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ABSTRACT 

Climate change is one of the biggest challenges facing the world. The largest 

contributor to climate change is the greenhouse gas CO2, which is released through 

anthropogenic activities such as burning of fossil fuel and agricultural waste. To find 

solutions to mitigate climate change, research has been proposed to reduce 

greenhouse gas emissions or off-setting emissions through carbon (C) sequestration 

in soil − the largest C pool of terrestrial ecosystems. In this context, long-term C 

storage through biochar application to agricultural soils has been becoming a priority 

area of research in the last two decades.  

For wide-spread biochar application to soil, it is important to understand its 

turnover rate and stability in different soil type and different temperatures. Moreover, 

the addition of biochar may influence the mineralisation or turnover of organic C in 

soil, therefore influencing C sequestration potential of biochar in soil. In this thesis, 

my research has: (i) quantified the effect of pyrolysis temperature, soil type and 

incubation temperature on biochar-C mineralisation over a relatively long period (2 

years) and estimated biochar mean residence time (MRT); (ii) measured the influence 

of biochar on native soil organic carbon (SOC) mineralisation in different soils and 

temperatures; (iii) evaluated the temperature sensitivity of biochar-C and native SOC 

in biochar-amended soils; (iv) undertook a semi-quantitative analysis of C functional 

groups in fresh and aged biochars using light density fraction of native and biochar 

amended; and (v) assessed the interactive priming effect of biochar and labile organic 

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

Two wood biochars, produced by slow pyrolysis at 450 and 550 °C from a 

δ13C-depleted (-36.4‰) Eucalyptus saligna, were incubated with four soils 

(Inceptisol, Entisol, Oxisol and Vertisol) at different temperatures (20, 40 and 60 °C) 

over a 2-year period. The mineralisation of biochar-C or SOC was monitored through 

the analyses of evolved CO2 and associated 13C during the incubation period. Using a 

two-pool isotopic mixing model, biochar-derived and soil-derived CO2 were 

determined. Concurrently, any decreases or increases in native SOC mineralisation 

caused by the presence of biochar, so-called “priming effects”, were quantified.  
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The proportion of added biochar-C mineralised over the two years was 

significantly (p < 0.001) greater in the 450 °C biochar (0.80−10.58%) amended 

samples than in the 550 °C biochar (0.43−3.28%) samples across the soil and 

temperature treatments. The biochar-C mineralisation increased with increasing 

incubation temperature. The proportion of the 450 °C biochar-C mineralised was 

significantly (p < 0.05) smaller in the Oxisol and Inceptisol than in the Entisol and 

Vertisol across all temperatures. The effect of soil characteristics, particularly clay 

mineralogy on biochar-C mineralisation can be clearly observed when the biochar-C 

mineralisation was expressed as per unit basis of initial native SOC. The smallest 

proportion of biochar-C was mineralised in the Oxisol and the greatest in the 

Inceptisol. In comparison, the mineralisation of 550 °C biochar-C was less affected 

by soil properties. Near-edge X-ray absorption fine structure (NEXAFS) 

spectroscopy results show that the C functional groups (i.e. aromatic C) of the light 

fraction (< 1.8 g cm-3) of soil amended with biochars (fresh and aged for 1 and 2 

years) did not show any change after 12 months at various incubation temperature. 

 The MRT of biochar-C, estimated from the 2-year mineralisation data, 

decreased with increasing incubation temperature. The MRT of the two woody 

biochars ranged between 25 and 1061 years in the four soils across the three 

temperatures. Although the MRT values decreased with increasing temperature, at 

elevated temperatures (40 and 60 °C) the MRT values of the 550 °C biochar in the 

soils was still in the range of a century to several centuries. Therefore, wood biochar 

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

Biochar was found to enhance the stabilisation of native SOC over time, 

especially in clayey soils. However, a small loss of the native SOC was observed in a 

sandy soil at different temperatures over the 2-year incubation period. Biochar in a 

Vertisol produced positive or negative priming effects on LOM-C (labile organic 

matter-C) mineralisation depending on the LOM application rates. On the other hand, 

input of LOM (e.g. plant litter) at higher rates can decrease biochar-C stability; 

biochar may still persist in the soil in the range of a few centuries.  

Biochar-C temperature sensitivity (Q10) decreased at the high temperature 

range (40 to 60 °C) compared to the low temperature range (20 to 40 °C). 

