation was alsarid to increase with increasing
pyrolysis temperature, i.e. increased degree oflensation (McBeath et al., 2011,
Nguyen et al., 2010).

Most studies of temperature sensitivity of SOC degosition have been
conducted to simulate temperature conditions of mom occurrence in temperate
areas, i.e. < 30 °C (Conant et al., 2008a; Famd, €2005; Kirschbaum, 1995; Wagai
et al., 2013). There is a limited understandingeafiperature sensitivity of biochar-C
and native SOC mineralisation in biochar-amendel$ o sub-tropical or tropical
environments, where ground surface temperaturesnastly over 30 °C and may
reach up to 60 °C during summer season (Zimmerretiah, 2012a). The objective
of this study was to determine the temperatureigetnsof biochar-C mineralisation
in soils of contrasting characteristics at tempermbbserved in typical sub-tropical
and tropical conditions. We also assessed theeinfle of biochar on the temperature
sensitivity of native SOC mineralisation. We congdcincubation studies at 20, 40
and 60°C for up to two years and estimated the mineratisatate constants of C in
the 450 and 550C biochars and of native SOC to characterise thetential
stability in different soils. The hypotheses wepwsed were that (i) the temperature
sensitivity of biochar-C and native SOC will vargrass soils of contrasting
properties, (ii) the 550C biochar will have a greater;§ihan the 450C biochar,
and similarly biochar-C, owing to its high chemicatalcitrance, will have greater
Q1o than native SOC, and (iii) the presence of bioghawill influence native SOC

temperature sensitivity.

5.2.Materials and methods

5.2.1. Biochars and soils

Two biochars were produced at 450 and 550 °C by ggrolysis (5-10 °C/min
heating rate and 40 min residence time in a Daisgckr at Pacific Pyrolysis,
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Australia) of **C-depleted woody biomass &calyptus salignarees. The trees
had been grown under an elevated,@avironment for two years (Barton et al.,
2010). Chemical properties of biochars and assetianalytical methods used for
their characterisation are given in Fang et al.1f0 The relevant properties of
biochars are pkb water8.64, organic C 67.49%3C -36.3%o, H/C ratio 0.62 and ash
content 3% for the 450 °C biochar, andigHlaer 9.96, organic C 73.298'3C -
36.5%0, H/C ratio 0.49 and ash content 7% for th@ 95 biochar.

Four contrasting agricultural soils, i.e. Incepti§oH; 5 water 5.70, organic C
0.95%,3"3C -28.2%o0, clay content 1.3% and water holding ciapa@1% (wt wtb));
Entisol (pPH.5 water 8.77, organic C 2.53%)™C -14.1%o, clay content 21.5% and
water holding capacity 39% (wt W)); Oxisol (pH.5 water5.65, organic C 4.399%8°C
-21.4%o, clay content 44% and water holding capas$6 (wt wt')); and Vertisol
(PH1:5 water 7.89, organic C 2.259%C -17.3%o, clay content 44% and water holding
capacity 52% (wt wit)) were used in this study. The water holding cipaaf the
soils was determined after freely draining saturageil for 24 h. Further details
about chemical properties of the soils and assstiahalytical methods are given in
Fang et al. 2014.

5.2.2. Laboratory incubation

The biochars and soils were ground to < 2 mm ferititubation experiment. The
incubation experiment details are described in Feingl. (2014). Briefly, the two
biochars were separately mixed with each of the smils (300 g oven-dry) at 2%
(w/w); a non-amended control soil was also includdee biochar-soil mixtures were
incubated in sealed plastic jars at 20, 40 and ®Ofct up to two years. Each
treatment was replicated four times. The biochdrrsixtures were adjusted at 70%
water holding capacity of each soil, which was ramed by adding water
periodically throughout the incubation durationeT@Q traps were changed at day
3,9, 18, 38, 94, 183, 276, 365, 498, 550, 671 &M@ for the 20 °C incubation
experiment, and at day 2, 4, 8, 16, 30, 51, 80, 188, 246, 313, 365, 428, 469, 550,
591, 659 and 730 for the 40 °C incubation expertmeamd at day 2, 4, 8, 16, 30, 51,
80, 112, 144, 183, 231, 263, 311, 365, 423, 468, 580, 591, 640, 683 and 730 for
the 60 °C incubation experiment. The sampling wraksr were varied for the different

temperatures because of the expected differencédseilfCQ emission rates at the
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three temperatures. The traps were analysed flr@@-C andd"*C, as described in
Fang et al. 2014.

5.2.3. Mineralisation of biochar-C and native SOC

The total C mineralised (mg Rgsoil) at each sampling time from the biochar-
amended and control soils was determined by tiigedi 1 mL aliquot of the C{rap
solution against 0.1 M HCI, using phenolphthalesrtfee indicator. To determine the
813C signature of the trapped 6@, a 10 mL aliquot of the GQrap solution was
mixed with 10 mL of 1.25 M SrGlto precipitate the trapped G@s SrCQ. The
detail of3'*C analysis has been described by Keith et al. (20es'C signatures
(%0) of CO,-C evolved from control and biochar treatmentssii@vn in Appendix 5.

The proportion of biochar-derived GQ (Ggiochar (%)) in the total CQC
produced from the soils was determined using apa@-*C isotopic mixing model
(Keith et al., 2011). Using the proportions of Wiac or native SOC-derived, the
amounts of biochar-C or native SOC mineralised weaeulated from total C
mineralised (mg Kg soil) in the biochar-amended soils. The amountbiothar-C
and native SOC mineralised were then normalisepetogram of added biochar-C

and initial native SOC, respectively.

The rates of C mineralised from biochar and nat8@C sources were
calculated from the amounts of €O released between the two sampling time
points and then dividing them by number of dayszyakov et al., 2009). Linear
interpolation was done to determine mineralisatates at the same incubation time

for different temperatures.
5.2.4. Temperature sensitivity of biochar-C and native SOC

The temperature sensitivity of biochar-C and na®@C mineralisation at different
temperature ranges was computed as: (i) averaged(@o) over the whole
incubation period using a temperature-incorporab@teralisation model to estimate
a temperature scaling factor for the exponentigl fQnction; (ii) instantaneous 1@
(Quoi) by using a time series of observed C minerabsatates for a simple @
function; and (iii) cumulative € (Qio9 by using cumulative C mineralised for a
simple Qo model. The following calculations were performedtbe data for each

replicate soil in turn.
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To determine the 3, of biochar-C and native SOC mineralisation, firsthe
cumulative biochar-C and SOC mineralisation overetwas fitted to a temperature-
incorporated two-pool exponential model (Kattererak, 1998; Reichstein et al.,

2000), as given below:
Conin (6 T) = C; X (1 —e™Mkit) 4 ¢, x (1 — e (Dkety (5.1)

Where G (t, T) is the cumulative proportion of added biaciC mineralised (mg C
g™ biochar-C) [or the cumulative fraction of nativ®S mineralised (mg CHSOC)]
as a function of temperature (T) and time (t); i@ temperature scaling function,
relating mineralisation rate at temperature T t®ridite at reference temperaturg. T
This approach assumes that both rate constaniskik are equally affected by
temperature (Katterer et al., 1998; Reichsteinl.e2800), The r(T) at T in Equation
5.1 was estimated using a nonlinear least-square ditting by minimising the
sum of the squared errors between modelled andurezhsalues of cumulative C
mineralised in SigmaPlot 12.0. The values of thepoparameters, i.e.1OC;, ki, ko

in Equation 5.1 were obtained by fitting a two-pegponential model (Equation 5.2)
in SigmaPlot 12.0, as described above, to the sienies of cumulative C mineralised
at Tt (Katterer et al., 1998; Reichstein et al., 2000).

Cmin () = Cy x (1 —e7X1t) + C;, x (1 — ekt (5.2)

Where Gun (t) is the cumulative biochar-C mineralised (mgj€biochar-C) or the
cumulative fraction of native SOC mineralised (mggd SOC); and t is the
incubation time (days). The parameters,ddd G, represent the proportion (% of
added biochar-C, or mg C'qative SOC) of the labile and recalcitrant C pdals
biochar-C or native SOC, respectively, ai;Bnd k; andk, are the mineralisation
rate constants for the labile and recalcitrant po@spectively, at . It is assumed
C1 + G, = 100% for the added biochar-C mineralised, o1018@ CQ-C ¢* SOC for

native SOC mineralised. An example of calculatias khown in Appendix 4.

The Qoa values for the 2040 °C or 4660 °C temperature range were then
determined by the common exponentiab @odel (Reichstein et al., 2000).lvas
20 °C and 40 °C for estimating§dat 20-40 °C and 40660 °C, respectively.

10

Qiga = r(T) T ref (5.3)
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A time series of the (g values of the instantaneous mineralisation rafes o
biochar and native SOC were determined by the viotlg simple Qo function
(Kirschbaum, 1995):

10

Q10i(H) = (Ez_:ﬁﬁ (5.4)

Where R is the C mineralisation rate at incubation tim&it.and T, are the two

incubation temperatures, i.e. 20 and®@) or 40 and 60C, respectively.

The cumulative C mineralisation data (after one amal years, or between
one and two years) were used to calculatg @he Qo values of biochar and native
SOC were determined by the following simplg @inction equation (Nguyen et al.,
2010):

10

Qioc = (&)ﬁ (5.5)

Ry

where, Rand R is cumulative C loss (% of initial C concentraticat)temperature
T1 and . T; and T are the incubation temperatures, i.e. 20 an&éicC}@r 40 and 60

°C, respectively.

Qioc Were calculated from cumulative C mineralisatioont a certain period
of time (one year, two years or between one and years), differing from @,
which is an averaged temperature sensitivity fag Whole (2-year) time series
incorporating a temperature scaling function fore tlexponential @ model
(Equations 5.1 and 5.3).

5.2.5. Statistical analysis

Repeated measures analyses were performed fordpiG@chnd SOC mineralisation
rates and instantaneouso@Q10) of biochar and SOC using a linear mixed model
framework in Genstdt 14th edition (VSN International, 2011). Each asay
consisted of fixed effects of soil, biochar, tengtere, time and all associated
interactions, and random effects of replicate agplicate by time. To allow for
correlation between repeated measures on the saitseaifirst order autoregressive
model was fitted (giving a higher residual log-likeod than the power model).
Heterogeneity in the residual variances betweee-pwints was included as it was

deemed significant using a residual likelihoodaagst. For @,of biochar-C and
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native SOC, a three-way (soil, biochar and tempeextanalysis of variance was
performed in Genstatl4th edition. Where the F-statistic was significahe means
were compared using the LSD test at the 5% sigmifie level unless stated

otherwise.

5.3.Results

5.3.1. Carbon mineralisation

Biochar-C Biochar-C mineralisation rates were initially higicross all soil and
temperature treatments (0-928 mg C ¢ biochar-C &) and then decreased in an
exponential manner to small values (3:022 mg C g biochar-C &) with time
(Figure 5.1). The mineralisation rates were significantly (0901) influenced by
incubation temperature, soil type, biochar typmeti and their interactive effects
(Table 5.7). Both the mineralisation rate and the cumulabw@har-C mineralised
increased with increasing incubation temperaturesali soils for both biochars
(Figure 5.1 andFigure 5.S)). After the initial flush of C@ emission (first 2 to 3
weeks), biochar-C mineralisation rates ranged fror1-0.05, 0.02-0.10 and
0.01-0.22 mg C § biochar-C &, at 20, 40 and 60 °C, respectively. Biochar-C
mineralisation rates for the 450 and 5®&Dbiochars were initially (in the first week)
the greatest in the Oxisol and the Vertisol, atfalée incubation temperatures, and

then decreased rapidly in first two weeks of indidra

At 20 °C, the cumulative fraction (mg G@ g biochar-C) of 450 °C
biochar-C mineralised over two years followed thend: Inceptisol< Entisol <
Oxisol = Vertisol Figure 5.S). At 40 and 60 °C, the cumulative fraction of 48D
biochar-C mineralised was the greatest in the ¥@rtand the smallest in the Oxisol
and Inceptisol. The cumulative fraction of 550 °f@dhar-C mineralised from the
four soils was similar at 20 °C, greater in the tiset than the other soils at 4C,
and greater in the Vertisol and Entisol than in liheeptisol and Oxisol at 6€C.
Biochar-C mineralisation (both rate and cumulativection) was greater for the
450 °C than the 550 °C biochar across the soiliatwbation temperature treatments
over the whole incubation periodigure 5.1 andFigure 5.SJ). The extent of increase

in biochar-C mineralisation with increasing incubattemperature was greater in the
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Vertisol for the 450C biochar, and in the Vertisol and Entisol for 8 °C biochatr,
than the other soil$-{gure 5.1 andFigure 5.S7).

Table 5.1. Statistical significance of the effects of incubattime, soil, biochar and
temperature treatments and their interactions oochar-C and native SOC
mineralisation rates, and temperature sensitivisameters (@i, Quos over the 2-
year incubation period.

Treatment Biochar—(_: SOCmineralisation Biochar  SOC Biochar SOC
effect mlne:glsatlon rate Quoi Quoi Q10a Q10a
Time (T) I NN HEN HEN - -
Soil (S) HEE] NN NN NN 1 1
Biochar (B) HEE] HEN] O NN ns HEN]
Terr(l_lp_Jrenr)ature 7 aan 7 7 aan aan
TxS HEE] NN NN NN - -
T xB NN HEN] O HEN - -
SxB 1T 1 ns HEN O HEE
TxTm NN HEN] 1] HEN - -
SxTm HEE] NN HEN HEN HEN HEN
B xTm (11 NN ns 11 ns NN
TxSxB EEN RN ns 11 - -
TxSxTm 117 (1Tl HEN HEN - -
Tx B xTm 117 (1Tl d HEN - -
SxBxTm 1T [ HEN (11 ns [
Tx ?mx B x [T o [T [T - -

*p < 0.05; ** p < 0.001; ns, not significant.
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Figure 5.1.Biochar carbon (C) mineralisation rate (mg&0g* biochar-C &) for 450 and 550 °C biochar-amended soils at 2(st@are), 40
°C (triangle) and 60 °C (circle) over the 2-yearubation period. Empty and black filled symbolsresent 450 °C biochar (B450) and 550 °C
biochar (B550), respectively. The insets show tioetar-C mineralisation rate from 94 days afteulration with an expandegdaxis scale for
clarity. Error bars represent = standard errorshef mean (n=4). Red bars show least significarferdifces (at 5% level, LSD0.05) across
biochar, soil and incubation temperature treatmantsfferent time-points.
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Native SOC The mineralisation rate of native SOC in biocharended and control
(non-amended) treatments was initially (up to daygBeat across all soil and
temperature treatments (0.30-10.85 mg@05* SOC &) and decreased to small
values (0.01-1.10 mg GE& ¢* SOC d) in an exponential manner with time
(Figure 5.3. Like biochar-C, the mineralisation rates of matSOC in the biochar-
amended and control treatments were significanply<( 0.001) influenced by
incubation temperature, soil type, biochar typmeti and their interactive effects
(Table 5.7). Native SOC mineralisation (both rate and cunivgafraction) increased
with increasing incubation temperature acrossallad biochar treatmentEigure
5.2 and Figure 5.S2; the extent of increase was generally largertéonperature
increase from 20 to 4%C than from 40 to 60C. The rates and cumulative fractions
of native SOC mineralised over time across the Hao@nd temperature treatments
followed the sequence: Vertisgl Oxisol < Entisol < Inceptisol Figure 5.2 and
Figure 5.S9. In the Inceptisol, the rates of native SOC matisation were greater
for the 450°C and/or 550C biochar-amended soils than the control soileaeml
stages during the first few weeks at all three loation temperatures. However, for
the other soils, the rates of native SOC mineratinaat different times during

incubation were generally similar in the biocharesusled and the control treatments.
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Figure 5.2. Native soil organic carbon (SOC) mineralisatioreréing CQ-C ¢*
SOC d from control, 450 and 550 °C biochar-amendedssaiil20 °C (square), 40
°C (triangle) and 60 °C (circle) over the 2-yearuhation period. Empty, grey filled
and black filled symbols represent control, 450 BiGchar (B450) and 550 °C
biochar (B550), respectively. The insets show thdve SOC mineralisation rate
from 94 days after incubation with an expangeakis scale for clarity. Error bars
represent + standard errors of the mean (n=4). Bed show least significant
differences (at 5% level, LS[9s) across biochar, soil and incubation temperature
treatments at different time-points.

Biochar-C The Qpaand Qocvalues of biochar-C mineralisation were signifidant
affected by the main effects of temperature antitgpe, and the interactive effects
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of soil, biochar, and/or temperatureaple 5.1andTable 5.S1).The Qgavalues of
biochar-C mineralisation for both biochars wereagge for the low temperature
range 20-40 °C than the high temperature range G10E6 The Qoa values ranged
from 1.93-2.77 and 1.31-1.79 {from 1.65-2.44 and 1.10-1.43) at 20-40 °C and
40-60 °C, respectivelyT@ble 5.2 and Table 5.S2. For the 20-40 °C range, the
smallest Qu, value occurred in the Oxisol (1.93 and 2.20 far #50 and 550 °C
biochars, respectively) and the greatest valueokasrved in the Vertisol (2.77 and
2.74 for the 450 and 550 °C biochars, respectivallge Qoavalues in the Inceptisol
across both biochars (242.66) were similar to that in the Entisol (2-2945)
(Table 5.2. Similarly, the Qoc values were the greatest for both biochars in the
Vertisol (Table 5.S3. In the 40-60 °C range, the;§values for the 450 °C biochar
were smaller in the Oxisol (1.38), and greatethm inceptisol (1.79), than the other
three soils. The @.values for the 550 °C biochar among the soils vietbe order

of Entisol~ Inceptisol > Oxisok Vertisol (Table 5.2. At 40-60 °C, Qu.values of
both biochars showed no difference between saltrirents. The €. was smaller in
the first year of incubation (1.31-1.88) than ie thecond year (1.72-3.93) across
biochar and soil typeT@ble 5.S4. In general, the @, and Qo values of the 450 °C
biochar were similar to that of the 550 °C biochainen comparing across the soils
within each incubation temperature rangalfle 5.2andTable 5.S2, although there
were some exceptions in the case @f.Qalues. These exceptions are: (i) thg.Q
value for the 450 °C biochar was significantly seralhan the 550 °C biochar in the
Oxisol (20-40 °C) and Entisol (460 °C), and (ii) the @, value for the 450 °C
biochar-amended Vertisol (460 °C) was significantly greater than the 550 °C
biochar amended Vertisol éble 5.2).

The Qi values of biochar-C were significantly affected the main effects of
temperature range, soil type, biochar type, tineeaso by their interactive effects in
most casesT@ble 5.1). The Qo values across the treatments were highly variable
over the incubation period and ranged between &@14.55 for the 20-40 °C range,
which is greater than calculated (i.e. between @&® 2.90) for the 40-60 °C range
(Figure 5.3. At 20-40 °C, the @) values for both biochars increased with time
particularly in the Vertisol; the increasing tremith time was more variable in the
other soils. On the other hand, at 40-60 °C, the @lues for both biochars

decreased with time in the Vertisol, but showedlear trend in the other soils. The
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Quoi values for both biochars were greater in the ¥eltat 20-40 °C and smaller in
the Vertisol at 40-60 °C, mainly in the later stagé incubation, than the other soils
(Figure 5.3). There was no significant difference in theQalues between the 450
and 550 °C biochars across different temperaturges, times or soild={gure 5.3
Table 5.1).

Table 5.2.Averaged temperature sensitivityg of biochar-C mineralisation over
the 2-year incubation period for the two tempemtanges. Small letters compare
significant differences between the soils for ebithar at each of the temperature
range. (LS os= 0.25)

20-40 °C 40-60 °C
Soil
B450 B550 B450 B550
Inceptisol 2.66 £0.16)c  2.47 (x0.15) b 1.79 (+0.08) b 1.61 (+0.05) b
Entisol 2.39 (#0.06) b 2.45(x0.12) b 1.53 (+0.66) 1.79 (x0.12) b
Oxisol 1.93 (+0.04) a 2.20 (+0.09) a 1.38 (x0.85) 1.31(+0.05)a
Vertisol 2.77 (#0.33) ¢ 2.74 (+0.08) b 1.60 (x0.6d  1.32 (x0.04) a

The numbers in parentheses are the standard étoe mean (n=4).
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Figure 5.3. Time series of the instantaneoug (Q10i) of biochar-C mineralisation
rates observed within two temperature ranges20e40 °C and 40-60 °C, during
two years of incubation. Triangle and circle synsboépresent 450 °C biochar
(B450) and 550 °C biochar (B550), respectively. Reds show least significant
differences (at 5% level, LS5 across biochar, soil and temperature treatments a
different time-points.

Native SOC The Qopaand Qqcvalues for native SOC mineralisation in the bioehar
amended and control treatments were significantlpénced by temperature range,
soil type, biochar type and their interactive efée@able 5.1andTable 5.S3. The
Q10aandQqoc values of native SOC mineralisation were greatertfie 20-40 °C
range than the 40-60 °C range across all soil amchar treatmentsT@ble 5.3and
Table 5.S3. For the 20-40 °C range, thadand Qq.values for native SOC across
the treatments were significantly greater in thetigel than the other soils, and the
smallest values were observed in the Entisol oeptisol Table 5; 5S3. On the
other hand, at 40-60 °C, thedgand Qq. values for native SOC across the biochar
treatments were significantly smaller in the Veittithan the other soils. The greatest
Q10a Values were observed in the Inceptisol for thetrobrand 550 °C biochar
treatments and in the Oxisol for the 450 °C bioctraatment. Relative to their
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respective controls, in the 20-40 °C range, the S®B§values were significantly
smaller in the 450 and 55C biochar-amended Entisol and Vertisol and in thé 5
°C biochar-amended Inceptisol only. The SOgG.@as significantly smaller in the
biochar-amended Vertisol only, relative to the cohtFor the 40-60 °C range, the
SOC Qoa values were significantly smaller in the 45@C biochar-amended
Inceptisol, relative to the control, but the presenf 450 or 550C biochar did not
significantly affect the SOC @, values between the other soilable 5.3) The Qoc
was smaller in the first year of incubation (1.6643} than in the second year
(1.71-3.96) across biochar and soil typalfle 5.S5.

The Qqoivalues of native SOC were also significantly inflaed by the main effects
of time, soil, biochar, temperature and their iatéive effects Table 5.1). After the
first 18 days, the Qivalues were greater for the 20-40 °C range thad@h&0 °C
range across all soil and biochar treatmefiguie 5.4). For the 20-40 °C range, the
Quoi values of native SOC in the biochar-amended andrao¥ertisol consistently
increased with time throughout from 1.14 to 3.70;the Inceptisol, Entisol and
Oxisol, the Qo values were small initially (1.24-1.88), and thiecreased and
stabilised with time in the range of 1.65-2.35. {Da other hand, in the 40-60 °C
range, theQi values of native SOC decreased rapidly acrossiadhar and soil
treatments for up to 38 days and then stabilisetieninceptisol, Entisol and Oxisol,
but continued to decrease in an exponential manrie Vertisol Figure 5.4). For
the 20-40 °C range, after the first month, thg, @lues of native SOC among the
soils followed the trend: Inceptisel Entisol < Oxisol < Vertisol across the biochar
treatments. In comparison, for the 40-60 °C raniye,Qoi values of native SOC
were similar among the soils, but became smallénénVertisol than the other soils
towards the end of incubation. For the 20-40 °Qyearthe native SOC Qvalues
were consistently smaller in the 450 °C biochar/@an&50 °C biochar-amended
Inceptisol and Vertisol than the corresponding mantvhile at 40-60 °C, only the
550 °C biochar-amended Vertisol had greater naB@C Qg values than the

corresponding control or the 450 °C biochar amendstment igure 5.4).
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Table 5.3.Averaged temperature sensitivity (g of native soil organic C (SOC) mineralisation ottee 2-year incubation period for the two
temperature ranges. Small letters compare signifiddferences among the soils for each biochaeaath of the temperature range. Capital

letters compare significant differences betweerhsao treatments for each soil at each of the teatpes range. (LS§»s =0.18)

20-40 °C 40-60 °C
Soil
Control B450 B550 Control B450 B550
Inceptisol 2.65 (£0.13) abB 2.62 (+0.10) bB 2.3504) aA 1.85 (+0.03) cB 1.47 (£0.04) bA 1.72 (+0.09) bB
Entisol 2.57 (£0.04) aB 2.32 (+£0.03) aA 2.31 (x0.62 1.50 (£0.04) bA 1.61 (x0.03) bcA 1.56 (+0.05) abA
Oxisol 2.83 (x0.04) bA 2.79 (x£0.04) bA 2.97 (x0.0%) 1.66 (£0.02) bcA 1.75 (x0.02) cA 1.69 (x0.01) bA
Vertisol 4.61 (£0.12) cC 4.01 (£0.03) cB 3.44 (H).TA 1.30 (£0.03) aA 1.22 (£0.01) aA 1.37 (x0.02) aA

The numbers in parentheses are the standard étite mean (n=4).
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Figure 5.4. Time series of the instantaneous,@Qi0) of native soil organic C

(SOC) mineralisation rates observed within two temafure ranges, i.e. 20-40 °C
and 40-60 °C, during two years of incubation. Squé&iangle and circle symbols
represent control, 450 °C biochar (B450) and 55Mféchar (B550), respectively.
Red bars show least significant differences (ati®%l, LSy 0s) across biochar, soil

and temperature treatments at different time-points

5.4. Discussion

There has been a recent study on the assessm@mpérature sensitivity (@ of
biochar-C in response to increasing incubation eyadpre in a sand-biochar mixture
(Nguyen et al.,, 2010). To our knowledge, this ie thist study that has assessed
biochar-C temperature sensitivity in soils of castmg properties and the influence

that biochar may have on the temperature sengitwihative SOC mineralisation.

As expected, we found that the mineralisation rateboth biochar-C and
native SOC increased with increasing temperaturavi@@on and Janssens, 2006;
Nguyen et al., 2010; Trumbore et al., 1996). Acr@tsbiochars and soils, the ranges
for Q1o (Quos values for biochar (1.93-2.77) and native SOGX24.61) at 20-40°C

are wider than the reported values (1.0-3.0) inliteeature at similar temperatures
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(Katterer et al., 1998; Kirschbaum, 1995; Nguyeralet 2010). The @ values of
biochar-C fluctuated widely with time, i.e. betwe@®1 and 4.55 at 20-40 °C, and
between 0.58 and 2.90 at 40-60 °C, possibly duel&dively large variance in very
small C mineralisation rates of the biochaFgre 5.1). In contrast, the ¢gvalues

of native SOC had relatively stable trends oveetand fluctuated within relatively
narrow ranges with time, i.e. between 1.14 and at720-40 °C, and between 0.95
and 2.60 at 40-60 °C, across all biochar and sedtinents. The relatively wider
ranges of @y and Qoa values in our study for biochar-C or native SOG. (the
values reported in literature) was due to theiatgeand smaller values observed in
the Vertisol, at 20—-40 °C and 40-60 °C, respecyivilan the other soils.

The greater temperature sensitivity, £ Qi0) of native SOC mineralisation
for the lower temperature range (20-40 °C) than ligher temperature range
(40-60 °C) in our study is consistent with otherdsts (Kirschbaum, 1995; Nguyen
et al., 2010; Suseela et al., 2012). The smallgroRbiochar-C and native SOC in
the high temperature range possibly results froeredesed soil microbial activity
(Zimmermann et al., 2012a). Also, abiotic oxidatimy increase with increasing
temperature (Zimmermann et al., 2012a), includihg volatilisation of organic
compounds. Additionally, the loss of C by abiotiadation may be less temperature

sensitive than the loss of C by biotic processes.
5.4.1. Q10 and organic C quality

Soil organic matter and biochar are comprised géoic C constituents of different
labilities, which are likely to mineralise at difent rates at different temperatures,
and therefore the 4Q is expected to change with timéidure 5.3 andFigure 5.4).
Initially, the high C mineralisation may be attribd to the most labile C fractions
(Haddix et al., 2011), which seem to be depletstefaat 40 °C than 20 °Eigure
5.1 andFigure 5.2). Consequently, the larger mineralisation of SQ@@&°C than
20 °C caused the SOG &xto increase initially (up to 38 days) in the 20-4Drange.
On the other hand, the most labile C fraction setamsave mineralised rapidly at
60 °C (e.g. in the first 3 days), leading to a tgeaecrease in the C mineralisation
rate with time at 60 °C relative to 40 °Eidure 5.2). This may have led to a rapid
decrease in SOCQ (up to 38 days) in the 40-60 °C range. The bio&ar also
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showed similar trends to that of SOGyQut the variability was large for the biochar
Qqoi (Figure 5.3

The increase of biochar or SOGQwith time in the 20-40 °C temperature
range Table 5.2andTable 5.3 agrees with the finding by Conant et al. (2008a),
who observed that the,;Qof SOC (Qo: 1.7-3.3) was smaller at the beginning of
incubation than at the later stage d@.4-4.9) at 25-35 °C. Similarly, the;§Qwas
smaller in the first year of incubation than in #exond year across biochar and soill
type (Table 5.S4and Table 5.S5. According to the enzyme kinetic theory, the
temperature sensitivity of recalcitrant-C is gredten labile-C, as more activation
energy and reaction steps are needed for the dexsitiop of recalcitrant-C (Bosatta
and Agren, 1999; Davidson and Janssens, 2006). Sesearchers confirmed this
theory and found greater;Qfor more recalcitrant-C than labile-C pool in soil
(Craine et al., 2010; Fierer et al., 2006; Knoralet 2005; Leifeld and Fuhrer, 2005).
Consistent with this theory, we observed an in&@dasQy; for biochar or native
SOC at 20-40 °C with time but not at 40-60 °C. Thiay due to decreased
microbial and enzyme activities at 60 °C (Zimmerma al., 2012a), and hence the
C quality-temperature relationship may not be védigxplain the change of;Qin
the 40-60 °C range.

Biochar type did not significantly influence thertgerature sensitivity of biochar-C
mineralisation Table 5.1 and Table 5.S), although these biochars possessed
different C stability as shown by their mineralisat rate constantsTable 5.S§.
Furthermore, the temperature sensitivity was sinidathe two biochars, or smaller
for the 450 °C biochar than the 550 °C biocharpsg€most combinations of biochar
and soil treatmentsTéble 5.2. Similarly, Nguyen et al. (2010) found that the
temperature sensitivity of higher-temperature bawsh(600 °C) was only slightly
greater than the lower-temperature (350 °C) biah&urthermore, although
biochar-C seems to be more stable than native S&C ir{dicated by their
mineralisation rate constants, Sesble 5.S6 and Table 5.S7)Y10,0f biochar-C was
either smaller or similar to native SOTaple 5.2, Table 5.3, Table 5.S2 and Table
5.S3. These data suggests that the theory of greatapdrature sensitivity for
relatively recalcitrant material (such as biochmgy not hold true when degrading in
mineral soil. These results could imply greaterage potential of biochar-C in

mineral soil under warming conditions.
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5.4.2. Biochar-C mineralisation, Q10 and soil effect

Different Qipa Or QiocValues of biochar-C for the four soil$gble 5.1 and Table
5.S1) indicate that soil characteristics may have infaexh the temperature
sensitivity of biochar-C. For example, the small@sf, of biochar-C was observed in
the Oxisol and the greatestdgor Qioc in the Vertisol Table 5.2and Table 5.S32.
Both soils had similar high clay content (44%), leeer, the compositions of clay
minerals were different, i.e. Fe and Al oxides I tOxisol and smectite in the
Vertisol. Consequently different physico-chemicéhbdisation mechanisms may
have occurred to significantly affect the tempemaensitivity of biochar-C in these
two soils. It has been shown that biochar devebupdic functional groups during
oxidation in soil and this process generates gcidibund biochar (Cheng et al.,
2008; Hilscher and Knicker, 2011). The smaller harcQy in the Oxisol may be
attributed to the stabilisation of biochar-C minisiation via ligand exchange
between functional groups on biochar surface, patirganic matter and
sesquioxides in the Oxisol (Gu et al., 1995; votebiv et al., 2006). The acidic soil
pH (5.65) in the Oxisol may have further enhanckd surface complexation
reactions (Gu et al., 1995). The complexation afaaric matter with Fe and Al
oxides may decrease mineralisation of organic mattsoil (Zech et al., 1997) and
hence its temperature sensitivity. Furthermore,aoigg matter in soil, including
biochar, may be protected from mineralisation tgfoentrapment within aggregates
(Herath et al., 2013; Pronk et al.,, 2012). Suchcgsees (i.e. organo-mineral
complexation and aggregation) may be expecteddorat a relatively faster rate in
the Oxisol (acidic pH) containing high native orgamatter content and variable
charge minerals than in the alkaline soils contgjnpermanent charge minerals
(Reichert et al., 2009). On the other hand, thatgst biochar ¢ in the Vertisol
could be due to weaker interactions between limdadoxyl functional groups of
biochar and the permanent charged mineral — sraeietithe Vertisol. At higher
incubation temperatures, the negatively-chargedctiomal groups in biochar
increase over time (Chapter 6; Cheng and Lehmad09)2and thus further decrease
the weak interactions between biochar and the negaharges of smectites. The
greater biochar g in the Entisol than the Oxisol'dble 5.2 may also be attributed
to the relatively weak interaction between biochectional groups and kaolinite or
illite and cation (C&) bridging (Schulten and Leinweber, 2000; Turcheiaekl
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Oades, 1979; von Lutzow et al., 2006). The Inceptad very low clay content
(1.3%) and hence a minimal chemical interactionveet clay and biochar would be
expected in this soil. This may be the reason Ifi@r greater biochar @ in the
Inceptisol than the Oxisol and the Entisol. Theszenother factors such as organic C
content and pH that differed among the soils ang h@ve confounded the effect of
clay content and mineralogy on biochap.@-urther studies using soils of contrasting
clay mineralogy but similar clay and SOC contemésraquired to isolate the mineral

composition effects on biochar temperature setisitiv

Our study has also shown that the soil effect oochmr temperature
sensitivity may vary when {Q values are estimated by different methods. For
example, Gy of biochar had no significant difference betwem linceptisol, Entisol
and Oxisol (except for the biochar 450 °C wheresOkt Entisol < Inceptisol in the
20-40 °C range)Table 5.2. Since Qoc was calculated from the cumulative C loss
over the whole incubation period, the time effeeiswot considered. Consequently,
the same Q. values were observed in the Inceptisol, Entisal @xisol, although
the greatest biochar-C mineralisation rate occuinghlly in the Oxisol, which

decreased faster with time than the values obsdordtle Inceptisol and the Entisol.
5.4.3. Biochar influence on Q10 of native SOC

Biochar has large microporosity and specific swefarea (191 and 228%™ for the
450 and 550 °C biochar, respectively), and thespaties may play an important
role in both physically and chemically interactiasfsbiochar with native SOM and
soil minerals. Although native SOM molecules may be very soluble in the
incubated systems without the addition of labilgamic matter, mobile organic
compounds may form during mineralisation. The nm®lgitganic compounds may
physical or chemical bound with biochar, therebgt@cting organic compounds
from microbial attack. However, according to thedry proposed by Pignatello et al.
(2006), SOM molecules may become more flexible slodly access interior pores
in biochar with increasing incubation temperatund &hus limit accessibility to soil
microorganisms. Furthermore, biochar has been teghdo increase the stability of
macro-aggregates in a 10-month incubation studyatHeet al., 2013). Thus, it can
be postulated that the stabilisation of native S@&y occur from one or more of the
processes suggested above and may explain theesr@gaj} values of native SOC
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observed in the presence of biochar in the InceptiEntisol and Vertisol for the
20-40 °C range. On the other hand, the additiomiothar did not significantly
decrease native SOC temperature sensitivity inCtisol. This could be due to the
presence of a large amount of variable chargedmalmégoethite, gibbsite, hematite
and kaolinite) and SOC may already have been wedtepted by chemical
interaction with these minerals. Additionally, tfagio of biochar-C and native SOC

was the lowest in the Oxisol compared to the otlods.

5.5. Conclusions and implications for carbon sequestration

This 2-year incubation study shows that increasédemperature can accelerate the
mineralisation of both biochar-C and native SOGails of contrasting properties.
The temperature sensitivity of biochar-C was inflced by soil characteristics. The
smallest @ for biochar in the Oxisol is possibly related tooager organo-biochar-
mineral interactions due to the presence of a fsogmt proportion of variable
charged minerals. As such, biochar application xs@ is a promising approach for
C sequestration even in increasing temperatureasiosn Our results suggest that the
presence of biochar may play an important role gcrelasing native SOC
temperature sensitivity, possibly through enharegsical and chemical protection
via surface complexation and cation bridging reangi

Being a relatively recalcitrant C type, the tempama sensitivity of biochar-C
mineralisation was expected to be greater thaiven&@0OC according to the kinetic
theory; however, in our study biochar-GoX1.31-2.77) was smaller or the same as
the native SOC @, (1.30-4.61). This is possibly due to the influerdeorgano-
mineral interactions, which decrease the ‘intrineiochar-C Qg values. The smaller
Q1o for the biochar-C than the native SOC suggestigla @ sequestration potential

of biochar even under warming conditions and egigan clayey soils.
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5.7. Supporting Information

Table 5.S1.Statistical significance of the effects of incubattime, soil, biochar,
temperature treatments and their interactions oochar-C and native SOC
temperature sensitivity parametergd§oover the 2-year incubation period.

Treatment effect Biochar Q. SOC Qe

Soil (S) HEE] NN
Biochar (B) ns O

Temperature (Tm) RN HEN
SxB ns HEN
SxTm 1 (HEN
B xTm ns HEN
SxBxTm O HEN

*p < 0.05; ** p<0.001; ; ns, not significant.

Table 5.S2.Biochar Qo (= standard errors) over the 2-year incubatiomopifior the
two temperature ranges. Small letters compare fgigni differences between the
soils for each biochar at each of the temperatmge.

20-40 °C 40-60 °C
Soil
B450 B550 B450 B550
Inceptisol 1.95+0.14 b 1.67+0.14 a 1.40+0.09 a 540305 a
Entisol 1.68+0.05 a 1.7840.12 a 1.39+0.05 a 1.408@
Oxisol 1.65+0.03 a 1.86+0.19 a 1.35+0.04 a 1.283&
Vertisol 2.21+0.02 b 2.44+0.03 b 1.43+0.03 a 1004 a
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Table 5.S3.SOC Qo (£ standard errors) over the 2-year incubationopgefor the
two temperature ranges. Small letters compare feignt differences between the
soils for each biochar at each of the temperataregge. Capital letters compare
significant differences between biochar treatmefiots each soil at each of the
temperature range.

20-40 °C 40-60 °C
Soil
Control B450 B550 Control B450 B550
Inceptisol 1-84%0:08 1.7520.05 1.6820.04 ) 51,604 apaA  1.2040.06 aA  1.30+0.06 aA
aA aA aA
Entisol 1'8‘30'05 1'82:—;0'03 1'82:—;0'03 1.31+0.05 abA 1.38+0.02 bA 1.38+0.01 abA
Oxisol ~22°%0.03 2.19+0.03 2.35#0.04 ;) /1,505 pa  1.5040.03bA  1.47+0.03 bA
bA bA bA
Vertisol 3'7250'07 3'250'02 3'1&0'10 1.19+0.02 aA 1.11+0.02aA  1.25+0.04 aA

Table 5.S4. Biochar Qo (x standard errors) in the first and second yefar o
incubation.

20-40 °C 40-60 °C
Soil Treatment 1st year 2nd year 1st year 2nd year
Inceptisol B450 1.88+0.15 2.2610.24 1.42+0.10 £ 03100)
B550 1.67+0.11 1.72+0.31 1.20+0 1.97+0.21
Entisol B450 1.49+0.03 2.18+0.12 1.43+0.03 1.3690.
B550 1.65+0.15 2.22+0.07 1.38+0.10 1.44+0.07
Oxisol B450 1.31+0.06 2.53+0.16 1.25+0.10 1.4760.1
B550 1.73+0.19 2.22+0.27 1.11+0.07 1.53+0.04
Vertisol B450 1.87+0.03 2.93+0.17 1.63+0.05 1.18#0
B550 1.86+0.08 3.35+0.10 1.48+0.03 0.78+0.02
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Table 5.S5.Native SOC @ (x standard errors) in the first and second ydar o
incubation.