Temperature sensitivity of biochar did not vary with pyrolysis temperature, and was 
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either smaller or similar to the native SOC across the four soils. Furthermore, the 

presence of biochar was found to decrease the temperature sensitivity of native SOC 

mineralisation and consequently this may enhance the C sequestration of biochar 

under climate warming.  

Taken together, data from the current study indicate that biochar may store C 

in soil in the range of a few centuries or about a century at elevated temperatures, 

particularly when produced by slow pyrolysis at 550 °C. This research provides a 

direct support on the capability of biochar for long-term C storage in soil by 

quantification of biochar-C mineralisation in a range of soils and at different 

temperatures. The stability of biochar produced at low temperature can be influenced 

by soil type, with the greatest stability occurring in the Oxisol at elevated 

temperatures (40 and 60 °C). In contrast, biochar produced at the higher pyrolysis 

temperature contain greater proportion of aromatic C and consequently less affected 

by soil type. Concurrently, biochar may stabilise native SOC in clayey soils, which is 

found to be greater for the 550 °C biochar than the 450 °C biochar therefore to 

increase long-term C sequestration by biochar. On the other hand, biochar may 

increase native SOC mineralisation in a sandy soil. There was some indirect evidence 

for increased biochar-C stability through its interaction with variable charge minerals, 

particularly Fe and Al oxides. However, more research examining the mechansims of 

biochars interaction with soil minerals and native SOC, and the effect of soil 

envrionmental conditions, such as pH and redox conditions on biochar-C stability are 

needed.    
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Chapter 1: General introduction 

1.1. Introduction  

Biochar is a solid material obtained from the thermochemical conversion of biomass 

in an oxygen-limited environment (International Biochar Initiative, 2012). It has 

been used as a potential soil amendent (Lehmann and Joseph, 2009) with aims to 

improve soil nutrient retention, water holding capacity, soil pH and cation exchange 

capacity, and possibly increasing crop yield (Glaser et al., 2002; Lehmann and 

Rondon, 2006; Liang et al., 2006; Van Zwieten et al., 2010). More importantly, 

biochar can increase stable forms of carbon (C) in soil, by diverting waste biomass C 

from a rapid to a slow C-cycling pool. Therefore, biochar has been evaluated 

globally as a means to sequestrate C to mitigate climate change (Lehmann et al., 

2006).  

The feasibility of biochar as a technology to mitigate climate change rests on 

its stability relative to parent feedstock, which generally decomposes faster than the 

pyrolysed or charred biomass (Santos et al. 2012). Biochar stability varies depending 

on biomass feedstock and pyrolysis or charring temperature, which can influence 

aromatic C condensation and the compositions of different C forms (i.e. aromatics, 

aliphatics, water-soluble organics) within biochar (Keiluweit et al., 2010; Lin et al., 

2012a; McBeath and Smernik, 2009). The degree of condensation of aromatic C and 

the compositions of C components can influence biochar degradation via biotic and 

abiotic processes (Baldock and Smernik, 2002; Cheng et al., 2006; Hilscher and 

Knicker, 2011; Zimmermann et al., 2012). Biochar in soil may be stabilised through 

interaction with soil clay minerals and occlusion within soil aggregates (Brodowski 

et al., 2005; Brodowski et al., 2006; Glaser et al., 2000). However, the role of 

organo-mineral interactions and other soil properties (e.g. native organic carbon 

content and quality, clay content and clay mineralogy) in the stabilisation of biochar 

has not been well studied. Considering the increased public interest in the use of 

biochar as a soil amendment for C sequestration and other benefits, it is vital to 

understand biochar-C stability and its stabilisation mechanisms in contrasting soils.  