20-40 °C 40-60 °C
Soil Treatment 1st year 2nd year 1st year 2nd year
Inceptisol Control 1.88+0.10 1.71+0.04 1.36+0.06 .18%#0.11
B450 1.71+0.03 1.94+0.15 1.21+0.05 1.17+0.08
B550 1.66+0.06 1.75+0.04 1.23+0.05 1.54+0.12
Entisol Control 1.74+0.03 2.15+0.11 1.39+0.04 187
B450 1.73+£0.02 2.13+0.05 1.44+0.02 1.284+0.03
B550 1.75+0.04 2.06+0.04 1.45+0.01 1.25+0.02
Oxisol Control 2.21+0.02 2.35+0.07 1.44+0.01 1.37+0.02
B450 2.11+0.02 2.36+0.04 1.45+0.02 1.59+0.05
B550 2.26+0.01 2.55+0.11 1.44+0.02 1.54+0.06
Vertisol Control 3.64+0.09 3.80+0.22 1.29+0.04 1.05+0.03
B450 2.86+0.06 3.96+0.19 1.28+0.01 0.91+0.04
B550 2.61+0.11 3.77+0.16 1.57+0.09 0.98+0.04
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. a (%) ky (x102d™) kp (x10°d™)
Soil Treatment
20°C 40°C 60°C 20°C 40°C 60°C 20°C 40°C 60°C
) B450 0.39 1.45 3.27 4.4 2.3 0.9 0.6 2.2 3.7
Inceptisol
B550 0.31 0.92 0.66 1.6 2.0 3.7 0.3 0.7 2.4
Entisol B450 0.96 0.85 1.15 0.7 4.3 5.0 0.8 4.6 10.3
B550 0.26 0.54 0.78 1.3 2.5 3.7 0.3 1.1 3.2
Oxisol B450 0.53 0.39 0.45 2.9 18.3 83.6 0.8 3.3 6.2
B550 0.19 0.43 0.25 9.9 5.2 51.2 0.4 15 2.9
Vertisol B450 0.46 0.33 3.03 3.7 13.8 1.0 0.8 6.6 11.4
B550 0.15 0.14 1.29 11.8 20.5 2.7 0.4 3.0 2.9
SE 0.03-0.10 0.01-0.33 0.07-0.32 0.1-7.7 0.2-2.9 .1-41.9 0.02-0.1 0.02-0.4 0.1-0.5
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Table 5.S7.Parameters of aykk, from two-pool exponential model for native SOC:(B.974-0.999).

a(mg CO, g* SOC) k (x10%d™Y) k, (x10°d™)
Soil Biochar
20°C 40°C 60°C 20°C 40°C 60°C 20°C 40°C 60°C

Control 3.42 114.93 332.28 14 1.7 0.5 4.9 16.6 13.3
Inceptisol B450 4.94 115.27 248.94 3.2 2.1 0.7 5.8 24.6 228
B550 2.98 120.63 178.17 3.3 1.6 15 6.5 18.5 42.1
Control 26.73 39.59 133.5 1.0 2.6 1.0 3.8 235 32.2
Entisol B450 20.52 35.10 85.9 1.6 3.9 25 4.9 233 48.6
B550 18.54 34.07 85.2 1.3 3.2 3.9 4.4 20.3 45.3
Control 9.23 39.28 87.77 4.4 2.8 1.0 2.9 16.8 36.9
Oxisol B450 9.97 39.24 39.00 4.9 3.1 6.2 2.7 15.0 46.1
B550 8.67 36.28 44.34 5.5 3.2 4.7 25 16.3 45.1
Control 3.42 51.56 96.82 6.3 0.5 0.6 1.1 18.6 233
Vertisol B450 4.94 63.57 55.35 6.7 0.04 15 14 22.7 233
B550 2.98 16.15 57.41 13.9 0.02 15 15 18.9 26.3

£ 0.23 1.15 5.18 0.1 0.01 0.4 0.03 0.4 1.7

~0.78 -25.58 ~21.52 71 -3.9 -6.2 -05 -3.6 -8.7
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Inceptisol Entisol Oxisol Vertisol
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Figure 5.S1.Total biochar carbon (C) mineralised (mg 80" biochar-C) from
450 and 550 °C biochar-amended soils at 20 °C @40 °C (grey filled) and 60
°C (black filled) over the 2-year incubation perid€tror bars represent £ standard
errors of the mean (n=4).
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Inceptisol Entisol Oxisol Vertisol
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Figure 5.S2.Total native soil organic carbon (C) mineralisetg(CQ-C g* SOC)
from control (without biochar), 450 and 550 °C Wiacamended soils at 20 °C
(empty), 40 °C (grey filled) and 60 °C (black file over the 2-year incubation
period. Error bars represent + standard erroree@fiean (n=4).
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Chapter 6: Application of NEXAFS spectroscopy and XPS
for the characterisation of carbon functional groups of

aged biochars in soils

Abstract

Biochar stability is crucial for the long-term carb(C) storage in soils. However,
some proportion of biochar-C is mineralised in sath ageing, particularly at high
temperatures. The oxidation of biochar leads talthelopment of surface functional
groups on biochar, which increases biochar’s reiagtand may contribute to the
cation exchange capacity of soil. In this studyfu@ctional groups of a number of
relevant organic C compounds and the light fraciod.8 g cnt) of natural soil and
soil amended with biochars (fresh and aged ford Zwyears at 20, 40 and 60 °C)
were determined using near-edge X-ray absorptiore fstructure (NEXAFS)
spectroscopy and X-ray photoelectron spectroscEp\s] techniques. The spectra of
biochar and light fraction of the control and biaclkamended soils showed two
distinct peaks at ~285.1 and 288.5 eV, which wedtgbated to the C1l$¢c-c
transitions of aromatic C (and protonated and alled aromatic C) and CI&c-o
transitions of carboxylic C, carboxyamide C andboaryl C. The proportion of
aromatic C and the aromaticity index (aromatic @oayl and amide C) were
substantially greater in the light fraction of theéochar amended soils than the
corresponding light fraction of the unamended sdilse proportion of aromatic C
was much higher in the light fraction of the B55Memded soils than in the
corresponding B450 amended light fraction of the Yibeeptisol) and NSW (Oxisol)
soils. The proportion of aromatic C in the lighadtion of biochar amended soils did
not show any change after for 12 months at varieogeratures. Consistent with the
NEXFAS results, XPS analysis also showed the donomaof aromatic C and
protonated and alkylated aromatic C in the lightfion of the biochar amended WA
soil. The proportion of functional groups obtainedm the XPS analysis did not
show any consistent trend for the ground samplesveder, the proportion of
carboxyl groups in the hand-picked biochar samipleeased with increasing ageing
time, and similarly there was some increase in @marbgroups with increasing
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incubation temperature. NEXAFS and XPS techniquimsvsgood potential for the
characterisation of C rich fraction isolated fromtural soil and soil amended with
biochar. The limited data suggest that much loageing time will be needed for the

development of significant amount of carboxyl grewm biochar surfaces.

6.1. Introduction

‘Natural biochar’ is ubiquitous in soils worldwidend exists as a continuum of
biomass combustion products such as char or cHareoa soot, which are
collectively referred to as black C (Schmidt andablg 2000). Char in soil mainly
results from biomass burning and wild fires, amsl stibsequent accumulation or
aeolian transport over centuries (Kuhlbusch andzery 1995). More recently, there
has been growing interest in the soil applicatibiiochar for long-term C storage
and other multiple benefits. Biochar has the paaérib increase soil C, reduce
greenhouse gas emissions, improve soil propedrgsgnce agricultural productivity,
and effectively absorb hazardous organic compowatts heavy metals in soll
(Lehmann, 2007a,b; Namgay et al., 2010; Singh et24110; Yu et al., 2009;
Kookana et al., 2011). Like char, biochar comprisighly aromatic and chemically
stable components of C, along with some easily atkadyle aliphatic structures
(Lehmann, 2007a,b). Biomass type and pyrolysis itimmd, such as heating
temperature, heating rate and conditions, deterrtiieeC forms within biochars
particles (Czimczik et al., 2002; Keiluweit et &Q10; McBeath et al., 2009; 2011).
Furthermore soil environmental conditions deternihree stability of biochar in soils
(Cheng et al., 2006; 2008; Keith et al., 2011; Faetgal., 2014). However,
determination of changes in the molecular structamel chemical properties of

biochars applied to soil remains a major challenge.

Although biochar contains a significant proportiminrecalcitrant C, some of
the biochar-C applied to soil is mineralised andate conditions, such as high soil
temperature and moisture, may facilitate rapid tab@nd biotic oxidation of biochar
in soil (Cheng et al., 2006; 2008; Keith et al.120Liang et al., 2006). The creation
of surface functional groups on biochar is impartam its increased reactivity and
contribution to the cation exchange capacity ofssgiiang et al., 2006). Furthermore,
the increased interaction of biochar with clay mahe in soils and consequent
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entrapment within newly formed aggregates may emxeethe stability and longevity
of biochar in soil (Glaser et al., 2000; Brodowskal., 2005).

The structure of biochar has been described aseosed aromatic rings
which forms clusters as thermal degradation prae€Pdeston and Schmidt, 2006).
However, Knicker et al. (2008) proposed a differemtidel that describes biomass-
derived black carbon as a mixture of heat-alteriegpddymers which forms small
clusters with a high degree of substitution with ®l,and S groups. Despite the
differing views about changes in the chemical s$tme during black carbon or
biochar formation, there is a general agreemerit ghaportion of aromatic carbon
increases with increasing heat treatment tempergMcBeath et al., 2011). It has
been suggested that non-linearity exists in thes@hmansitions and degree of
aromaticity in the heat-induced transformation &np biomass (Keiluweit et al.,
2010). It is thus important to characterize cheimstaicture of biochar produced at

different temperatures in order to evaluate thiibifity in soils.

Considerable research has been conducted to uani@itste mineralisation of
biochar-C in soils (Hamer et al., 2004; Cheng et2006; 2008; Liang et al., 2008;
Zimmerman, 2010; Keith et al., 2011). However,lditis known about the C
functional groups in biochars aged in soils undéemknt conditions. Spectroscopic
techniques including solid-state 13C nuclear magnetsonance (NMR), X-ray
photoelectron and Fourier-transform infrared (FTHaye been widely used for the
characterisation and monitoring of biochar in s@icBeath et al., 2011; Cheng et
al., 2006; 2008; Liang et al., 2008). Among the csmscopic methods, NMR
spectroscopy has been most commonly used for thetwtal characterisation of
black carbon and biochar in soils (Baldock and $wekr 2002; Czimczik et al. 2002,
McBeath et al., 2011). However, the technique $@mse drawbacks, such as the
poor detection limit of biochar-C with cross pofation 13C NMR, poor signal to
noise ratio for biochars produced at high tempeeatuloss of NMR signal in the
presence of paramagnetic and ferromagnetic mind€Falkstas et al., 1999; 2002;
Hedges et al., 2000; Begaudeau et al., 2012).

Near-edge X-ray absorption fine structure (NEXAFRpectroscopy is an
element specific technique that has been succhssfinployed for the

characterisation of heterogeneous and complex @amwiental C materials. NEXAFS
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has been used in conjunction with scanning trarsamsX-ray microscopy (STXM)
for determining nanoscale spatial heterogeneityrgéanic C in black carbon particles,
and characterizing surface functional groups otlblearbon in Anthroposols from
Brazil (Schumacher et al., 2005; Lehmann et alQ52Q.iang et al., 2006, 2008).
Keilweit et al. (2010) employed C-NEXAFS to rel&@especiation to the degree of
structural order in biochar produced at charringpderature ranging from 100 to
700 °C. Heymann et al. (2011) characterized a rarigé rich materials including
black carbon reference materials, environmentalriogst and potential interfering
materials using C-NEXAFS.

X-ray photoelectron spectroscopy (XPS) is a surfapecific technique
(depth of analysis < 10 nm) and it provides quatitie analyses of all elements,
except for H and He (Briggs and Seah, 1990). Addgéily, the local environment of
atoms can affect the binding energy of certain @eetrons, such as;{electrons,
which allows the identification and estimation @lative abundance of different
species of an element. It has been used for thexctieaisation of surface functional
groups and to determine the change in element csitigro of biochar with ageing
(Cheng and Lehmann, 2009; Cheng et al., 2006; tLah.£2012; Nguyen et al., 2009).
For example, Cheng et al. (2006) observed oxidatio6 groups and formation of
carboxylic C in black carbon particles incubatedhah incubation temperature
(70 °C). Similarly, Nguyen et al. (2009) reportendl iacrease of O content and a
decrease of C content on biochar surface or epdirécles after decades of ageing in

soil.

The recent published work suggests that both XRENIEXAFS are ideally
suited for characterising C functional groups ofl smganic carbon (SOC) and
biochar. The specific objectives of the researchews to investigate the chemistry
of C of the light fraction of unamended and biocharended soils after ageing at
different temperatures; and (ii) to identify chamge the molecular structure of
biochar-C (and native organic C) with ageing in tcasting soils at three
temperatures. A number of reference organic comg®ualevant to soils and two
original biochar were also analysed in order to para the performance of the
beamline and to identify the C functional groupse Wypothesised that the

proportion of carboxylic carbon will increase omwdhar after ageing in soils, and the
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increasing incubation temperature will further gase the development of

carboxylic functional groups.

6.2. Materials and Methods
6.2.1. Biochar and reference samples

We analysed light fraction isolated from four casting soils soon after mixing (day
0) and ageing for 1 year and 2 years at 20 °C,Cl@rid 60 °C. The four soils are
referred to as NSW (an Oxisol), WA (an Inceptis@),D (a Vertisol), and SA (an
Entisol) soil in this chapter; the description betexperimental soils and the two
biochars are given elsewhere (Fang et al., 2014divé&l soil organic carbon (SOC)
was also isolated from the four soils without amychar amendment. Biochar and
native SOC were isolated from the four soils byeagity separation procedure after
dispersing the soils and soil-biochar mixturesadism polytungstate solution, 1.8 g
cm® (Golchin et al., 1994). The aged biochars wereaiobt by incubating two
biochars, produced from a woody biomass by slowlggrs at 450 °C (B450) and
550 °C (B550), with four contrasting soils from Awadia at 70% water holding
capacity and at three temperatures, i.e. 20 °CC4énd 60 °C, for up to 2 years. The
experimental details for the incubation experimeate been previously described
by Fang et al. (2014).

Fifteen reference compounds of C (analytical gnaayents), sourced from
the Agricultural Chemistry Laboratory at the Unisiéy of Sydney, were included in
the C 1s-NEXAFS analysis.

6.2.2. Near edge X-ray absorption fine structure spectroscopy

Carbon 1s-NEXAFS spectra were obtained at the)so&ty spectroscopy beamline
of the Australian Synchrotron in Melbourne (Cowieat, 2010). The beam was
operational in top-up mode at the time of analgsid the storage ring beam current
ranged between 150 and 200 mA. The soft X-ray beans equipped with a plane
grating monochromator that is capable of providiegveen 18 and 182 photons s
1/200mA at the K-edge of the required element wittesolving power better than

10", The photon energy for C 1s-NEXAFS was calibratsitig photoemission of the
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gold 4f7/2 peak at 83.96 eV that was obtained feoreference foil available on the

standard manipulator.

Ground samples of the reference compounds andeso®0OC and SOC and
biochar-C fractions were mounted on to the samp$e dising a double-sided
adhesive carbon tape. The samples were loadedaintacuum chamber (2x1®
mbar) for the analysis. C(1s) K-edges spectra wbtained in the 275-315 eV range
using a step size of 0.1 eV and the dwell time.6f€ec. The spot size of the beam
under operating conditions was approximately 0.75&@®nm. No deterioration in the
signal was observed in repeated measurements (fiye)oat a spot with the dwell

time of 0.5 sec.

The NEXAFS signal was simultaneously recorded inoFdscence vyield
(FLY), total electron yield (TEY) and auger electrgield (AEY) modes. The AEY
signal was recorded using a SPECS Phoibos 150 ldkerisal Analyser positioned
at an angle of 45° with respect to the beam. Speetre normalised using |
reference gold foil prior to peak assignments agakditting. The reference gold foil
spectra were previously normalised using argontepad clean gold surface; and all
raw AEY, FEY and data were also corrected for the dark currentremmchalised to
correctly produce the C spectra of the samples.kggacnd correction and
normalisation of NEXFAS spectra was done using A#&.8.056 (Ravel and
Newville, 2005). An example spectrum at differetaiges of correction is presented
in the supporting informatiorF{gure 6.S1).

The fine structure in the C-NEXAFS region rangesveen 283 and 290 eV,
and above 290 eV transitions tend to be very bieradl overlaps with absorption
edges (Cody et al., 1998) therefore we have ontgidered the main CIg-and 1s-

3plo* valence transitions in the 284-290 eV range fscuasssion.

In order to evaluate the changes in surface funatigroups of biochars,
semi-quantitative analysis of NEXAFS spectra wasedby peak deconvolution
using Whooskha, a MatLab based software programk Pesitions were assigned
based on the published data and the details aen givTable 6.1 The number of
peaks in a fit was kept the same within a datdisetmixture of a particular soil and
biochar type) and attempts were made to fit tha dath as few peaks as possible
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(Figure 6.S2. All peaks were fitted to Gaussian function, gtcr the NEXAFS
step edge where an arctangent step function wak \Wse expect 1-3% errors in the
relative proportion of various functional groupsrided from Gaussian function

using the procedure.
6.2.3. X-ray photoelectron spectroscopy

XPS analysis was conducted using an ESCALAB250Xie(mo Scientific, UK)
spectrometer with a monochromatic AbKadiation (energy 1486.68 eV) at 164W
(10.8 mA and 15.2kV) and a spot size approximabebymm in diameter. A finely
ground powder or hand-picked biochar or soil orgazarbon particles were fixed
onto a metallic samples holder using a double-si@a-conducting tape. During
analysis vacuum was maintained x12° kPa. Survey scans were obtained covering
a binding energy range from 0 to 1350 eV with thsssenergy of 100 eV, and for
elemental region (C, N and O) scans we used 20as¢ pnergy and a 0.1 step size.
The binding energy was calibrated against the 4ifi&of gold at 83.96 eV, the Ag
3d5 line of silver at 368.21 eV and the 2p3 lineopper at 932.62 eV (Seah, 2003).
For C, binding energy was corrected relative tosQirie at 285.0 eV for adventitious

hydrocarbon.

XPS spectra were analysed and deconvoluted usen@#ussian-Lorentzian
sum function with 30% Gaussian-Lorentzian valueopdimise the spectra using
software Avantage (Thermo Scientific). A Shirleyckground correction was carried
out to remove background noise (Briggs and Sea®))1&tomic ratios of Al, Si, C,
N, and O were calculated from the peak areas oft{&p), Si(2p), C(1s), N(1s) and
O(1s), respectively. The elemental compositionha televant elements was then
calculated using the atomic ratio and atomic wemjhthe individual element. The
elemental analysis was used to make comparisoa pven set of samples and not

to derive the absolute composition of the samples.

The XPS analysis was done only for the light fiactisolated from the WA soil with
and without the addition of the B450. The lightctian was separated from the soll
and soil-biochar mixture immediately after mixingaly 0) and after incubation in
the soils for 1 and 2 years at 20, 40 and 60 °@. Sdmples were analysed after hand
grinding the light fraction into fine powder to denine the composition and
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functional groups of C and N of the bulk sample&l hand-picked particles from the
light fraction were analysed to observe the sudgeel0 nm) of biochar and native
SOC particles.

6.3. Results and discussion

6.3.1. NEXAFS spectroscopy of reference C compounds

It should be pointed out that a dip at approxima91.2 eV is an artefact of the
normalisation procedure resulting from the C comtation on gold and it persisted
in some of the spectra despite correction beingenvédth argon sputtered clean gold

surface (e.gFigure 6.3B, Figure 6.5A,B.

NEXAFS spectra, peak positions and chemical strastwf the reference
compounds are presentedHigure 6.1 and Table 6.2 Carbohydrates are structural
components of cell wall of most microorganisms gfahts. The two carbohydrates,
L-Arabinose (an aldopentose) and L-Rhamnose (6ydddghexose), showed a very
sharp peak close to 289.5 eV and another sharpgiez88.6 eV, which was present
on the shoulder of the large peak and less obwioaase of L-Arabinosel@ble 6.2;
Fig 6.1A). The 289.45 eV peak has been attributed to 1s*3pansitions of C-OH
groups (O-alkyl) in monosaccharides (Solomon et2009), and similar band has
been reported in 1s-3pY transitions of alcohols and other hydoxylatedkéd C
species (Ishi and Hitchcock, 1988; Cody et al.,B0® less distinct and much
smaller band was present at 288.62 eV in the spaadf L-Rhamnose, probably due
to Cls-1sr* transition. Additional sharp peaks at 286.80 eMhe spectrum of L-
Arabinose and 287.59 eV in the L-Rhamnose spectcoold be due to 1s*
transition of C-O group and 1s-&j/transition of C-H group, respectively. Despite
the similarities in the main features of the spedtr L-Arabinose and L-Rhamnose
with the published data, multiple peaks, in the -390 eV region, observed by
Solomon et al. (2009) did not occur in our specara] instead a broad peak, with

maximum at ~294 eV, was observed.