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

the influence of biochar on native soil organic carbon (SOC) mineralisation, i.e. 
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priming effect, in different soils. It has been suggested, for example, that biochar can 

increase (positive priming effect) the loss of native organic C (Wardle et al., 2008), 

thus possibly diminishing its C sequestration potential. On the other hand, 

Zimmerman et al. (2011) reported both positive and negative priming of biochar on 

native SOC mineralisation in a range of biochar-amended soils. To distinguish 

between biochar-C and SOC mineralisation and to quantify the priming effect of 

biochar on the mineralisation of native SOC, it is necessary to differentiate the CO2 

emission sources from biochar-amended soil. Recently, biochars with isotopically 

distinct C (14C or 13C) have been employed to isolate biochar-C and added organic C 

or native SOC mineralisation (Hamer et al., 2004; Jones et al., 2011; Keith et al., 

2011; Kuzyakov et al., 2009; Liang et al., 2010; Luo et al., 2011). In these studies, 

the priming effects of biochar have also been reported to range from positive, 

negative, or no effect on native or added organic C in soil. On the other hand, the 

addition of labile organic matter (LOM) in soil can positively increase the 

mineralisation of biochar-C (Hamer et al., 2004; Keith et al., 2011; Kuzyakov et al., 

2009; Luo et al., 2011), or there may be no significant effect on aged biochar (Liang 

et al., 2010). Over a longer term period, the effects (i.e. organo-mineral interaction, 

biochar adsorption and microbial activity or structure) contributing to interactive 

priming may change, and consequently, the direction and magnitude of interactive 

priming may also change with time. The dynamics and mechanisms of interactive 

priming of biochar on native SOC mineralisation in soils are poorly understood and 

require further investigation.  

Biochar-C and SOC mineralisation can be accelerated by increasing 

temperature (Nguyen et al., 2010; Zimmermann et al., 2012). Interest in the 

temperature sensitivity of SOC decomposition is high due to its importance in global 

C cycle and potential feedbacks to climate change (Davidson and Janssens, 2006). 

However, there has been a lack of studies providing insights about the temperature 

sensitivity of biochar-C decomposition in soils of contrasting characteristics. The 

studies of SOC temperature sensitivity show that the relatively stable C in soil can be 

more, equally, or less sensitive to temperature, than the relatively labile C, and these 

divergent observations may result from the confounding influence of soil properties 

and environmental conditions (Conant et al., 2008; Davidson and Janssens, 2006; 

Fang et al., 2005; Liski et al., 1999). Biochar in soil could potentially interact with 
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SOC and soil minerals to alter SOC mineralisation (Mikutta et al., 2006; Torn et al., 

1997) and consequently influence SOC temperature sensitivity to decomposition. 

However, so far there is no study that has demonstrated if the presence of biochar 

alters the temperature sensitivity of native SOC mineralisation in contrasting soils.  

Research on historical charcoal or black carbon demonstrates that biochar 

molecular structure changes with time after biochar application to soil (Cheng and 

Lehmann, 2009; Cheng et al., 2006; Hilscher et al., 2009; Lehmann et al., 2005; 

Nguyen et al., 2009). The knowledge of chemical structure of biochar can be useful 

in understanding the interaction mechanisms of biochar with minerals and organic 

matter in soils. The functional groups on biochar surface can interact with native 

organic matter and soil minerals which are relevant to biochar stability (Brodowski et 

al., 2005; Hilscher and Knicker, 2011; Nguyen et al., 2009). Spectroscopy techniques 

have been used for characterising C functional groups of biochar and SOC. Near-

edge X-ray absorption fine spectroscopy (NEXAFS) can reveal the oxidation degree 

from the small changes of C functional groups in biochar, for example, the nanoscale 

spatial analysis of the BC particle indicated a significant oxidation of BC surfaces 

with a reduction of aromatic C and an increase of carboxylic C (Lehmann et al., 

2005). X-ray photoelectron spectroscopy (XPS), a surface sensitive technique, can 

provide complementary information on the development of surface functional groups 

and the changes in element composition with biochar ageing (Cheng and Lehmann, 

2009; Cheng et al., 2006; Lin et al., 2012b; Nguyen et al., 2009). Moreover, the 

negatively charged functional groups can contribute to soil alkalinity through 

association with H+, such as –COO- (–COOH) and –O-(–OH) (Yuan et al., 2011). 

However, limited research has been done to investigate the C functional groups of 

biochar during its ageing process in different soils at different temperatures. 

1.2. Aim 

The specific aims of the research presented in this thesis are: 

1. To quantify biochar-C stability in different soils at different temperatures over a 

long-term period. 

2. To assess the priming effect of biochar on native SOC mineralisation in different 

soils at different temperatures over a long-term period. 
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3. To determine the temperature sensitivity of biochar and native SOC 

mineralisation in biochar-amended soils. 

4. To characterise C functional groups of aged biochar in different soils at different 

temperatures using spectroscopic techniques. 