Gallic acid (a phenolic acid) showed sharp peak28&%.06, 287.58, and
288.54 eV and slightly less intense peaks at 28&88.78 eV Table 6.1; Figure
1B). The 285.06 eV peak may be assigned to Ther€lmnsitions from C atoms
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connected to O atoms (C-OH) in the aromatic ringgaflic acid (Francis and
Hitchcock, 1992; Hitchcock et al., 1992; Robin kf £988; Cody et al., 1998). The
spectral features at 286.08, 286.78 and 287.58re\also associated with Cis-
transitions corresponding to Cic.on transitions and the energy positions are
modified by OH substituents in phenol (Francis a&titthcock, 1992). The sharp
absorption band at 288.54 eV is attributed to thhe+€ transition of carboxylate C
(COOH), and the high energy shift has been attitbub the electron withdrawing
nature of oxygen (Cody et al., 1998).

Vanillin (a phenolic aldehyde) spectrum showed sain@larity with gallic
acid with intense peak at 288.60 eV and a peak287.60 eV which could be
assigned to Cls*transitions of carboxylate C and Cistransitions from C atoms
connected to OH as before. The peak at 292.69 ey lmadue to C1s¥ cny
transitions from the methoxy group (—O—§Hn vanillin (Francis and Hitchcock,
1992).

The sharp peaks at 288.75 and 288.58 eV in thetrap@egure 6.1B) of
citric and benzoic acids, respectively, may begmesi to C13%* c-o transitions of
carboxylate C (Cody et al., 1998; Kuznetsova ¢t28l01). In benzoic acid the broad
peak at 285.06 eV possibly arise from G&g-=c transitions of C bonds (C=C) in the
aromatic ring structure (Cody et al., 1998; Solomabal., 2009).

Adenine is a purine where six-membered rings deela¢d to five membered
rings; it is an integral part of deoxyribonucle@d(DNA), ribonucleic acid (RNA),
and adenosine triphosphate (ATP). In the NEXAFSBpm of adenine, two very
sharp peaks at 287.54 and 286.90 @&¥b{e 6.2; Figure 6.1 were assigned to
structural C-N species and a small broad peak at 284.89 eV wr@sudéd toTt* c=c
transition (Samuel et al., 2006). The Qfg~c transitions from the ring structure of
adenine also contributed to the main two peak8ai52 and 286.90 eV (Solomon et
al., 2009). Similar to Samuel et al. (2006), we dat observe the intense peak at
288.70 eV that was reported by Solomon et al. (20@9the C1sr*c-c transitions
of C=C-NH and C=C-NHK species.

Amino acids are a important component of soil orgamatter; forming up to
50% of the organic nitrogen in soils and 90% ofsb& N exist in the organic form.
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The essential feature of the structure of amindsa@ the presence of amine (-jH
and carboxylic (-COOH) functional groups that attached to a saturated C atom, C
(Kaznacheyev et al., 2002). All six amino acidslgsed in this study showed a
strong peak close to 288.8 eV (288.74-288.80Tlle 6.2, Figure 6.10), which is
consistent with the published literature on the -@dge NEXAFS of amino acids and
the peak has been attributed to @#s-o transitions of carboxyl/carbonyl,
COOH/COO-, groups in amino acids (Boese et al.718dckley and Besley, 2011;
Cooper et al., 2004; Kaznacheyev et al., 2002; r8otoet al., 2009). The distinct
peak at 285.16 eV in the phenylalanine spectrumast likely due to the C18:c-c
transition of aromatic side chain of phenylalan{@®oper et al., 2004; Solomon et
al., 2009). A low intensity peak at 287.80 eV ie fthenylalanine has been assigned
to the Clsr*c.y and Rydberg excitations (Kaznacheyev et al., 2002he histidine
spectrum, a very strong peak at 287.13 eV wasatsibuted to the C1ls# .4 and
Rydberg excitations (Kaznacheyev et al., 2002; Bolo et al., 2007). The high
energy peaks at approximately 289.38 and 289.58ire\arginine and lysine,
respectively have been attributed to Gt s=y transitions; according to Kaznacheyev
et al. (2002), C in this bonding is bonded to thkeatoms and hence the peak from
the C1lsr* =y transition appears above that of a C 1s(Q@@up.

6.3.2. NEXAFS spectroscopy of biochars and the light fractions of soil and

soil aged with biochars

The NEXAFS spectra of the two biochars (B450 an8@®%5are quite similar to each
other and to the wood char spectrum presented bymbilen et al. (2011). The
biochar spectra have two distinct peaks at 2851t8288.45 eV Kigure 6.2; Table
6.3).The first peak (285.18 eV) can be attributed te C1sf*c-c transitions of
aromatic C, and protonated and alkylated aromatiar@ the peak at 288.45 eV
probably represents CI&c-o transitions of carboxylic C, carboxyamide C and
carbonyl C (Samuel et al., 2006; Francis and Hackc1992; Hitchcock et al., 1992;
Hitchcock and Ishii, 1987; Robin et al., 1988; Cad\al., 1998). The deconvolution
procedure identified four additional peaks in tipecra of both biochars at 286.48
(Clstc.oH, c=0, 287.40 (1s-3@*c.1), 289.83 (C1s%* c.0) and 290.62 (C18 c-0)
eV; the position of these peaks is within the rangé the suggested functional
groups Table 6.1). Based on the peak area, the proportion of aionta{G2) was
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slightly greater in B550 biochar than B450 biochahich is expected as aromatic
condensation in biochar increases with increasiegt htreatment temperature
(McBeath and Smernik, 2009; McBeath et al., 201Cpntrary to this, the
aromaticity index (aromatic carbon (G2)/carboxyldaamide carbon (G6)) was
marginally greater for B450 than B550. All in athe differences in the C 1s
NEXFAS spectra of the two biochars were negligibklthough aromatic
condensation increases with increasing heat tredtmemperature in the
200-1000°C, the increase is rapid in the low terajpee range and reached > 89%
at 400°C (McBeath et al., 2011); therefore, it asgble to observe similar spectra
for the two biochars produced at 450 and 550 °C.

NEXAFS spectra and the peak data for the light itherfsaction of the
unamended four soils and biochar amended soilpmsented irFigures 6.3-6.7
andTables 6.4-6.7. Similar to the biochar spectra, two distinct peak ~285.1 and
288.5 eV Figures 6.3-6.7) were present in all samples. However, the intgrdithe
aromatic (285.1 eV) peak was smaller and of thbaaiic C (and carboxyamide C
and carbonyl C) peak at 288.5 eV was larger thaimenbiochar spectra. In the SA
samples, an additional peak at 290.35 eV was obdewhich was attributed to the
Clsit*c-o transitions of carbonate (Gilbert et al.,, 2011)tve soil Figure 6.6).
Calcite was identified from the X-ray diffractiomalysis of the soil, and chemical
analysis showed that 6.0% inorganic C was presethtis soil (Fang et al., 2014). In
addition to the C peaks, two peaks at approximat8lf.4 and 300 eV were present
in the SA and QId spectra and more prominent inSAesample Figures 6.5and
Figures 6.6§. These peaks correspond to L3 (k2p3/2) and L2 (K-k-2p3/2) edges
of potassium. Potassium peaks originated from tlesgmce of illite in the clay
fraction of these two soils and its proportion vgasater in the clay fraction of the
SA soil than in the QId soil (Fang et al., 2014).

In all soil and soil-biochar samples 5-6 Gaussiaaks were fitted, and the
main difference among the soils was in the resmutf O-alkyl (G7) and carbonyl
(G8) peaks, these peaks were resolved in the WANBW soils only Tables
6.4-6.7). The functional groups of C represented by thakpeare described in the
Table 6.1 and the peak positions agree well with the publisdata on SOC and
biochar-C (Heymann et al.,, 2011; Keiluweit et &012; Klebber et al. 2011;
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Lehmann et al., 2009; Liang et al., 2006; Schafeale 2005; Schumacher et al.,
2005; Solomon et al., 2005). The proportion of aatenC (proportion of G2) and the
aromaticity index (aromatic C/carboxyl and amideG2/G7; Kleber et al., 2011)
were substantially greater in the light fractiontioé biochar amended soils than the
corresponding light fraction of the unamended gb#; difference was minimal in the
case of SA soilTable 6.7 where problems were encountered in separatintjghe
fraction from the biochar amended soils and biogleaovery was very poor. The
proportion of aromatic carbon also increased incthrgrol soils (i.e. without biochar
addition) in most of the samples after ageing foe gear at different temperatures
(Tables 6.4-6.7). The laboratory incubation results show thatlassantial portion of
the native soil C was mineralised in the 12-monghiqal (0.7-6.8% of the total C
mineralised at 20°C, 5.8-19.9% at 40°C and 13.3%at 60°C), which might have
increased the proportion of aromatic C in the neglichative SOC. The proportion of
aromatic C in the light fraction of biochar amendeils did not show any consistent
trend; however, there was some tendency in the watard an increase in the
aromaticity index for the aged samples at variemperaturesTables 6.4-6.7).
There are two possible reasons for no observedyelsain the proportion of aromatic
C in biochar amended light fractions, firstly a #npaoportion of the biochar-C was
mineralised (0.34-7.07% of the total biochar-C)imgirthe 12-month incubation
period, which did not produce any observable changbe C functional groups of
biochar-C. Secondly, the mixing of native soil Cttwthe biochar-C in the light
fraction masked any difference in the aromatic Ghaf original and aged biochar
samples, considering that there was a consistethtsabstantial increase in the
aromatic C in the native SOC after ageing. The iation temperature also did not
produce any consistent change in the proportidd fafnctional groups, and the same

two reasons perhaps apply in these results as well.

In the two soils (WA and NSW), where the light tian of both B450 and
B550 amended soils were analysed, the proportiomromatic C (G2) and the
aromaticity index were much higher in the lightctian of the B550 amended soils
than the corresponding B450 amended light frac{ieigure 6.7; Table 6.4 and
Table 6.5. These results are consistent with our C mingmibn data from the
incubation experiment, which showed a significaihdhyer biochar-C mineralisation
from the B550 amended soils (0.34-1.52%) than tireesponding B450 amended
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soils (0.65-7.07%). The modelling results from Ziyenineralisation data predict
much longer residence time for B550 (344-579 yethiar) B450 (218-259 years) in
these soils (Fang et al., 2014). It has reporteauimber of previous studies that the
proportion of aromatic C in biochar or black carbmmtreases with increasing
pyrolysis temperatures (Czimczik et al., 2002; Hewit et al., 2010; McBeath and
Smernik, 2011).

6.3.3. XPS of aged biochar samples

Normalised concentrations of C, O, Si, Al and Ntlwe light fraction are
presented in th&@able 6.8 Minor amounts of Mg, P, Na, Ca and W were also
observed in some of the samples, Na and W beingluasfrom the sodium
polytungstate used in the density fractionationcpdure and Mg, P and Ca being
present in small amounts in SOC and the biockigufe 6.S3. There was no
consistent trend in the C content, except beingegdly higher in hand-picked
biochar particles than the ground biochar and eaBOC particles. All samples
contained substantial amounts of Si and Al; thenataatio of Al/Si is < 1.0 in all
samples, which suggests the presence of both k&o{il/Si ~1.0) and quartz. The
two minerals were identified from the X-ray difftam analysis of the clay fraction
of the WA soil (Fang et al., 2014). Oxygen contaeppears to have increased with
ageing in all light fractions; however, due to firesence of quartz and kaolinite it is
not possible to unambiguously attribute this to dk&lation of C groups of biochar.
Nitrogen content was similar for the ground SOC hiwthar samples; however, the
N content of hand-picked biochar samples was greasn the ground SOC and

biochar samples.

The Cls peak was deconvoluted into four peaks fesepting C-C/C-H,
aromatic C (284.81-285.03 eV), C-0O, aromatic C (286286.73 eV), C=0, ketone
C, 287.81-288.03 eV and COO, carboxylic C (288.@%25 eV) (Proctor and
Sherwood, 1982). The proportion of C functionalug® in the ground samples of the
light fractions isolated from the WA soil (i.e. heg SOC) and soil treated with
biochar did not show any obvious trerthble 6.9. In both group of samples, the
dominant C functional groups were C-C/C-H and Ca@¢ C=0 and COO groups
were less than 10%. These results are consistémtiva XPS results of black carbon
powdered samples reported by Cheng et al. (2006).(1ls-XPS spectra of the light
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fraction of native SOC (isolated from the controil)lsand the original biochar (B450)
were quite different to each other. The biocharcspen showed a much greater
proportion of C-C/C-H group than the native SOCevaas the other C groups (C-O,
C=0 and COOQ) were present in greater proportidghemnative SOC than the biochar.
The proportion of COO group progressively increaskghtly in the hand-picked
aged biochar samples (1 and 2 years), which sugyfiested oxidation of C groups
on the surface of biochar particlegaple 6.9. Similar observations were also made
by Cheng et al. (2006) and Joseph et al. (201Mléwk carbon and biochar samples.
We observed the presence of COO group in the @alidgiiochar unlike Joseph et al.
(2010), who reported the absence of COO groupfiesh green waste biochar.

The deconvolution of N 1s spectra of most samplas done into (i) N in
organic matrix possibly associated with proteingl amino acids (400.03-400.89
eV), and (ii) quaternary N and/or -NO groups (48t402.77 eV) (Abe and
Watanbe, 2004). However, in the original biochemnples N 1s peaks existed into (i)
aromatic amine, purine and imidazome C (C=N) witnding energy between
399.04 and 399.35 eV, and (ii) N in the organicriraimilar to the other samples
(400.86-400.89 eV). It is expected that in the wbathar produced at 450°C most
of the nitrogen will exit in the form of ‘black mdgen’, where heteroaromatic N
structures are formed during the pyrolysis pro¢ksscker, 2007; 2010). Most of the
N existed in organic matrix and approximately < 10%quaternary N and/or -NO
groups. There was no consistent trend in the ptimgpoof N functional groups of
native SOC and biochar samples with ageing at reifiie temperatures, which is
expected as N bound in hetrocyclic compounds isidened to be chemically stable
(Leinweber and Schulten, 2000).

6.4. Conclusions

The spectral features and peak positions obsenezdthe relevant organic

compounds were consistent with the published kieea Similarly, spectral features
of biochars and the light fractions of soil andl sznended with the biochars were
consistent with the limited published data. Thensatic C peaks were substantially
larger in the biochars than the native SOC or ea8®C mixed with biochars. The

proportion of aromatic C in the control soil (witltdbiochar) increased with ageing
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and increased incubation temperature. The liglatiba of the soil amended with the
high temperature biochar (B550) showed a greatgygstion of the aromatic C than
the corresponding samples from the correspondinwgtémnperature biochar (B450).
After one year ageing, we did not observe any ab@si change in the C functional
group of light fraction separated from biochar adexhsoils, possibly the mixing of
native soil C with the biochar-C in the light freet masked any difference in the
aromatic C between the fresh and aged biochar ssmgPS results of the ground
samples also did not show any difference in C gsdugtween fresh and aged light
fractions of the WA soil. However, the XPS analysifiand-picked biochar samples
showed increased oxidation with increasing ageimgetand the increasing

incubation temperature.

Both NEXAFS and XPS are useful techniques for tharacterisation of
native SOC and biochar-C. However, due to the anitigs in the spectral features of
the biochar and native C it is difficult to detemaithe changes in biochar-C with
ageing in soils. In the future studies, hand-pick&char samples representing a
range of particle sizes should be analysed usitig KEXAFS and XPS to determine
their C functional groups. There are substantiaériaps between the peaks of
various C groups in the spectra of both NEXAFS RS, and thus there are

limitations in the quantitative analysis of thealat
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Table 6.1.Peak assignments for the C(1s) NEXAFS spectradbasehe published
literature (Cody et al., 1998; Francis and Hitchgat992; Heymann et al., 2011;
Kaznacheyev et al., 2002; Keiluweit et al., 201&dber et al. 2011; Lehmann et al.,
2009; Schafer et al., 2005; Schumacher et al., ;2B0B®mon et al., 2005).

Energy range  Transition Bond and C form Deconvolution curve*
(eV)

283.0-284.5 1lsT C=0, quinine C Gl

284.0-285.5 1sTr C=C, aromatic C; C-H, protonated and G2

alkylated aromatic C; carbonyl
substituted aryl C

286.0-287.4 1sTr C-OH, phenolic C, C=0, ketonic C; R- G4
(C=0)-R’; C=N, C-N, N-substituted
aromatic C

287.0-287.8 1s-3pb* C-H, aliphatic C of CH CH, and CH G5
nature

288.0-288.8 1sT COOH, carboxylic C; COO, G6
carboxyamide; C=0 carbonyl C

289.0-289.5 1sr C-0O, O-alkyl C G7

290.0-290.5 1sTr C=0, carbonyl, carboxyl substituted G8
aromatic

*Based on the notation used by Keiluweit et al120
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Table 6.2.C1sNEXAFS spectral peaks of structurally differentereince carbon compounds used in the s

Compound

Chemical structure

Photon energy (eV)

L-Rhamnose

L-Arabinose

Chitin

Pectin

Galllic acid

Citric acid

Vanillin

285.21

285.06

286.80

286.78

286.08

286.78

287.59

287.58

287.04

287.63

288.6:

288.6°

288.5¢

288.7¢

288.5¢

288.7¢

288.6(

289.46

289.45

289.54

289.49

294.07

292.69
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H
Benzoic acid @—( 285.06 - - - 288.5¢ - -
0

NH,
N7 SN . . . .
Adenine :I ) 284.89  286.90 287.54
NT
O
. N - 285.16 - - 287.80 288.8( - -
DL-Phenylal TAOH
enylalanine [:)/\ NH,
(0]
L-Histidine N o - - . 287.13 288.7¢ - .
\H/ NH,
NH 0]
L-Arginine H,N N/wl)\OH - - - - 288.7: 289.38 -
H NH;
O (0]
L-Glutamic acid HOJV\I/U\OH - - - - 288.8¢ - 290.18
NH;
O
L-Alanine HSC\(JL-OH - - - - 288.8( - -
NH»
X
HzN _ _ _ _ -
L Lysine N o 288.8( 289.58
NH;

*peak is not very clear.

177



Chapter 6 — Characterisation of carbon functionabgps of aged biochars in soils

Table 6.3.The energy position and relative proportion ofdtimnal groups in C 1s
NEXAFS spectra of the two biochars, B450 and B&sOdetermined by Gaussian
peak deconvolution.

Photon energy (eV)

Aromaticity
Biochar  285.18  286.48  287.40 28845 289.83 290.62  index*
G2 G4 G5 G6 G7 G8
B450 26.1 7.9 145 11.2 36.4 3.8 0.7
B550 26.8 7.3 14.9 12.1 32.7 6.2 0.6

*Aromaticity index = G2/G6, following Keiluweit etl. (2012)

178



Chapter 6 — Characterisation of carbon functionabgps of aged biochars in soils

Table 6.4.The energy position and relative proportion ofdiional groups in the C
1s NEXAFS spectra of the light density fractiorB(f.cm®) of the WA soil, and soil
amended with biochars, WA450 is the soil amendetth Wie 450°C biochar and
WADS50 is the soil amended with the 5%Dbiochar. The light fraction was separated
immediately after mixing biochar (Day 0) with thalsand after ageing for 1 year in
soil at three temperatures, i.e. 20, 40 and@0Gaussian peak numbers correspond
to the C functional described in Table 6.1.

Photon energy (eV)

Aromaticity
. Temp. .
Soil / . index*
. Time 285.27 286.57 287.57 288.49 289.56 290.65
biochar C)
G2 G4 G5 G6 G7 G8
WAO Day 0 - 7.3 3.9 16.5 12.7 50.8 8.8 0.6
1 year 20 9.6 4.6 135 12.1 52.1 8.2 0.8
1 year 40 9.3 6.0 12.8 11.9 50.5 9.6 0.8
1 year 60 105 4.8 14.0 11.8 51.3 7.5 0.9
WA450 Day0 - 15.1 4.0 16.2 10.3 48.7 5.7 15
1 year 20 16.9 7.0 13.8 10.9 48.6 2.7 15
1 year 40 - - - - - - -
1 year 60 195 7.0 13.3 11.6 46.0 2.7 1.7
WAS550 Day0 - 21.0 4.3 16.1 12.1 40.6 5.9 1.7
1 year 20 20.1 3.3 19.3 12.9 37.0 7.5 1.6
1 year 40 20.5 4.6 18.9 11.2 37.9 6.9 1.8
1 year 60 21.6 6.5 14.7 145 38.0 4.6 15

* Aromaticity index = G2/G6, following Keiluweit et.g2012)
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Table 6.5.The energy position and relative proportion ofdiimnal groups in the C
1s NEXAFS spectra of the light density fraction8(f. cni®) of the NSW soil, and
soil amended with biochars, NSW450 is the soil atednwith the 450C biochar
and NSW550 is the soil amended with the S8Miochar. The light fraction was
separated immediately after mixing biochar (Dayviih the soil and after ageing for
1 year in soil at three temperatures, i.e. 20, d@d 80 °C. Gaussian peak numbers
correspond to the C functional described in Table 6

Photon energy (eV)
Soil / Temp.

bionoc Time - 28515 286.81 287.64 288.55 289.7ér?r:giiiity
G2 G4 G5  G6  G7
NSWO  Day0 - 79 61 116 226 517 0.3
1 year 20 92 84 102 213 508 0.4
1 year 40 94 79 117 245 465 0.4
1 year 60 111 82 129 225 453 05
NSW450  Day 0 - 228 83 88 334 267 0.7
1 year 20 211 85 104 288 311 0.7
1 year 40 198 131 53 231 387 0.9
1 year 60 195 100 80 267 359 0.7
NSW550 Day 0 - 265 116 61 333 225 0.8
1 year 20 273 113 62 368 184 0.7
1 year 40 256 132 54 317 241 0.8
1 year 60 212 104 65 355 264 0.6

*Aromaticity index = G2/G6, following Keiluweit edl. (2012)
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Table 6.6.The energy position and relative proportion ofdiional groups in the C
1s NEXAFS spectra of the light density fractior8(#).cm®) of the QId soil, and soil
amended with biochars, QId450 is the soil amendgd the 450°C biochar and
QId550 is the soil amended with the 5&Dbiochar. The light fraction was separated
immediately after mixing biochar (Day 0) with thalsand after ageing for 1 year in
soil at three temperatures, i.e. 20, 40 and@0Gaussian peak numbers correspond
to the C functional described in Table 6.1.

Photon energy (eV) Aromaticity
Temp. index*
Sall Time . 285.19 286.52 287.35 288.50 290.05
¢ G2 G4 G5 G6 G8
Qld 0 Day 0 - 11.7 3.7 11.4 279 452 0.4
1 year 20 7.8 7.9 9.6 37.2 37.6 0.2
1 year 40 15.0 6.5 9.1 33.0 36.5 0.5
lyear 60 10.0 49 126 20.8 51.8 0.5
%% Day0  _ 230 79 74 305 312 o
1 year 20 22.5 10.5 7.5 329 26.7 0.7
1 year 40 20.2 11.6 6.4 259 359 0.8
lyear 60 20.3 10.8 7.7 248 36.3 0.8

*Aromaticity index = G2/G6, following Keiluweit &l. (2012)
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Table 6.7.The energy position and relative proportion ofdiional groups in the C
1s NEXAFS spectra of the light density fractior8(#.cni®) of the SA soil, and soil
amended with biochars, SA450 is the soil amenddt tie 450°C biochar and
SA550 is the soil amended with the 5®Dbiochar. The light fraction was separated
immediately after mixing biochar (Day 0) with thalsand after ageing for 1 year in
soil at three temperatures, i.e. 20, 40 and@0Gaussian peak numbers correspond
to the C functional described in Table 6.1.

Temp. Photon energy (eV)

. _ 285.18 286.71 287.57 288.50 289.84 290.4‘§9matiCity
Soil Time (°C) a2 ca G5 G6 o7 c8 index*
SAO0 Day O - 8.3 6.4 10.2 16.2 57.2 1.7 0.5

1 year 20 7.9 55 11.1 16.4 55.3 3.9 0.5
1 year 40 10.4 8.9 7.9 17.0 47.3 8.6 0.6
1 year 60 8.8 55 12.4 14.3 54.4 4.7 0.6
SA450 DayO0 - 13.2 6.3 10.7 15.9 51.4 2.6 0.8
1 year 20 11.7 7.2 10.2 16.5 52.4 2.0 0.7
1 year 40 14.7 8.0 10.2 17.3 47.5 23 0.9
1 year 60 13.7 7.4 10.0 15.9 50.7 2.3 0.9

*Aromaticity index = G2/G6, following Keiluweit edl. (2012)
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Table 6.8. XPS derived element composition of the B450 biochad the light
fraction fraction (< 1.8 g cff) of the WA soil and WA amended with 450 °C biochar
The light fraction was isolated from the soil amdl-biochar mixtures immediately
after mixing (Day 0) and after incubation for 1 ghgears at 20, 40 and 60 °C.

Sample O1s Cls N1ls Si2p Al2p C/N Al/Si (atomic)
Ground powder- WA soil (no biochar)

Day O - 36.6 37.9 27 150 7.9 14.3 0.55
l-year 20°C 29.6 59.6 2.3 4.7 3.8 25.9 0.85

40 °C 29.3 59.5 2.6 5.7 3.0 22.6 0.54

60 °C 39.9 31.9 26 161 9.5 12.4 0.62
2-year 20°C 40.8 33.0 24 152 8.5 13.5 0.58

40 °C 36.7 40.4 26 126 7.6 15.3 0.62

60 °C 41.2 27.8 24 181 104 11.4 0.60

Ground powder-WA soil amended with 450 °C biochar

Day 0 - 34.4 49.8 2.5 9.2 4.1 19.9 0.46
1-year 20°C 34.5 47.9 2.4 9.9 53 19.7 0.56
40 °C 33.8 51.3 2.0 7.9 5.0 25.8 0.66
60 °C 32.3 52.3 2.8 7.4 5.2 18.7 0.73
2-year 20 °C 41.2 30.8 21 159 100 14.5 0.66
40 °C 40.1 31.4 23 165 9.8 13.8 0.62
60 °C 34.7 43.6 19 128 7.1 23.4 0.58

Hand-picked intact particles-WA soil amended wii® 4C biochar

l-year 40°C 30.4 57.1 3.1 5.7 3.7 18.2 0.67
2-year 20 °C 38.2 49.3 4.1 6.2 2.2 11.9 0.37
40 °C 35.5 57.2 3.9 2.7 0.7 14.9 0.29
60 °C 38.6 52.5 3.7 4.2 1.1 14.2 0.27
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Table 6.9. Atom ratio of carbon (C1s) and nitrogen (N 1s)antéd from the XPS
spectra of the 450 °C biochar and the light fractad native soil organic carbon
and/or aged 450 °C biochar isolated from the WA. sbhe light fraction was
isolated from the soil and soil-biochar mixturesmiediately after mixing (Day 0)
and after incubation for 1 and 2 years at 20, 4DGh°C.

Quaternary
Sample C-C/IC-H cC-O C=0 0=C-O Ninorganic matrix N and/or -
NO groups
Ground powder-control (no biochar)
Day 0 - 64.3 22.6 8.0 5.1 88.2 11.8
lyear 20°C 66.1 20.8 7.5 55 92.8 7.2
40 °C 63.5 23.1 7.9 5.5 92.1 7.9
60 °C 57.0 28.7 9.0 5.3 94.1 5.9
2year 20°C 51.4 33.4 8.8 6.3 92.8 7.2
40 °C 59.3 27.4 8.6 4.7 91.5 8.5
60 °C 59.1 28.0 6.4 6.6 95.5 4.5
Ground powder-450 °C biochar
Original 83.4 10.4 3.6 2.6 64.1 35.9*
Day 0 - 65.8 21.4 6.6 6.2 96.1 3.9
lyear 20°C 66.5 21.7 6.9 4.9 86.9 131
40 °C 66.0 22.0 6.8 5.2 91.1 8.9
60 °C 69.6 19.3 6.1 5.0 89.7 10.3
2year 20°C 55.8 30.4 7.5 6.3 92.5 7.5
40 °C 57.5 28.9 8.0 5.6 91.1 8.9
60 °C 63.0 23.8 7.9 5.4 90.4 9.6
Particle-control
Day 0 - 51.4 31.1 11.0 6.4 90.0 10.0
Particle-450 °C biochar
Original 76.2 16.1 4.7 3.0 69.9 30.1*
l-year 20°C 57.3 27.3 7.9 7.5 91.8 8.2
40 °C 64.6 22.3 7.5 5.7 92.8 7.2
60 °C 55.0 27.5 8.2 9.3 94.0 6.0
2-year 20°C 55.3 30.0 5.5 9.2 91.0 9.0
40 °C 62.5 22.6 6.9 8.1 94.0 6.0
60 °C 58.3 26.7 5.5 9.4 93.7 6.3

*In biochar samples the peak is assigned to arenaatine, purine and imidazome C (C=N) with
bonding energy between 399.04 and 399.35 eV.
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Figure 6.1.C 1s-NEXAFS spectra of the reference C compoundd ursthe study.
(A) L-Arabinose, chitin, pectin and L-Rhamnose; @allic acid, citric acid, vanillin
and benzoic acid; (C) Adenine; and (D) DL-Phenylale, L-Histidine, L-Arginine,
L-Glutamic acid, L-Alanine and L-Lysine. The dottldes at 285, 290 and 295 eV
are given to assist in comparing the peak positions
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Figure 6.2. C1s-NEXAFS spectra of the two original biochar saaspB450 is the
Eucalyptus wood biochar produced at 450 °C and BiS5the Eucalyptus wood
biochar produced at 550 °C.
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Figure 6.3.C 1s-NEXAFS spectra of the light fraction of thenttol WA soil and

the WA soil treated with B450 biochar after incubat at different time and
temperatures. WA _BO DO = WA soil without biochar dhe first day;

WA _BO_1Y_20 is the WA soil without biochar aged faryear at 20 °C, and
similarly after ageing for 1 year at 40 °C (WA_BY #0) and 60 °C

(WA_BO_1Y_60). WA_B450_DO0 = WA soil amended with®45C biochar and the
light fraction isolated soon after mixing; WA_B430¢Y 20 is the WA soil with

biochar ageing for 1 year at 20 °C, and similaferaageing for 1 year at 60 °C
(WA _B450_1Y_60).
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Figure 6.4.C 1s-NEXAFS spectra of the light fraction of thentol NSW soil and
the NSW soil treated with B450 biochar after indidra at different time and
temperatures. NSW_BO_DO = NSW soil without biocham the first day;
NSW_BO0_1Y_20 is the NSW soil without biochar aged 1 year at 20 °C, and
similarly after ageing for 1 year at 40 °C (NSW_RY¥ 40) and 60 °C
(NSW_BO0_1Y_60). NSW_B450 D0 = NSW soil amended wifi® °C biochar and
the light fraction isolated soon after mixing; NSBA50_1Y 20 is the NSW soil
with biochar ageing for 1 year at 20 °C, and sinylafter ageing for 1 year at 40 °C
(NSW_B450_1Y_40 WA) and 60 °C (NSW_B450_1Y_60).
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Figure 6.5.C 1s-NEXAFS spectra of the light fraction of thentrol QId soil and the
Qld soil treated with B450 biochar after incubatairdifferent time and temperatures.
Qld_BO_DO = QIld soil without biochar on the firstyd Qld_BO_1Y_ 20 is the Qld
soil without biochar aged for 1 year at 20 °C, amdilarly after ageing for 1 year at
40 °C (Qld_B0O_1Y_40) and 60 °C (Qld_B0O_1Y_60). @450 DO = QId soil
amended with 450 °C biochar and the light fractisolated soon after mixing;
Qld_B450_1Y_20 is the QId soil with biochar ageifoy 1 year at 20 °C, and
similarly after ageing for 1 year at 40 °C (Qld_B44Y_40) and 60 °C
(Qld_B450_1Y_60).

189



Chapter 6 — Characterisation of carbon functionabgps of aged biochars in soils

(A)

SA_BA450_1Y_60

SA_B450_1Y_40

SA_B450_1Y_20

SA_B450_D0

Normailsied absorption (a.u.)

275 280 285 290 295 300 305 310 315 320
Photon energy (eV)

SA_B0_1Y_60

SA_B0_1Y_40

SA_B0_DO

Normailsied absorption (a.u.)

275 280 285 290 295 300 305 310 315 320
Photon energy (eV)

Figure 6.6.C 1s-NEXAFS spectra of the light fraction of thentrol SA soil and the
SA soil treated with B450 biochar after incubatairdifferent time and temperatures.
SA _BO_DO0 = NSW soil without biochar on the firstyd&A BO_1Y 20 is the NSW
soil without biochar aged for 1 year at 20 °C, amdilarly after ageing for 1 year at
40 °C (SA_BO_1Y_40) and 60 °C (SA _B0O_1Y_60). SA 8450 = NSW soil
amended with 450 °C biochar and the light fractisolated soon after mixing;
SA B450 1Y 20 is the SA soil with biochar ageing fo year at 20 °C, and
similarly after ageing for 1 year at 40 °C (SA B43%¥ 40 and 60 °C
(NSW_B450_1Y_60).
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Figure 6.7. C 1s-NEXAFS spectra of the light fraction of theW3nd WA soils
amended with B550 biochar after incubation at d#fifie time and temperatures.
NSW_B550 DO = NSW soil amended with 550 °C biochad the light fraction
isolated soon after mixing; NSW_B550_1Y_20 is tH&V soil with biochar ageing
for 1 year at 20 °C, and similarly after ageing far year at 40 °C
(NSW_B550_1Y_40 WA) and 60 °C (NSW_B550_1Y_60), amdilar notation for
the Qld soil.
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6.6. Supporting Information

(A)
Background gold
Uncorrected spectrum
—_ Corrected spectrum
=
)
S
2
7))
c
2
£
o
[1})
2
©
£
-
o
=

275 285 295 305 315

B) Photon energy (eV)
3
s
2
7]
c
3
£
o)
]
]
©
£
.
o
=z

275 285 295 305 315
Photon energy (eV)

Figure 6.S1. (A) Gold (sputtered) spectrum, uncorrected andreobed spectra
(auger electron yield, AEY) of the light fractiaf carbon isolated from 450 °C
biochar treated soil after one of incubation at@0in a Vertisol (Qld soil); and (B)
is the corrected spectrum after background cooe@nd normalisation.
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Figure 6.S2.An illustration of the Gaussian and arctangentcfioms used for the
spectral deconvolution of C 1s NEXAFS of the liffaiction of soil and soil-biochar
samples. The black and red lines represent theinatigand fitted spectrum,
respectively. The blue lines are for the fitted kze@and the peak positions are
indicated in the text.
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Figure 6.S3. (A) Survey scan of the light fraction (< 1.8 g &nof the WA soil (an
Inceptisol) showing peaks of major elements; (B) tigh-resolution spectrum for
the C region of the same sample showing the foupmeluted peaks of C 1s at
284.89 (C-C/C-H), 286.49 (C-O), 287.89 (C=0) an®.28 eV (O=C-0O); and (C)
the high-resolution spectrum for the N region of #ame sample showing the two
deconvoluted peaks of N 1s at 400.1 and 402.03 eV.
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Chapter 7: A long-term study of interactive priming of

biochar and labile carbon mineralisation in a Vertisol

Abstract

Added biochar and labile organic matter (LOM) inl soay interactively prime
carbon (C) mineralisation. However, the directionl @ersistence of the interactive
priming effects over a relatively longer period em unknown. A 2.1-year
incubation study was conducted using ®#C-depleted biochars produced at 450
and 550 °C fronEucalyptus salignaextending the results beyond 4 months (Keith
et al.,, 2011). Each of the biochars (at 2%, w/w)cambination with sugarcane

residue (at 0, 1, 2 or 4% w/w) were mixed with astite-rich soil.

Our results show that the magnitude and directiomteractive priming of
biochar-C and sugarcane residue (source of LOM)ifzralisation observed at the
end of the 4-month incubation were generally sasthiover the remaining 2.1 years.
Overall, the positive priming effect of LOM on bloar-C mineralisation and the
negative priming effect of biochar on LOM-C mingsation increased with
increasing LOM application rate. The mean resideticees (MRT) of biochars
estimated from the 2.1-year data was greater thasetestimated from the 4-month
incubation data. The MRT of the 450 °C and 550 f&cHoars in the absence of added
LOM were 713 and 978 years, respectively. The MRThe 450 °C and 550 °C
biochars decreased to 314-322 and 567-643 yeapeateely, in the presence of
different levels of LOM. Over the 2.1-years, betwé&e6 and 1.7% of the biochar-C
was mineralised across the biochar and LOM treatsnand between 54 and 65% of
the biochar-C mineralisation occurred in the figstnonths of incubation. The
proportion of C mineralised for the 450 °C biocheas significantly (p < 0.001)
greater than the 550 °C biochar. Terminal resticfragment length polymorphism
(T-RFLP) analysis showed that increasing rate oML&ddition changed bacterial
and fungal community structures in soil. For exampi the 4% LOM treatment, the
fungal community structure was significantly ditet to the control and the other
LOM treatments (1 and 2%). However, the additionbmfchar did not affect the
microbial community structures in the soil. In ctuston, although the input of LOM
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produced a positive priming effect on biochar-C enalisation with increasing LOM
rates in the Vertisol, biochar can still persisthe soil in the range of a few centuries.

7.1. Introduction

Biochar application to soil has been advocated m&an of long-term C storage in a
terrestrial ecosystem to counter the effects ahgidevels of atmospheric carbon
dioxide (Glaser et al., 2001; Lehmann and Josep®9;2Woolf et al., 2010). The C

storage benefits of biochar would be increaseldfd is a negative priming effect of

biochar on native soil C.

Previous studies have shown different priming effece. positive, negative
or no effect of biochar on the mineralisation ofivea soil organic carbon (SOC) or
added LOM (Cross and Sohi, 2011; Farrell et alLMHamer et al., 2004; Keith et
al., 2011; Luo et al., 2011; Zimmerman et al., 20The positive priming of biochar
has been linked to the co-metabolic effect of allsq@portion of labile C in
biochars, enhancing the growth of microbial comriasiand therefore accelerating
organic C mineralisation in soil (Farrell et alQ13; Hamer et al., 2004; Luo et al.,
2011). Keith et al. (2011) found a positive primiaffect of biochar on LOM-C
applied at 1% (wt/wt) in a smectite soil, and thesipve priming was changed to
negative priming when the LOM application rate eased from 1% to 2 or 4%
(wt/wt). The negative priming effect of biochar b@®M-C mineralisation may result
from (i) increased organo-mineral chemical intecacs with the co-addition of
biochar and LOM in a mineral soil (Brodowski et, &006) and/or (ii) improved
aggregate stability (Herath et al., 2013). Furtreemn some of the dissolved LOM
may be physically entrapped within the pore stmgctof biochar (Pignatello et al.,
2006). Hence, LOM may be chemically and physicallptected against biotic
decomposition in the biochar-amended mineral €ail.the other hand, the addition
of LOM in soil may positively prime the mineraligat of labile C components in
biochar in a relatively short-term (Hamer et all02; Keith et al., 2011; Kuzyakov et
al., 2009; Luo et al., 2011), or there may be mmificant effect on aged biochar-C
(Liang et al., 2010). Keith et al. (2011) foundtttiee positive priming effect of LOM
on biochar-C mineralisation was time dependenbatdpplication rates of LOM (1
and 2%) during a 4-month incubation period whetbaspositive priming of biochar

was sustained at high application rate of LOM (48%¢r the same period. It is
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possible that the biochar-induced physico-chemiicdractions may also stabilise
biochar-C mineralisation over time in organo-mihdractions (Keith et al. 2011).
The above results suggest that the direction anghituale of interactive priming
effects may change due to the depletion of labilen ®iochar with time or with
increasing LOM addition rate. Over a longer termqak the factors (such as organo-
mineral interaction, sorption of LOM on biochar,damicrobial activity and/or
structure) contributing to interactive priming effemay change further, and
consequently, the direction and magnitude of imtéra priming may also change
with time. Therefore, it is necessary to assesitieeactive priming effect of biochar
and LOM input in soil over a longer-term period,gain a better understanding of

the mechanisms and the C sequestration potentabolfiar in soil.