5. To assess the long-term interactive priming effects of biochar and added labile 

organic matter and the microbial community structure changes in a clayey soil. 

The thesis is organised into 8 chapters, including 5 research chapters. The 

introductory chapter (Chapter 1) is followed by a review of literature (Chapter 2) 

relevant to the research topic. The results from the research work are presented in 

Chapters 3−7 and each research chapter targets specific aims and hypotheses. 

Chapter 3 presents estimates of biochar-C stability in four contrasting soils 

(Inceptisol, Entisol, Oxisol and Vertisol) at 20 and 40 °C, evaluated over a one-year 

incubation period and the results presented here in this chapter has been accepted in 

European Journal of Soil Science. Chapter 4 presents estimates of biochar-C stability 

in the four contrasting soils, including the priming effects of biochar on native SOC 

mineralisation at 20, 40 and 60 °C, evaluated over a longer term (two-year incubation 

period). Chapter 5 presents temperature sensitivity of biochar and native SOC 

mineralisation in the four biochar-amended soils. Chapter 6 presents the chemical 

structure changes of aged biochar-C in different soils at different temperatures using 

near edge X-ray absorption fine structure (NEXAFS) and X-ray photoelectron 

spectroscopy (XPS) technique. Chapter 7 presents the interactive priming effect of 

biochar and labile organic matter and the microbial community structure changes 

over a 2.1-year incubation period. The final chapter of this thesis (Chapter 8) 

summarises the results presented in the research chapters, and suggests direction for 

future research in the field of biochar stability and priming effects. 
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Chapter 2: Literature review 

2.1. Introduction 

Black carbon (BC) contributes to the Earth’s slow-cycling carbon pools (Baldock 

and Smernik, 2002; Lehmann et al., 2006). Estimates suggest that 0.05 to 0.2 Tg 

(109 t) of BC is annually produced and stored in soil (Kuhlbusch, 1998). It can 

constitute 35% of soil organic carbon (SOC) in German arable soils (Brodowski et 

al., 2007), 9% in the grassland soils along a climosequence in North America 

(Glaser and Amelung, 2003), and 30% in Australian soils (Skjemstad et al., 1996). 

Amazonian Dark Earths (so called “Terra preta”) are anthropogenic soils that were 

created by the addition of charcoal, bone and manure to infertile soil between 500 

and 2500 years ago. Black carbon constitutes significant amounts of C stocks even 

several thousand years after they were abandoned (Glaser et al., 2001). Moreover, 

BC has been reported to be the oldest fraction of C in soils, with mean residence 

times (MRTs) of several thousand years (Gavin et al., 2003; Lehmann et al., 2009). 

Consequently, BC seems to be both a large and inert soil organic C pool. 

Biochar is considered functionally identical to BC and is obtained from the 

thermochemical conversion of biomass in an oxygen-limited environment (IBI, 2012). 

Lehmann (2007) suggested that the application of biochar to soil can lead to the 

sequestration of about 20% of the net photosynthesis C withdrawal from the 

atmosphere to soil. Therefore, biochar may offer an opportunity to store biomass C in 

soil in relatively stable forms and potentially offset the CO2 emission by humans. 

Furthermore, when biochar is added to soil, there are secondary benefits of improved 

nutrient contents, nutrient retention capacity and crop yields (Mukherjee and 

Zimmerman, 2013; Van Zwieten et al., 2010). Also, biochar can improve soil quality 

by increasing cation exchange capacities (Glaser et al., 2002), water retention and 

aeration of soils (Case et al., 2012), microbial functions (Steinbeiss et al., 2009), and 

reducing aluminium availability (Chan and Xu, 2009). 

Considering biochar as a potential soil amendment for long-term C storage, it 

is important to understand its turnover rate and stability (estimated by mean residence 

time, MRT) in different soils and environments. This chapter will present the current 
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knowledge of biochar molecular structure, its production conditions and their 

relationship with biochar-C stability. In order to understand biochar-C stability, I 

have summarised a table to compare biochar-C mineralisation that has been 

measured under laboratory conditions and its MRT as estimated by various means or 

modelling approaches. This chapter will also present the current knowledge of factors 

that influence biochar-C stability in soil, including soil minerals and soil temperature. 