An increase in the activity of microorganisms asdagiated enzymes in the
presence of biochar was considered to be the nesison for the occurrence of
positive priming effect in soils (Kuzyakov et a2000). The LOM addition rate or
composition may influence the microbial communitypda consequently the
interactive priming effects. For example, the gaawNailable carbon (glucose) was
found to increase bacterial growth rates accompahie decreased fungal growth
rates, whereas complex carbon (cellulose) was wbdeio increase both bacterial
and fungal growth rates (Meidute et al., 2008). iirly, Rousk and Baath (2007)
reported an increased bacterial and fungal growth the addition of alfalfa and
barley straw in soil. Acosta-MartAnez and HarmeDQ®) reported an increased
bacterial and fungal populations with poultry litegplication at rates higher than 6.7
t ha’. However, very little is known about changes ircmbial community with the
addition of LOM and their likely influence on thatéractive priming effects in
biochar-amended soil. This study has made an attemqrovide some insights into

this knowledge gap.

Biochar generally has a high stability in soil (Baet al., 2014; Kuzyakov et
al., 2009; Singh et al., 2012), however, it cardbgraded by both abiotic and biotic
processes (Cheng et al.,, 2006; Knicker et al., 2@iBmerman, 2010). The
biological degradation of biochar may be the dominprocess for degrading
biochar-C in soils at temperature below 40 °C (Zenmann et al., 2012). On the
other hand, biochar serves as a habitat for misrab®@ increases soil microbial
biomass (Kolb et al., 2009; Lehmann et al., 20I'Nedl et al., 2009; Pietikdinen et
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al., 2000; Warnock et al., 2007). In some casesidtal microbial biomass remains
unchanged (Farrell et al., 2013; Steinbeiss et28l09), while microbial structure
may shift to an increased proportion fungal comriiesi(Steinbeiss et al., 2009).
Farrell et al. (2013) found an increased gram p@sibacteria biomass, which are
recognised to utilise biochar as a C source (Haetedl., 2013; Santos et al., 2012).
These studies were conducted over a short-ternog@months) and the significant
shift of microbial community structure could be dtee the labile-C in biochar
(Farrell et al., 2013). However, with the depletmnabile-C fraction over time, the
difference in microbial community in the absence anesence of biochar may not

exist.

This incubation experiment, a continuation of thersterm (4-month) study
(Keith et al., 2011) and an extension to analysaabial community structure at the
termination of the incubation experiment, was caned over a 2.1-year period. The
specific aims of the study were to: (i) measureliteehar-C mineralisation and the
interactive priming effect of sugarcane residue M)E&C and biochar-C
mineralisation over a longer term in a clayey sad (ii) evaluate the effect of LOM
and biochar treatments on microbial community $tmecin the soil after the long-
term incubation. The hypotheses of the researck Wt the negative priming effect
of biochar on LOM-C mineralisation will change oweilonger term period and the
presence of LOM will decrease the biochar-C stgbilFurthermore, biochar and
LOM presence over a longer term will change therofi@l community structure in

the soil.

7.2. Material and methods

7.2.1. Biochar, organic matter and soil incubation experiment

The detailed procedures and relevant propertiesodf biochar and sugarcane
residue have been described by Keith et al. (28fd)are presented in the Appendix
6. Briefly, biochars, sugarcane residue and theyeglasoil (Vertisol) were
homogenously mixed and incubated in the dark at 20C in the laboratory over a
2.1-year period. Biochars were produced at 450 %6@ °C from §'*C-depleted
Eucalyptus salignawood biomass. The smectite dominant soil used @ t

incubation experiment had a pki20 8.10; organic C and clay content of 0.45% and
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53%, respectively. The biochars were applied asratf O or 2% (w/w) and the
sugarcane residue was added at rates of 0, 14% d¢w/w) to 200 g soil (oven-dried
basis). All treatments were replicated three timdesutrient solution and a microbial
inoculum were added to each treatment and the umeisbntent was adjusted to 60%
of soil water holding capacity. The G@volved from the soil and soil-biochar
mixtures was continuously trapped in NaOH solutibhe CQ traps were replaced
after 240, 310, 430, 506, 630 and 758 days of iatab; the earlier traps were
replaced after 1, 2, 5, 8, 13, 20, 30, 44, 6529d, 120 days (Keith et al., 2011).

7.2.2. Mineralisation of biochar, mean residence time and priming

effect

The total C mineralised (mg Kgsoil) in treatments was determined by titrating a
known volume of the Cotrap solution against 0.1 M HCI, using phenolpleimas
the indicator. To quantify the proportion of g@erived from biochar or sugarcane
residue (LOM) + native soil C, the trap solutionsayarecipitated with Srgland a
SrCQ; precipitate was obtained f6t°C analysis (see chapter 3). From '€ data
the proportion of C@derived from biochar was determined by a two endiber
mixing model (Keith et al., 2011).

(31"2C0,—3s1.0M >CO2)
(35 >CO2—3sLom >CO2)

CBiochar (%) = x 100 (71)

where §:°CO, is the 5°C value of total C@C evolved from biochar and LOM
amended soil3s om °CO; is the 8°C value for the C@C evolved from LOM
amended or non-amended soil aht’C is the'*C isotopic value of the fresh
biochars (—36.3%0 and —36.4%o. for the 450 and 550@itChar, respectively).

Using the proportion of C£C derived from biochar, the proportion and amaoint
soil + LOM-C mineralised was determined. Due to sirailar § **C values of soil
(-14.3%0) and LOM (-12.7%o), the quantity of C mineead from soil C and LOM-
C was indistinguishable.

Biochar-C mineralisation data were fitted to the4@ool exponential model
to estimate the MRT of biochar-C in the soil (Eqoat3.2 in Chapter 3).
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The priming effect of biochar-C (i.e. changes itiveasoil C or soil + LOM-
C mineralised induced by biochar) on native soil+CLOM-C (PEZ ) was

calculated as:

PES.om = Cgsrom — CsLom (7.2)

where, G siomis the amount (mg Kb soil) of soil or soil + LOM-C mineralised
from biochar-amended soil andyGy is the amount (mg Kgsoil) of soil or soil +

LOM-C mineralised from control soil (without bioaha

The priming effect of LOM (i.e. changes in biocl@mineralisation induced
by LOM addition) on biochar-CPESM) was determined as:

PElsaLOM = CB,SLOM —Cp (7-3)

where G siom is the amount (mg Kysoil) of biochar-C mineralised from biochar-
amended soil in the presence of LOM angi€the amount (mg kgsoil) of biochar-

C mineralised from biochar-amended soil in the nbs®f LOM.

7.2.3. Terminal restriction fragment length polymorphism (T-RFLP)
analysis

DNA extractionsSoil DNA was extracted from 0.25 g soil samplesgshe MoBio
Powersoil® DNA Isolation Kit (MO BIO Laboratoriednc.) and following the
protocol provided by the supplier. Purified soil BNvas stored at —20 °C. The
amounts of extracted DNA were qualitatively assgéssea 1.0% agarose gel run at

220 V for 20 min and stained with ethidium bromide.

The DNA extractions were tested for suitability ff€R by 16S rRNA gene
amplification. Initial PCR amplification was perfoed using F27
(AGAGTTTGATCMTGGCTCAG) and R1492 (TACGGTTACCTTGTTARACTT)
primers in a total volume of 1kl, containing 8.9ul Milli-Q water, 3 ul PCR
Reaction buffer (5 x MyTdd' Red DNA Polymerase, BIOLINE), 0.5l F27 (10
uM), 0.5 ul R1492 (10uM), 0.1 ul Tag and 2ul extracted DNA as the template.
After initial denaturation at 95 °C for 5 min, tireactions were cycled 35 times at
95 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 miith a final elongation step at
72 °C for 5 min in an S1000 TouthThermal Cycler (Bio-Rad). PCR products were

visualized on 1.5%agarose gels stained with ethidium bromide (Sigma), using
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ChemiDoc¢™ MP (Bio-Rad). Any extractions that yielded insoféint DNA were re-
extracted.

T-RFLP analysisT-RFLP analysis of bacterial and fungal commuasitwas
carried out by targeting 16S rRNA genes and infdraascribed spacer (ITS) genes,
respectively, using primers labelled at therld with 5-carboxyfluorescein (FAM) or
VIC. For bacterial communities, T-RFLP was perfodmweith labelled primers 338
F-FAM (ACWCCTACGGGWGGCWGC) and 1050R-NED
(AYCTCACGRCACGAGCTGAQCQC). Fluorescently labelled pens were synthesised
by Life Technologies. The PCR program describedrabwas used in a total volume
of 30 ul, containing 17.81l Milli-Q water, 6 ul PCR Reaction buffer (5 x MyTa}
Red DNA Polymerase, BIOLINE), il F27 (10uM), 1 pl R1492 (10uM), 0.2 pl
Taq and 4ul extracted DNA as the template. The thermocycprnggram included an
initial denaturation step at 95 °C for 5 min folleavby 35 cycles of denaturation step
at 95 °C for 30 s, annealing step at 60 °C for,3flagation step at 72 °C for 1 min,
and a final 7 min elongation step at 72 °C. Furgahmunity analysis was done with
ITS1-VIC (TCCGTAGGTGAACCTGCGG) and ITS4-VIC
(TCCTCCGCTTATTGATATGC) primers, under the same dtinds, but using a
temperature of 47 °C in the annealing step. PCRiynits were checked by 1.5%
agarose gels described as above. PCR productss(gl)-&ere purified by ethanol
precipitation. In each PCR product, 0.1 volume8 & sodium acetate (pH 5.2) and
2 volumes of absolute ethanol were added, and weg incubated for 30 min at
room temperature. The supernatant was discardedctrifugation at 12,009 for
20 min and the precipitates washed with 70% ethaiol dissolve the DNA
precipitate, 15ul of Milli-Q water was added. The purified DNA camdration was
between 100 and 200 g *. The purified PCR product was digested with QuP6f
restriction enzymedha | (bacteria) orfTaq | (fungi), 0.2%ul of BSA, 2.5ul of 10 x
NEB buff 4, and 7 of Milli-Q water. The bacterial DNA samples wareubated at
37 °C overnight. The restriction enzyme was inatéd by incubation at 65 °Eia
[) or 80 °C Taq l) for 20 min. Bacterial and fungal DNA samples wemnbined
and T-RFLP chromatogram was generated by the Aiastr&senome Research
Facility (AGRF).

7.2.4. Statistical analysis
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Cumulative total C and biochar-C, MRT, and intekacpriming effect of LOM and
biochar, were analysed with the two-way (sugarcas&lue and biochar) analysis of
variance performed in Genstal4th edition (VSN International, 2011). Repeated
measures analyses were performed for total C aochai-C mineralisation rates
using a linear mixed model framework in GerfStadth edition (Fang et al., 2014).
Each analysis consisted of fixed effects of LOMpdbiar, time and all associated
interactions, and random effects of replicate, eepulicate and time. To allow for
correlation between repeated measures on the saitseaifirst order autoregressive
model was fitted (giving a higher residual log-likeod than the power model).
Heterogeneity in the residual variances betweee-pints was included as it was
deemed significant using a residual likelihoodadgst. Where the F-statistic was
significant, the means were compared using the teSDat the 5% significance level

unless stated otherwise.

T-RFLP data was analysed using the T-REX analyipslipe (Culman et al.,
2009). The same settings were used for both bactad fungi. Noise filtering
(determining true peaks from background noise) pexr$ormed using the approach
developed by Abdo et al. (2006). Briefly, true peakere identified by an iterative
approach where peaks whose height area exceedethtigard deviation computed
over all peaks (with a standard deviation multipti€1.1). T-RFs were aligned using
the T-align algorithm (Smith et al., 2005) with mstering threshold of 0.5 and
allowing for more than one peak to be classified aggle T-RF. Data matrices were
constructed in T-REX using peak presence or absamteelativised peak height and
peak area. Additive main effects and multiplicativeeraction analysis (AMMI) was
performed within T-REX, and non-metric MDS (usirte tBray-Curtis measure of
dissimilarity) was performed using the PAST softwgrackage (Hammer et al.,
2001).

7.3. Results

7.3.1. Total C mineralisation

Over the 2.1 years of incubation, total C mineadien (CQ-C produced on
per unit of total C) increased significantly (p <001) with increasing LOM
application ratesT@able 7.J). In the 0% LOM treatment, approximately 45% oé th
total C mineralised over the total experimentaliqukri.e. 2.1 years, occurred
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between 4 and 25 months. In comparison, in theahd24% of LOM treatments only
16-23% of the total C was mineralised over the sammeod. The presence of
biochar significantly (p < 0.001) decreased thalt@ mineralised on per unit total C
basis during the incubation period. Total C mirisegion (mg CG-C g* soil C)was
the greatest in the control, followed by the 450BiGchar, and the smallest in the
550 °C biochar treatmentBigure 7.1).

Total C mineralisation rates (G@ g* soil C d*) were significantly (p <
0.001) affected by the main effects of LOM, biogtiame, and the interactive effects
of LOM, biochar and time during the 2.1-year inciidba period Table 7.1). Total C
mineralisation rate decreased with time, for examfsbm 0.30 mg C®C g¢* soil C
d* at 4-month to 0.05 mg GELC g soil C d* at 2.1-year for 4% LOM in the 450 °C
biochar treatmentd={gure 7.2). Total C mineralisation rate significantly (p <001)
increased with increasing application rates of @M. The presence of biochar
significantly decreased total C mineralisation satdowever, total C mineralisation
rates in different treatments were not affectedHgyinteractive effects of LOM and
biochar Table 7.7).
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Table 7.1.Statistical significance of the effects of incubation time, LOM and biochar
treatments and their interactions on the mineralisation rat@af@ and biochar-C,
the amount of total C and biochar-C mineralised, mean residenc€MRIE) and

the interactive priming effects of LOM and biochar-C.

Primin  Primin

. . f g of
Biochar-C Biochar-C 90
Treatme mirTgrt:IIisc;tio i lisati m-:—:;?;“c;e i li MR LOM biocha
nt effect ore e minera |tsat|o y mmeOr'a ise T on ron
n rate biochar LOM-
-C C
Time (T) RN I - - - - -
LOM (L) [N 1 1 O o 1 O
Biochar
®) 1 RN RN RN [ ns ns
TxL 1o HEE| - - - - -
TxB [N 1 - - - - -
LxB ns O RN ns ns ns ns
TxLxB 11 ns - - - - -
*p < 0.05; ** p < 0.001; ns, not significant.
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Figure 7.1. The cumulative amount of total C mineralised (M@, ¢* soil C)
from soil mixed with the LOM (0, 1, 2 or 4 %) antbthars (450 °C or 550 °C) over
the 2.1-year incubation period. Square, trianglé @rcle represent the control (i.e.
no biochar), 450 °C biochar and 550 °C biocharttneats, respectively. Error bars
represent the standard errors of the mean (n = 3).
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Figure 7.2. Total C mineralisation rate (mg G@ g¢* soil C d*) from soil mixed
with the LOM (0, 1, 2 or 4 %) and biochars (4505&0 °C) during the 2.1-year
incubation period. Square, triangle and circle espnt the control (i.e. no biochar),
450 °C biochar and 550 °C biochar treatments, cts@ty. Error bars represent the
standard errors of the mean (n = 3). The insetwsghe total C mineralisation rate
from the day-120 with an expandedaxis scale. Red thick bars show least
significant differences (at 5% level, L3ER) of the interaction of biochar and LOM
at different time-points.
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7.3.2. Biochar-C mineralisation

Over the 2.1 years of incubation, the proportionbafchar-C mineralised ranged
between 0.6 and 1.7% of the applied biochar-C acatidreatments. The proportion
of C mineralised in the 450 and 550 °C biocharhie hative soil (i.e. 0% LOM

treatment) was 1.3% and 0.7%, respectively. Inptlesence of LOM (1, 2 and 4%),
between 1.2 and 1.7% for the 450 °C biochar, artdden 0.6 and 1.0% for the
550 °C biochar, of the added biochar-C was minsgdliFigure 7.3). Increasing

LOM application rate did not significantly increate biochar-C mineralisation. Of
the total biochar-C mineralised, between 35 and %@ mineralised during 4 to 25
months period. Within each LOM treatment, the amaafnbiochar-C mineralised
from the 450 °C biochar was 1.7 to 2.2 times greltan that observed for the

550 °C biochar treatments.

Biochar-C mineralisation rate decreased with timé & was significantly (p
< 0.001) affected by the main effects of the LONycbhar, time and the interactive
effects of LOM and time, and biochar and time duyiine 2.1-year incubation period
(Table 7.1). Biochar-C mineralisation rates varied from sfgaint to non-significant
in the LOM and biochar treatments with time andewvezlatively smaller at 4 to 25
month than at 0 to 4 month, ranging from 0.01 &0ng CQ-C kg* soil d* (Figure

7.4).
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Figure 7.3. The proportion (%) of the applied biochar carboi f@neralised from
different combination treatments of the LOM (0,21or 4 %) and biochars (450 or
550 °C) during the 2.1-year period. Triangle andleirepresent the 450 and 550 °C
biochar, respectively. Error bars represent thedsted errors of the mean (n = 3).
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Figure 7.4. Biochar-C mineralisation rate (mg GQ kg'soil d*) during the 2.1-
year incubation period. Soil was mixed with the LQ®J 1, 2 or 4 %) and biochars
(450 or 550 °C). Triangle and circle represent #& and 550 °C biochar,
respectively. Error bars represent standard ewbrhie mean (n = 3). The insets
show the biochar-C mineralisation rate from the-#12§ with an expandeg-axis
scale. Thick red bars show least significant differes (at 5% level, LSJ3s) of the
interaction of biochar and LOM at different timehpts.

The estimated MRT of the biochars based on they@at-incubation data
were much higherTable 7.2 than those obtained from the 4-month incubation
period data (Keith et al., 2011; Appendix 6). ThRMof the 450 and 550 °C biochar
was 314-713 and 567-978 years, respectively, aaldBsent LOM treatments
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(Table 7.2. This is compared to MRT of 62-112 and 100-24&yeestimated from
the mineralisation data over the 4-month incubatmariod. The MRT of both
biochars was significantly (p < 0.001) higher ir ttontrol soil (i.e. with no LOM
addition) than in the LOM treatments. The LOM agpalion rates ranging from 1 to
4%, however, did not significantly affect the MRTbwth biochars. The MRT of the
labile biochar-C varied between 1 and 4 days adiesdiochar and LOM treatments,
and the proportion of labile C in biochar rangednir0.28 t01.03% of the total
biochar-C.

The proportion of C@ (%) evolved from the biochar decreased with
increasing LOM application rateBigure 7.5, ranging from 17-33%, 6—20%, 5-15%
and 2-8% for 0, 1, 2 and 4% LOM treatments, respagt For each of the LOM
application rates, the proportion of €évolved was greater from the 450 °C biochar
than the 550 °C biochar treatment.

Table 7.2.The mean residence time (+ standard errors) ofathiee and recalcitrant
pools of biochar-C estimated using a two-pool expdial model fitted to the
biochar-C mineralisation data over the 2.1-yeaulation period. The small letters
indicate significant difference between the LOM lagagtion rates for each biochar,
and the capital letters indicate significant thiéedences between the two biochars at
each LOM application rate. (LS[gs= 268)

Treatments Mean residence time
: - - Labile pool (%)
Biochar LOM (%) Labile (days) Resistant (years)
450 °C 0 1+0 713451 aA 0.97+0.07
450 °C 1 210 322114 bA 0.63+0.05
450 °C 2 1+0 321+28 bA 0.77+0.04
450 °C 4 1+1 314+37 bA 1.03£0.41
550 °C 0 2+1 978+212 aA 0.45+0.09
550 °C 1 410 643168 bB 0.28+0.01
550 °C 2 310 585+82 bA 0.35+0.04
550 °C 4 2+1 56748 bA 0.62+0.22
R°>0.93
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Figure 7.5. The proportion (%) of C mineralised derived fronodhiars in different
combination treatments of the LOM (0, 1, 2 or 4 &yl biochars (450 or 550 °C)
during the 2.1-year incubation period. Triangle amtle represent the 450 °C
biochar and 550 °C biochar treatment, respectivielyor bars represent standard
errors of the mean (n = 3).

7.3.3. Interactive priming effect of biochar and LOM mineralisation

The magnitude and direction of the priming effedt I0OM on biochar-C
mineralisation was variable with the increasing LCdyplication rates, biochar
treatment and timd=(gure 7.6). After the initial (over 4-month) positive pringrof
biochar-C that increased with increasing LOM inghbére was a negative priming at

about 4-month for the 1% LOM treatment, which remedi negative for both
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biochars until the termination of the experimertteTpositive priming of biochar-C

in the 2% LOM treatment changed to no priming fog #50 and 550 °C biochar
after approximately 6 months of incubation. Afteet6 months, the no priming
effect of LOM on biochar changed to positive prignin the case of 450 °C biochar
and remained close to no priming for the 550 °Clh&v treatment. For the 4% LOM
treatments, the positive priming of biochar-C wastained for the two biochars over
the whole incubation period; however, the uncetyaiwas quite large in the

measurements. In term of the biochar treatmengsettvas no significant difference
in the priming effect of LOM on biochar-C mineraison between the 450 and
550 °C biochars.

The direction and magnitude of priming were differéor the lower £ 1%)
and higher% 2%) application rate of LOM. In the 0% and 1% LQMatments, the
biochars showed a positive priming effect on theM-O mineralisation + native soil
C mineralisation over timd={gure 7.7), whereas for the 2 and 4% LOM treatments,
the negative priming effect sustained over the whiotubation period. The negative
priming effect was enhanced when the LOM applicatate was increased from 2%
to 4%. Since native soil C content (0.45%) was kntlaé priming effect may be
mainly attributed to LOM-C mineralisation, partiadly at 4% LOM rate. The
magnitude of the priming effect of biochar on thative SOC and/or LOM-C
mineralisation was relatively stable from 4 to 26nths in all treatments, except for
the 1% LOM treatment where the negative priming@ffivas changed to positive
priming after 10 months and 18 months in the 450 %60 °C biochar, respectively.
There was no significant difference in the primieffject of the 450 and 550 °C
biochar on the native soil C and LOM-C mineraligati
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Figure 7.6. The cumulative priming effect of the LOM on the myalisation of
biochar-C during the 2.1-year incubation periodafigle and circle represent the
450 and 550 °C biochar treatment, respectivelyorElbars represent the standard
error of the mean (n = 3).

213



Chapter 7- A long-term study of interactive primiafjbiochar and LOM mineralisation

0% LOM

100

al
o
T
|

Cumulative priming effect of biochar
on soil C (mg CO ,-C kg™ soil)
o
G
|_
—

_100 \7 | | | | | | |
0 100 200 300 400 500 600 700 800

2% LOM

Cumulative priming effect of biochar
on soil C (mg CO ,-C kg™ soil)

o)

o

o

T

1

_400 \7 | | | | | | |
0 100 200 300 400 500 600 700 800

Incubation time (days)

100

50

-100

-200

300 [

-400

.50 F

1% LOM

—2— 450 °C biochar |
—O— 550 °C hiochar -

0 100 200 300 400 500 600 700 800

4% LOM

)
T |

| 1~ 1 H 1 4L 1 1

0 100 200 300 400 500 600 700 800

Incubation time (days)

Figure 7.7. The cumulative priming effect of the biochars oe thineralisation of
native soil carbon or native soil C plus LOM-C, idgr the 2.1-year incubation
period. Triangle and circle represent the 450 aB@® BC biochar treatment,
respectively. Error bars represent the standaad efrthe mean (n = 3).

7.3.4. Effect of biochar and LOM on microbial community structure

Table 7.3 shows the main characteristics of T-RFLP datasttall samples with

different combination of LOM and biochar treatmeracterial and fungal T-RFLP

analysis yielded a total of 443 and 226 distindRAs, respectively. T-RF richness
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was higher for bacteria than fungi, with averag&é3it.3 and 67.7, respectively. Beta
diversity was 3.2 and 2.4 in bacterial and fung&Hs, respectively.

Table 7.3.Characteristics of T-RFLP datasefsll samples with different
combination of LOM and biochar treatments

Total T-RFs Richness (range) Beta diversity % emptylata cells
Bacteria 443 131.3 (64,185) 3.2 76.1
Fungi 226 67.7 (30,111) 2.4 70.1

The cluster analysis of the T-RFs in each samelted in a dendogram that
revealed clustering, or similarity, between thetbaal communities associated with
different treatments. The cluster analysis of péaight in bacterial and fungal
communities revealed three and two main clustespeactively. However, there was
no clear pattern for different biochar and LOM treants in the clusters (see
Appendix 7). Each cluster was comprised of comnmesitrom different LOM and
biochar treatments or replications. The clusterlysma of peak appearance and
absence in bacterial and fungal communities shaveedbvious cluster. Non-metric
MDS analysis of the microbial community structuteowed that there were no
significant differences between LOM rates and bawdheatments (see Appendix 7).

Additive main effects and multiplicative interagtio(AMMI) measures
variation caused by the interaction between T-Ri& taeatments, it can tease out
trends in the data that are otherwise masked by VaRiability. Table 7.4shows the
distribution of variation within the T-RFLP datasétom ANOVA. Bacteria had the
main effects variation of 58.8% and 80.4% in binang peak height, respectively.
The interaction effects were 41.2% and 19.6% imtyirand peak height, respectively.
In contrast, fungal communities had the main effe@riation of 77.1% and 77.8%
and the interaction effects of 22.9% and 25.2% inaly and peak height,
respectively. The main source of variation in théadet was due to variation in T-RF
diversity between samples. This is a typical chearsstic of T-RFLP datasets and
has the potential to mask trends in the dataseldtigg from differences between
experimental treatments. In th@ble 7.4 it can be seen that for interaction effects a
high signal to noise ratio was obtained when ugiegk height data and this effect
was diminished in the binary (presence/absence). dgnce, peak height data was

used for all subsequent analyses.

215



Chapter 7- A long-term study of interactive primiafjbiochar and LOM mineralisation

Table 7.4.The variation (%) in T-RFLP datasets as determmethe analysis of

variance.

Main Effects (%) Interaction effects (%)
Target Total T-RFs Environments Total Signal Noise
Bacteria
Binary 58.8 57.8 1.0 41.2 8.2 33.0
Height 80.4 80.4 0 19.6 14.0 5.6
Fungi
Binary 77.1 75.5 1.6 22.9 3.1 19.8
Height 74.8 74.8 0 25.2 20.3 49

The values are percentages based on the three P-R&tla types: binary (presence/absence), height
(relativised peak height) and area (relativiseckmaaa). The main and interaction effects makehep t
two main sources of variation within the T-RFLP atat. The main effects are a subtotal for the T-
RFs and Environments. Similarly, the interactiofeets are a subtotal for both interaction signal an
interaction noise.

The community structures of bacteria, based on THRRnalysis, are
displayed using AMMI FFigure 7.89. The bacterial community shift did not respond
to the addition of biochar but responded to theitamd of LOM. The addition of
LOM led to a bacterial community shift along IPGvhich explained 69.0% of the
variance. The bacterial community showed a sigaficshift with the addition of
LOM relative to the treatments without LOM additifre. 0% LOM).

The community structures of fungi using AMMI arsplayed inFigure 7.8b. In the

0% LOM treatments and original soil, we could nxtract DNA for fungal T-RFLP
analysis. The first two principal components (IP@nt 2) explained 85.8% and 6.91%
variance, respectively. The fungal community sHift not respond to the biochar
addition. The addition of LOM significantly affectehe community structures of
fungi in terms of IPC 1. The fungal community stures were significantly changed

when the LOM application rate was increased to 4%.

216



Chapter 7- A long-term study of interactive primiafjbiochar and LOM mineralisation

(a) Bacteria (b) Fungi
2 1
(A \\\
1 Nt
.—\\ / \\ g
—_ '\.,' el 2 @ R
S A bl < 0
cfi 0 “./' 83 A
) ... < -2
7 N ,’. \
O -1 e O
: ® .| "
2t *0%
2 @
A2%
04%
-3 . -2 .
-2 0 2 4 -4 -2 0 2 4
IPC1 (69.0%) IPC1 (85.8%)

Figure 7.8. The ordinations of T-RFLP profiles with double-aemt principle

components. The AMMI analysis of (a) bacterial cammities and (b) fungal
communities, present in the soil with 0, 1, 2 or £®M and biochar treatments.
Symbols with non-circles, dotted line circled aralics line circled represent no
biochar, the 450 and 550 °C biochar treatment ectsgely.

7.4. Discussion

7.4.1. Biochar-C mineralisation and mean residence time

The proportion of wood biochars C mineralised ddryear period (0.6-1.7%) was
similar to that of the plant-based biochars (408 880 °C) over 2-year (0.4-1.4%)
incubated in the same Vertisol (Singh et al., 20Mreover, the proportion of
biochar-C mineralised in the present study was sitsdar to that of the same wood
biochars C mineralised (0.4-1.5%) in different s¢Wertisol, Inceptisol, Entisol and

Oxisol) over the 2-year incubation period (Chagfer

To the best of our knowledge, this is the firstgdaarm study that has provided the
information on the MRT of wood biochar-C in soilpplemented with different
levels of LOM. The longer MRT of biochar in the ¢at (0% LOM) than in the
presence of LOM treatments (1, 2, and 4%akle 7.2 suggests that the input of
plant-derived C (such as plant litter or root exedacould reduce the longevity of
biochar-C under natural field conditions and itigkddoe considered in estimating the
MRT of biochars. Despite the decrease in the MRTbiochar-C, the MRT of
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biochar-C was still over several hundred yedtse two end-member mixing model
assumes that th&"C values of C@evolved from soil C + LOM in the biochar-
amended soil to be the same as to the controlnesdt (soil C + LOM without
biochar). However, LOM has a slightly enrich&dC values (-12.7%o) than soil C (-
14.3%0). Thus in a scenario where biochar presencildvincrease LOM
contribution to the respired GQthe model will underestimate the extent of bigeha
C mineralisation. This pattern will be reversedibchar presence would decrease
LOM contribution to the respired GOAssuming 5-6% variation in the LOM
contribution to the respired G@n the presence of biochar, biochar-C mineralsati
may vary by 3% relative to a scenario where no chpaf biochar on LOM
contribution was considered in the two-end membiing model (see Table A6.2.

in Appendix 6).

The duration of the incubation period influencee tstimates of biochar
MRT, which is indicated by much longer MRT of bdilochars (314-713 years for
the 450 °C biochar, and 567-978 years for the &50idchar) in this study (2.1-year)
compared to the estimates obtained from the ghori-biochar-C mineralisation
results reported earlier (62-112 years for the 45Miochar, and 100-248 years for
the 550 °C biochar) (Keith et al., 2011). SimilarBingh et al. (2012) also showed
that the MRT values of biochars increased from ©B41to 87-1982 years with
increasing incubation period from 6-months to 2rgedhe MRT values estimated
from shorter incubation data are likely to be bihsawards labile C components,
whereas data from longer incubation experimentsidgcmore data points that may
better represent the recalcitrant C component otHar. Thus, the inclusion of
additional data points with longer incubation timselikely to provide more robust

estimates of biochar MRT than estimated from shan®ibation periods.

7.4.2. The priming effect of biochar on LOM mineralisation

In agreement with the data from the short-term yst{iKkith et al., 2011) and the

study using an aged biochar-amended soil (Liareg.e2008), our results show that
over a longer incubation period, there was a negairiming effect of biochar on

LOM-C mineralisation, which increased with the e&sing application rate of LOM.
The negative priming effect may be attributed teesal reasons. Firstly, biochar has
a pore structure with large surface area which aasorb LOM (Lehmann et al.,

2005; Miura et al., 2007; Pignatello et al., 200But the adsorption capacity of
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biochar to LOM may decrease with time due to thee gidockage by organic matter
(Kwon and Pignatello, 2005). This may lead to agqaa in the magnitude of the
negative priming effect as observed after 4 mon®escondly, the presence of
biochar and LOM can promote interactions betweechar, organic matter and soil
minerals, leading to the formation of relativelyalde organo-mineral entities,
therefore protecting organic matter in soil fromcrobial attack (Brodowski et al.,
2006; Liang et al., 2010). Likewise, the surfacggen functional groups on biochar
(i.e. carboxyl functional groups) that develop dgrioxidation with ageing in soil
(Hilscher and Knicker, 2011; Lehmann et al., 2008gy interact with hydroxyl
groups on the edges of phyllosilicates via liganchange process (von Liutzow et al.,
2006).

7.4.3. Effect of biochar and LOM on microbial community structure

In this study, biochar exerted no influence on baitterial and fungal communities
in contrast to the findings from other short-tertadses where biochar addition to
soils induced a shift in soil microbial communiti@arrell et al., 2013; O'Neill et al.,
2009; Santos et al., 2012). Graber et al. (2010pothesised that the low
concentrations of residual organic tars (e.g. etiglglycol, propylene glycol and
hydroxyl-propionic) in biochar can promote micrdbigrowth and population
diversity in soil. Biochar was found to stimulateetgrowth of saprophytic fungal
communities (Farrell et al., 2013; Steinbeiss gt24109) and also mycorrhizal fungi
(arbuscular [AM] and ectomycorrihizal [EM]) (Warroet al., 2007). According to
Farrell et al. (2013), the labile C in biochar, ahimineralises rapidly after the
addition of biochar to soil, may contribute to tlshanges in soil microbial
community. In the present study, a significant prtipn of the labile biochar-C
component may have been depleted over the 2.1ligeabation period, possibly
resulting in the disappearance of any short-terangks in the microbial community
between the biochar and the control treatments. dlbserved changes in the
microbial community in some recent biochar studfesrell et al., 2013; O'Neill et
al., 2009; Santos et al., 2012) could be partiattyibuted to the increased pH after
the addition of biochar in acidic soils (pH: 4.28%.Changes in soil pH has been
suggested to influence the substrate utilisatidtepas of the microbial communities
(Pietikdinen et al., 2000). However, small incrsasesoil pH (0.06-0.21 pH unit,
Table A6.4) with the addition of the two biochaite.(450 and 550°C) in the Vertisol
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with different LOM treatments may not have producmdy effect on the soil
microbial communities. These results are diffeterthe observations from previous
studies (Farrell et al., 2013; O'Neill et al., 20Pgetikainen et al., 200®antos et al.,
2012

The soil microbial community structure was influeddy the application rate
of LOM in this study Figure 7.8), which is consistent with the observed shift in
microbial community structure from increasing ofplgation rates of an organic
amendment, such as poultry litter, in a cultivated (Acosta-MartAnez and Harmel,
2006). Similarly, Griffiths et al. (1999) reportdtiat the microbial community
structure changed consistently as substrate, sachlucose, fructose and other
compound loading rates increased, resulting in dldgminated microbial
communities at high substrate loading rates. Algotungal and bacterial biomass
were not quantified in the present study, the ustet fungal DNA in the non-LOM
treatment and the greatly different fungal commasiin the 4% LOM treatments
partially reveal the varied fungal biomass withreasing LOM input in the soil. The
changes in fungal community structure could be may attributed to the
increased soil pH with increasing addition of LOMadatments. The increase in soill
pH (compared to the control) ranged from 0.43-0(&67-0.81, 0.81-1.0 pH unit
with 1, 2 and 4% LOM treatment, respectively (Taht4).

7.4.4. Microbial community structure and priming effect

The detected fungal DNA in the soil with LOM additiand the negative priming in
the higher (2 and 4%) LOM application rate treattaesuggest that the stimulated
fungal community growth could contribute to theajsx negative priming effect of

biochar on LOM-C mineralisation in 2 and 4% LOMaiments. This stabilisation or
decrease of LOM-C mineralisation (relative to thentcol) could be due to the

enhancement of soil aggregation and aggregatdistahiduced by stimulated fungal

growth (Rillig and Mummey, 2006; Tisdall and Oad¥882; Wright and Upadhyaya,
1998). The presence of biochar did not change fwwggamunity but it may continue

to utilise biochar-C therefore decreasing the comngion of LOM in aggregates. On
the other hand, there was a significant differeimcthe fungal communities at 4%
compared to 1 and 2% LOM application rates. It @sgible that the fungal

communities shifted to a structure which can degnadiatively recalcitrant C forms
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at higher LOM application rates and therefore aagisind sustaining the positive
priming of biochar-C mineralisation at 4% LOM tnewnt Eigure 7.6).

The undetected fungal DNA in the soil with 0% LOBd&ion suggested that
there was a lack of fungal growth in the soil awmthsequently the lack of fungal-
induced soil aggregation for protecting soil C franineralisation. Moreover, the
bacterial-dominated microbial communities are ais¢ed with higher rates of GO
respiration compared to fungal-dominated microb@hmunities (Six et al., 2006).
Hence these two mechanisms may have contributdtetpositive priming effect in
the 0% LOM treatment.

7.4.5. Implications for C sequestration

Our results provide support that biochars produbealigh slow pyrolysis at 450 and
550 °C can provide long-term C storage benefitnenethe presence of LOM. The
MRT estimated for biochars with LOM application wein the range of a few
centuries. The MRT of biochars decreased with tiwstian of LOM, consistent with
the observed increase in mineralisation of biochaBiochar showed a positive
priming effect on the LOM-C mineralisation at lowDM rates, e.g. 0% and 1%.
However, a negative priming effect of biochar onM@ mineralisation occurred at
higher application rates of LOM (2 to 4%), suggesta further enhancement in the
biochar-C sequestration potential in clayey salseiving organic matter input. The
addition of biochar did not change microbial comitwstructure in the Vertisol
after the long-term incubation period, whereasdtidition of LOM induced changes
in the structure of microbial communities in thel,spossibly contributing to the
negative priming effect of biochar on LOM-C minésation, and to the positive
priming of biochar. Further research evaluatingcgmefungal community structures
and their role in the degradation of biochar in phesence of LOM is warranted to

underpin the C sequestration potential of biochasail.
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Chapter 8: Summary and future research

The research presented in this thesis evaluatedotigeterm carbon (C) storage
potential of biochar in contrasting Australian soilhe research has provided robust
estimates of biochar-C stability through laboratmgubation experiments conducted
over 2 years under controlled conditions. Biochast&bility estimates ranged from
decadal to millennia timescales (Chapter 3), whach consistent with the range
reported in the literature (Chapter 2). In addititmm the pyrolysis temperature,
biochar-C stability was found to be influenced oyl properties, such as native soill
C content, clay content and clay mineralogy (Cha@eand Chapter 4). The
temperature sensitivity of the biochars was onfljuenced by soil properties but not
by the pyrolysis temperature of biochars (Chapter The research shows that
biochar-C stability estimates change with the iratidn period at 20 °C, with the 2-
year incubation data providing a more realisticneste of the mean residence time
(MRT) of biochar than the 1-year data (ChapterNBEXAFS and XPS analyses of
carbon functional groups of the light fraction (8% cm® of control and biochar
amended soil (fresh and aged for 1 and 2 years)hdidshow any change after
incubation for 1 year at 20, 40 and 60 °C (Cha@jefFurthermore, the research has
shown that biochar can influence the mineralisatbbmative soil organic carbon
(SOC) in different soils at different temperaturegth positive to negative priming
effects observed in different systems (ChapteS#hilarly, biochar can also produce
variable priming effects on added labile organicttexa(LOM). Conversly, the
mineralisation of biochar-C can also be negativetypositively primed by the
addition of LOM, depending on the application rate LOM (Chapter 7). The
interactive priming effects on C mineralisatiorttie biochar-amended soils can have
implications for the C storage potential of biocharsoil. Further details on the
findings of this thesis are summarised below.

Wood biochars (450 and 550 °C) showed high stghititfour constrasting
soils (Inceptisol, Entisol, Oxisol and Vertisol)itivthe proportion of added biochar-
C mineralised ranged from 0.30-1.14% at 20 °C af@d+2.71% at 40 °C over a 1-
year incubation period (Chapter 3). Upon extendimggincubation experiment to two
years, the proportion of added biochar-C minerdlisereased to 0.43-1.50% at
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20 °C and 1.40-5.19% at 40 °C (Chapter 4). By caompa with 20 and 40 °C, the
proportion of biochar-C mineralised was signifidégngreater at 60 °C, with
2.31-10.58% C mineralised over the 2-year perioRT\Mf biochars estimated based
on the l-year data ranged from 218-610 years af 20/d 44-178 years at 40 °C
(Chapter 3). The estimated MRT based on 2-year rdaiged from 341-1061 years,
41-451 years and 25-127 years at 20, 40 °C an@6fe8pectively (Chapter 4). The
estimated MRT from the 2-year data has been coregide be more realistic than the
1-year data for 20 °C because of greater represmmtaf relatively recalcitrant C
pools in the biochar-C mineralisation data usedfitbng a two-pool exponential
model. However, at elevated temperature, i.e. 40ti€ MRT of biochars did not
change after 1l-year, so the short-term may be adedor determining biochar-C

MRT at higher temperature (Chapter 4).