Biochar and soil organic carbon (SOC) mineralisation may also be changed by the 

addition of biochar to soil, including in the presence of labile organic matter with 

implications for its C sequestration potential. In this chapter, I will also present the 

interactive effect of biochar and soil organic carbon (SOC) mineralization, including 

with added labile organic matter, and the possible mechanisms.  

2.2. Biochar molecular structure and production conditions 

2.2.1. Definition 

Black carbon (BC) is produced by incomplete combustion of fossil fuels and 

vegetation (Goldberg, 1985). Black carbon can be best described with the 

combustion continuum model (Figure 2.1) (Masiello, 2004). The BC continuum 

contains different charred residues, ranging from slightly charred biomass, char, 

charcoal, and highly condensed refractory soot (Glaser et al., 2001; Masiello, 2004). 

Black carbon has a high C content, is chemically heterogeneous, and dominated by 

aromatic structures (Masiello, 2004). Biomass forms aromatic ring structures, and 

then a progressive condensation of smaller aromatic units into larger conjugated 

sheets (Figure 2.2) (Schmidt and Noack, 2000). Recently, biochar has been called 

BC (Hamer et al., 2004; Nguyen and Lehmann, 2009), or pyrogenic carbon (Hilscher 

and Knicker, 2011a), produced by humans for soil improvement and C sequestration 

purposes (Lehmann, 2007; Spokas et al., 2012). Biochar is a solid elemental 

carbonaceous material obtained from the thermochemical conversion of biomass in 

an oxygen-limited environment (IBI, 2012). But BC may also specifically refer to 

charcoal produced through artificial or natural burning process in terrestrial 

ecosystems. 



 

Figure 2.1.  The black carbon combust
(2004)). 

 

Figure 2.2. Black carbon basic structural units and two principal structures. 
structure of BC, form
structural units. (d) Onion
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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 the molecular structure of biochar with 

charring temperature (Figure 2.3). At intial charring stage, the native structure of 

plant material remains preserved. With increasing charring temperature, the initial 

stage is followed by the formation of volatile dissociation products and phenols 

(transition char), and aliphatic and aromatic (amorphous char) (Figure 2.3). The 

degree of aromaticity of biochar increases with increasing charring temperature 

(Czimczik et al., 2002; Ghani et al., 2013; McBeath and Smernik, 2009). For 

example, Nguyen et al. (2010) evidenced 5−15% more C in aromatic rings when 

charring temperature increased from 350 to 600 °C, protonated aromatic C increased 

by 43−57%, and aromatic bridgehead C by 39%. Similarly, based on the solid state 
13C DP NMR analysis, McBeath et al. (2011) found that the proportion of aromatic C 

of biochar increases abruptly from 14% at 200 °C to 88% at 350 °C, and aromaticity 

of biochar produced at charring temperatures higher than 400°C was found to be > 

90%. At high charring temperatures, the degree of aromatic condensation is 

relatively high and long-range order turbostratic crystallites are formed (Figure 2.3). 

The volatile matter (i.e. non-aromatic and aliphatic) in biochar decreases with 

increasing temperature. 
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Figure 2.3. Dynamic molecular structure of plant biomass-derived black carbon 
(biochar) across a charring temperature gradient (Keiluweit et al., 2010). 

The degree of condensation of aromatic rings in biochars varies depending on 

biomass feedstock (Keiluweit et al., 2010; Smernik et al., 2006). The molar H/C and 

O/C ratios of biochar are negatively correlated with aromaticity and degree of 

aromatic condensation (Pereira et al., 2011; Schimmelpfennig and Glaser, 2012). 

Since aromaticity increases with temperature (McBeath et al. 2011), so H/C and O/C 

ratios will decrease with increasing temperature (Crombie et al., 2013; Keiluweit et 

al., 2010) and may indicate condensed aromatic structures (Preston and Schmidt, 

2006). According to the International Biochar Initiative (2012), a H/Corg ratio below 

0.7 can be distinguished as biochar that has been thermochemically altered from the 

unaltered biomass (Figure 2.4). This biochar has a greater proportion of fused 

aromatic ring structures when the H/Corg ratio is below 0.7. The ratio of H/C has been 

proposed to identify whether biochar has been thermochemically altered to 

recalcitrant C forms and hence could be used for long-term C sequestration purposes. 