Biochar was more stable when it was produced by gigrolysis at 550 °C
than at 450 °C. For example, between 0.43 and 3.@Bf#be added biochar-C was
mineralised in the 550 °C biochar amended soilsreds between 0.80 and 10.58%
of the biochar-C was mineralised in the 450 °C basamended soils over the 2-year
period (Chapter 4). The wood biochar produced at %5 it is possible to sequester
C in soil over a century or more even at elevagaapieratures (40 or 60 °C) (Chapter
4). Soil characteristics appear to play an impartale in influencing the biochar-C
stability, especially for the lower (450 °C) temaieire biochar. When biochar-C
mineralised data were normalised on per unit ofititeal native SOC content, the
mineralisation of biochar-C occurred in the ordéiOxisol < Entisol< Vertisol <
Inceptisol. The smallest biochar-C mineralisationtihe Oxisol could be due to
relatively strong biochar-soil mineral interactiongh the variable charged minerals
(e.g. hematite, goethite, gibbsite and kaolini@3, compared to relatively weak
interactions with the permanent charged phyllosiés (smectitie and illite) in the
other two soils with clay contents > 21.5 %. Irsthtudy, the soils used did not have
systematic variations in physical and chemical proes, such as, clay content, clay
mineralogy, pH and SOC content, which can all iefice biochar-C mineralisation.
Because of the confounding influences of variousmoperties, it was not possible
to isolate the effect of a specific soil charadtiéei on biochar-C mineralisation.
Nevertheless, this study provided useful insights the role of soil characteristics in

influencing biochar-C stability. Further studiesngssoils with a clear gradient in a
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single soil property (e.g. organic C or clay contenclay mineral) are required to
fully assess the role of a particular soil prop@mntyhe long-term storage of biochar-C

in soil.

In the sandy clayey loam (Entisol) and clayey s@@xisol and Vertisol),
mineralisation of native SOC was generally supmedsa the presence of biochar
(Chapter 4). The interactions between biocharyaa80C and clay minerals were
hypothesised to result in an overall increased ilgaton of native SOC.
Mineralisation of native SOC in the sandy soil @ptisol) was stimulated by biochar
addition. In the sandy soil, although there wasitive priming effect initially, the
positive priming effect was subsided over time,stlaly due to the depletion of labile
C components in biochars. Overall, the results ssiggl that the application of
biochar in soil can stabilise native SOC or it does greatly increase native SOC
mineralisation over a longer period, particulanythe presence of clay minerals.
Therefore, it can be concluded that the C sequgstrpotential of biochar would be
enhanced in mineral soils due to biochar inducedilstation of native SOC. In the
2-year incubation study, the results showed th@660 °C biochar induced a greater
stabilisation of native SOC than the 450 °C bioata20 and 40 °C (Chapter 4). The
incubation temperature had no significant influerme the magnitude of the
cumulative priming effect. Considering the two b@seof the 550 °C biochar
application to the mineral soils (i.e. greater veatsOC stabilisation as well as greater
biochar-C stability), wood biochar produced at 380by slow pyrolysis was more

effective for long-term C storage in soil relatieethe biochar produced at 450 °C.

Although biochar-C mineralisation was significantiyeater in the 450 °C
biochar than the 550 °C biochar, the two biochaasl la similar temperature
sensitivity (Qo) (Chapter 5). Moreover, biochars had either smallesimilar Qg
relative to native SOC. The presence of biocharedsed @ of native SOC in the
Entisol, Vertisol and Inceptisol. These resultsradded the knowledge gap on the
temperature senstivity of biochar-C in contrastaagls, including the influence of
biochar on native SOC 1Q The Qg of biochar-C was significantly (p < 0.001)
affected by soil type. For example;d®@f biochar-C were the greatest values in the
Vertisol, followed by Inceptisol and Entisol, arftetsmallest values occurred in the
Oxisol at 20—-40 °C. The smallest,dfor biochar-C in the Oxisol could be due to
relatively strong biochar-soil mineral interactipivghich stabilised biochar-C and
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decreased its utilisation by soil microbial comnii@s. However, this research did
not distinguish the extent of utilisation and madesation of biochar by soil
microbial communities, relative to abiotic procesgmarticularly at higher incubation
temperatures. Futher research is needed aboutntheerice of soil microbial
community versus abiotic processes on biochar-Ceralisation in soil at different

temperatures.

The light fraction of the soil amended with the Hegtemperature biochar
(550 °C) showed a greater proportion of the araen@tithan the light fraction from
the soil amended with the lower-temperature biodd&0 °C). After one year of
ageing (oxidation) in the soils, NEXAFS and XPSlgse@s did not consistent change
in the C functional group of the light fraction segted from biochar amended soils.
This could be due to the mixing of native soil Cthwthe biochar-C in the light
fraction, masking any difference in the aromaticb€@ween the fresh and aged
biochar samples. However, the XPS analysis of lpckked biochar samples showed
increased oxidation with increasing ageing time dhd increasing incubation
temperature. These data suggest that the mixedchdrioand native soil C light
fractions may mask the detection of small amoumtsaoboxylic functional groups
on biochar surfaces that may develop during 1-ggaing. Due to similarities in the
spectral features of the biochar and native Cdiffscult to determine the changes in
biochar-C in the light fraction of biochar amendsils. In the future studies, hand-
picked biochar samples representing a range ofcfeadizes should be analysed,
using both NEXAFS and XPS, to determine their Ccfiomal groups. There were
substantial overlaps between the peaks of varioggo@ps in the spectra of both
NEXAFS and XPS, and thus there are limitationienduantitative analysis of the C
functional groups using these techniques. Anatpectroscopic techniques, such as
nuclear magnetic resonance (NMR) and Fourier toansfinfrared (FTIR)

spectroscopy, should be used in the charactensatiaged biochar samples.

In an extended (2.1-year) incubation experimentafr 7), the results
showed that the MRT of biochars (450 and 550 °GheVertisol were in the range
of 314-978 years, which was greater than the etggfar the same biochars from a
shorter-term study (Keith et al., 2011). The MRThibchars decreased with the
addition of LOM at 1% rate (sugarcane residues),dadh not change with further

increase in the LOM application rates (i.e. 2 afd).4Biochar showed a positive
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priming effect on native or added LOM-C mineralisatat low LOM application
rates (1%). However, negative priming effect ofdbiar on LOM-C mineralisation
was observed at 2 and 4% LOM application ratesgestgng a further enhancement
in C sequestration in the Vertisol with high LOMut. The presence of aged biochar
(to 2.1 year) did not influence microbial commungjructure in the Vertisol,
possibly due to the depletion of labile C composentthe biochars over time. The
presence of aged LOM, however, resulted in chanmgdke structure of microbial
communities in the Vertisol; these changes in therabial community may have
contributed to the interactive priming effect obthar and LOM-C mineralisation.
Further research evaluating specific bacterial mgjal community structures and
their impact on the interactive biochar and LOM-Gnenalisation processes is

warranted.

This research on biochar and soil C stability imaaiety of soils has shown
that wood biochar application to soil is a promgsepproach for a relatively long-
term C storage, possibly achieving a maximum C estation benefit in the Oxisol.
However, the laboratory-based studies are genecallyied out under controlled
conditions (constant temperature and moisture),thade controlled conditions and
their influence on biochar and soil C stability mdiffer, relative to those observed
under natural conditions in the field. Future reskahould focus om situ studies
examining biochar and soil C stability and stahiiisn processes in contrasting soils
and environments, over a relatively longer peribdtdeast two years or more. More
importantly, future experiments on biochar stapilghould be conducted in the
presence of plants. The effects of rhizospheregas®s under field conditions will
determine the real potential of biochar for long¥teC storage in soils.
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Appendices

Appendix 1: Nutrient Solution recipe (Chapter 3).

In each soil-biochar mixture or control soil con&i, 18 ml of nutrient solution was

added when we set up the incubation studies.

Table Al. Nutrient Solution added to the soil-biochar mietsior the control soils
(for 5 L solution).

Salts g/5L
KNO; 45.1
Ca(HPOy); 7.1
MgSO,7H,0 2.125
K.SO, 4.2
NH;NO3 25.7
mg/5L
NaEDTA 2H,0 375
ZnsQ, 2H,0 163.35
MnCl, 4H,0 37.5
FeCk 6H,0 35
CoSQ 6H,0 14.175
Cu(NGy), 2H,0 10.9
NaMoO, 2 H,0O 11.25
ml/5L
Soil Solution* 40 ml

*Soil Solution: prepared by gently shaking 50 qaofdried soil with 100 ml distilled water, the
suspension was then filtered through a 100 um sieve
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Appendix 2: Some properties of soils in the incubation expent{Chapter 3)

Property Inceptisol Entisol Oxisol Vertisol
pH (1:5 HO) 5.70+0.01 8.77+0.01 7.89+0.01 5.65+0.01
pH (1:5 CaC)) 4.87+0.01 8.06+0.01 7.16+0.01 5.05+0.01
Nitrate nitrogen (NG, mg kg* 5.1 11.0 69.0 22.0
Phosphorus (Colwell), mg Kg 11 32 34 81
Available potassium, mg Ky 38 650 72 220
Sulphate sulphur (KCI), mg Kg 6.3 11.0 7.7 6.6
Chloride, mg kg 48.0 120.0 22.0 44.0
CEC -NH,0Ac, mmol /kg 20.4 308.0 79.7 421.0
Aluminium (KCI), mmol /kg 1.0 - 1.0 -
Calcium (Amme-acet.), mmeglkg 15.0 250.0 65.0 270.0
Magnesium (Amme-acet.), mmakg 2.6 36.0 9.9 140.0
Sodium (Amm-acet.), mmglkg 0.9 5.2 1.9 5.7
Potassium (Amm-acet.), mmakg 1.0 17.0 1.9 5.5
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Appendix 3: XRD analysis method
Clay minerals in the soils were identified by X-rdiffraction (XRD) of oriented
specimen (Mg saturated and glycerated, K-saturatetiheated at 330° and 550°)
and random powder using a GBC MMA diffractometdre generator was set at 35
kV and 28.5 mA, and monochromatic Cu-Kadiation § = 1.54056 A) was used.
After adequately dispersing the clay using an stiréc probe, the clay fraction was
deposited on ceramic slides using a Pasteur pipelags were saturated in K or Mg
and air dried. X-ray diffraction pattern were obtd for Mg air-dried, Mg saturated-
elrylene glycolated, K-air dried and K saturated dreated to 335°C and 550°C,
oriented clamp. The samples were scanned for 28@r Mg air-dried and 3-15°
20 for oriented with a step size of 0.02° at speednii*. Random powder scans
were also analysed over @d2ange from 4° to 65° with a step size of 0.028ed
1° min’. Clay minerals in the Entisol were determined befand after removing
carbonates with sodium acetate (see below), andOtisol was treated with a
solution of sodium citrate, sodium bicarbonate &odium hydrosulfite (see below)
to remove of free ion oxides before the XRD analy3ihe clay mineral contents

were estimated from their peak areas and comparisdh the standard mixtures.

Removal of carbonates with sodium acetate fromsBhtiA suitable amount of
sample (< 2 mm) was put into a dialysis membrame €nd of which is tied with a
rubber band. Several hundred millilitres of 0.5 M-&kcetate buffer solution (pH 7)
were added to the dialysis membrane. The top ofliddgsis membrane was tied to a
glass “breather” tube (approximately 10 cm lond)joli was hanged and dipped in a
reservoir of the Na-acetate buffer solution. Sodaretate was changed repeatedly
until there was no air bubble coming out. The dilynembrane was then desalted

against a deionised tap water flowing continuotisigugh the container.

Removal of free ion oxides from Oxisti: 1 g Oxisol soil, 40 ml of Na-citrate
solution (0.3 M) and 5 ml NaHC@olution (0.5M) was added. The suspension was
heated to 80°C in a water bath, and 1 g of soligb)a, was added. The suspension
was constantly stirred for 1 min and occasionadly5 min. It is important to avoid
heating above 80°C because FeS can form. AboutlXdf saturated NaCl solution
was added to settle the clay. The above treatmeegure was repeated several

times until the soil colour became grey.
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Appendix 4: An example of calculation {4 (20—40 °C) (Chapter 5).

Fitting the real data of biochar-C mineralised at (RO °C) to the following two-
pool exponential model to obtain, &, k; and k values.

Cmin (O = Cy X (1 — e‘klt) +C, X (1 —eket)

The observed proportion of added biochar-C minggdliover time.

20 °C 40 °C

Time (d) WA_B450 Time (d) WA_B450
0 0.00 0 0.00
3 0.08 2 0.07
9 0.16 4 0.16
18 0.20 8 0.34
38 0.31 16 0.50
94 0.41 30 0.77
183 0.55 51 0.90
276 0.66 80 1.16
365 0.72 183 1.50
498 0.80 246 1.63
550 0.83 313 1.66
671 0.88 365 1.74
730 0.91 428 1.82

469 1.86

550 1.97

659 2.39

730 2.48

The parameters obtained from the two-pool expoakmtodel.

Parameters WA _B450
C 0.435
C, 99.565
kq 0.029
Ko 6.97x10°
R? 0.992
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Fitting the observed biochar-C mineralised at 40t6Ghe following temperature-
incorporated two-pool exponential model. The G, k; and k values were obtained
from 20 °C. Then @4 was determined by the common exponentigl rQodel. The
calculated r(T) and 3, values were 4.59 and 2.14.

Conin (6 T) = C; x (1 — 7T Mkat) 4 ¢, x (1 — e (Dket) (1)

10

Q102 = 1‘(T)Fref (2)
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Appendix 5: 8'*C signatures (%o) of CC evolved from soil-biochar
mixtures and control soils (Chapter 4 and 5)

Inceptisol Entisol Oxisol Vertisol
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Figure A5.1. 8"3C signatures (%o) of C£C evolved from control (BO), 450 °C

(B450) and 550 °C (B550) biochar amended soil iatedh at 20 °C (empty symbols)
40 °C (grey filled symbols) and 60 °C (black fillesymbols) over the 2-year

incubation period. Square, triangle and circle sgimlbepresent BO, B450 and B550
treatments, respectively. Error bars represenaadstrd errors of the mean (n=4).
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Appendix 6: Soil, biochar and LOM in the 2.1-year incubatiomadst

Surface sample (0-10 cm) of a Vertisol was coliédtem an experimental plot that
has been grown with C4 tussock Mitchell graast(eblaspp.) for over 100 years.
Sugarcane residue (C4 biomass) was used as theesafurOM. Two wood biochars
were produced at 450 and 550 °C using slow pyrel{&t+10 °C per minute heating
rate, 40 minutes residence time) by Pacific Pyisl{@omersby, Australia) frofiC-
depleted woody biomass &ucalyptus saligné&&m. trees that had been grown for
two years under an elevated £@nvironment (Barton et al.,, 2010). The soil,
sugarcane residue and biochars were ground to r 2Zraction. Important properties

of the soil, biochars and sugarcane residue anersiroTable A6.1.

References

Keith, A., Singh, B., Singh, B.P., 2011. Interaetipriming of biochar and labile
organic matter mineralization in a smectite-ricil. dbnvironmental Science &
Technology 45, 9611-9618.

Table A6.1.Important properties of the soil, biochars andascgne residue used in
the incubation experiment (Keith et al., 2011).

Property Soil 4_50 °C 5_50 °C Suga_\rcane
biochar biochar residue
Total C (%) 0.45 67.8 74.9 39.6
Total N (%) 0.04 0.5 0.6 0.4
e -14.3 -36.3 -36.4 -12.7
pH (1:5 HO) 8.10 8.60 9.90 -
Electrical conductivity (1:5, dS 0.11 0.90 1.10 -
CEC (mmol, kg?) 347 11.4 54.0 i
Clay (%) 53 - - -
Silt (%) 14 - - -
Sand (%) 33 - - -
Specific surface ar84m?’ g*) - 191.0 228.3 -
Pore volume (%) - 57.2 67.5 -
Clay minerals ST, KX, - - -

I*

Cation exchange capacity measured by the silverutéa method!CO, adsorption method; S****
= smectite ( >80%), K* = kaolinite (<10%) and I*illite (<10%).
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Table A6.2. Mean residence time of the labile and recalcitiaobls of biochar
carbon (C) estimated using a two-pool exponentiaeh fitted to the biochar-C
mineralisation data over the 4-month incubationqaker

Treatments Mean residence time
Biochar (2%) L&'\)" Labile (days) R&Zi;i‘;‘t Lablle C pool (3)
450 °C 0 16 62 0.234
450 °C 1 14 112 0.375
450 °C 2 11 73 0.390
450 °C 4 22 89 0.702
550 °C 0 2 100 0.101
550 °C 1 3 176 0.188
550 °C 2 4 248 0.296
550 °C 4 6 103 0.373

Table A6.3.The sensitivity of LOMand soil3'°C values in contributing the variation
of the proportion of C@derived frombiochar.

s13c s13c RE Contribution Contrlbut!on Biochar-C
from LOM from soil

. . . o
(biochar) (soil+LOM)  (mixture) (%) (%) (%)
Baseline -36.40 -12.89 -15.24 88 12 10.0
Scnario 1 -12.81 93 7 10.3
Scnario 2 -12.97 83 17 9.7
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Table A6.4.pH (n=3) of experimental soils after the 2.1-y@a&ubation period.

Treatments
LOM (%) Biochar (%) PH
0 Control 6.56+0.03
450 °C 6.73+0.08
550 °C 6.88+0.06
1 Control 7.07+0.02
450 °C 7.16+0.05
550 °C 7.30+0.06
2 Control 7.37+0.05
450 °C 7.45+0.02
550 °C 7.55+0.02
4 Control 7.56+0.03
450 °C 7.62+0.05
550 °C 7.69+0.08
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Appendix 7: T-RFLP data (Chapter 7)
Table A7.1.Summary of bacterial T-RFs

Minimum number of T-RFs 156 in sample 33224_17 (YF17_A05.fsa)
Maximum number of T-RFs 269 in sample 33224_28 (YF28_DO07.fsa)
Average T-RF richness 213.54

Sample Heterogeneity 1.61

Percent of empty cells in data matrix 61.73

0 EP 4|D BP SP ‘IQD 1?0 ‘ILIID 1§D 1?0 290 2?0 24‘10 2§D 2§D 390 320 3110 3§D 380 490 4?0 4110 4§D 4?0 EQD 5?0 54‘10 5@0 5§D BQD B?D
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=

=

TRF length

Figure A7.1. Screenshot of bacterial sample details pageREX
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Table A7.1.Summary of fungal T-RFs

Minimum number of T-RFs 82 in sample 33226_10 (YF16_HO03.fsa)
Maximum number of T-RFs 160 in sample 33226_21 (YF30_F07.fsa)
Average T-RF richness 112.56

Sample Heterogeneity 1.19

Percent of empty cells in data matrix 54.43

02040 B0 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 330 400 420 440 460 480 500 520 540 560 580 BO0
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ra
=
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Figure A7.2. Screenshot of fungal sample details page-REX
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Figure A7.3. Clustering of bacterial (a) and fungal (b) T-RFesalp height. In the
labelling, LO, L1, L2 and L4 represent sugarcangitazh rates at 0, 1, 2 and 4%; BO,
Bl and B2 represent control, 450 °C and 550 °CHaodreatments; 1, 2 and 3
represent three replications.
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Figure A7.4.Clustering of bacterial (a) and fungal (b) peagegrance and absence.
In the labelling, LO, L1, L2 and L4 represent sugae addition rates at 0, 1, 2 and
4%; BO, B1 and B2 represent control, 450 °C and 85Miochar treatments; 1, 2

and 3 represent three replications; S1, S2 andeS@raginal soils.
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Presence & Absence
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Figure A7.5. Non-metric MDS analysis of the bacterial commurstgucture using
peak presence/absence and relativised peak heiditeak area.
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Figure A8.6. Non-metric MDS analysis of the fungal communityusture using

peak presence/absence and relativised peak heidlpeak area.
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