However, it is under debate whether the limit of less than 0.7 proposed by IBI is 

appropriate for evaluating biochar-C sequestration potential. For example, 

Schimmelpfennig and Glaser (2012) recommended that biochar is suitable for C 

sequestration when the H/C and O/C ratios are less than 0.6 and 0.4, respectively.  
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Figure 2.4. Relationship between molar H/Corg ratio and temperature of 
themochemically altered organic matter in comparison to untreated biomass (IBI, 
2012). 

Aromatic structure from different biomass sources (parent materials) can be 

different. Knicker et al. (2008) found that a significant amount of nitrogen (N) in 

grass leads to char consisting of N-heteroaromatic C with an average cluster size of 

the aromatic units smaller than six rings. Additionally, smaller rings would have 

considerable N, O and S substitutions, thus making them more easily amenable to 

biological and chemical oxidation than larger clusters with limited N, O and S 

substitutions (Knicker et al., 2008). However, when pyrolysis temperature is high, i.e. 

550−600 °C, biochar derived from different materials (wood, corn and manure) 

would have more fused aromatic structures (Singh et al., 2012; Sun et al., 2012), thus 

narrowing down biochar-C stability differences between biochars produced from 

different feedstocks (Singh et al. 2012). 

2.2.3. Molecular structure change with ageing 

The molecular structure of biochar may change after incubation (Hilscher and 

Knicker, 2011a; Nguyen et al., 2009). The spatial analysis of a BC particle by near-

edge X-ray absorption fine structure (NEXAFS) spectroscopic analysis indicated a 

significant surface oxidation of BC with a reduction of aromatic C and an increase of 

carboxylic C (Lehmann et al., 2005). Hilscher and Knicker (2011a) also found that 

the proportion of O-containing functional groups (such as carboxyl and carbonyl) 



Chapter 2 − Literature review 

15 

 

increased with the ageing of char in soil, leading to an increase in O/C ratio (Cheng 

et al., 2008a). High temperature can accelerate the oxidation process, i.e. the O/C 

ratios were evidenced to increase with increasing temperature (Nguyen et al., 2010). 

Other BC characteristics may also change with ageing. For example, compared to 

fresh biochar, aged BC has higher surface acidity and negative surface charge, but 

lower pH, surface basicity, and adsorption capacity of organic matter such as 

hydroquinone (Cheng and Lehmann, 2009; Cheng et al., 2008a).  

2.3. Biochar-C stability  

In general, biochar is not easily amenable to chemical and biological decomposition, 

and may be more stable than other organic matter forms in soil. The term ‘stability’ 

here refers to biochar’s resistance to loss via degradation or mineralisation, with 

higher stability translating to a longer mean residence time (MRT). Biochar-C 

degradation or mineralisation can be monitored by measuring biochar-derived CO2 

emissions and then estimating biochar MRT from fitting models to the CO2 emission 

kinetics data (Kuzyakov et al., 2009; Singh et al., 2012; Zimmerman, 2010). Due to 

relatively high chemical recalcitrance of biochar-C, it takes a reasonable duration of 

time to detect biochar-C mineralisation. Moreover, by utilising C isotopes, biochar-C 

mineralisation can be distinguished from mineralisation of SOC. Biochar-C stability 

may also be predicted by measuring O/C or H/C molar ratios (Schimmelpfennig and 

Glaser, 2012; Spokas, 2010), as discussed in the previous section. Additionally, 

Cross and Sohi (2013) proposed that biochar-C stability could be determined from 

accelerated biochar ageing induced by chemical oxidation.  

2.3.1.  Incubation studies of biochar-C mineralisation 

In recent years, there have been a large number of incubation studies investigating 

biochar-C stability, and the results from these studies are summarised in Table 2.1. 

In these studies, biochars were incubated alone or mixed with sand/soil medium in 

closed chambers with a CO2 trap, maintaining soil moisture to 50~70% water 

holding capacity, keeping temperatures between 20 and 32 °C, and then the total CO2 

emissions were measured over a certain time period. The results show that biochar-C 

mineralisation in soils varies widely in different studies, ranging from 0.5−8.9% (in a 

Vertisol over 5 years) (Singh et al., 2012), 4.5% (in a sandy-loamy soil over 3.2 
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years) (Kuzyakov et al., 2009), 0.4−3% (in a sand over 1-year) (Zimmerman, 2010), 

to 6−21% ( in a sand over 1-year) (Nguyen and Lehmann, 2009). 

Some studies of biochar or BC stability were conducted in a sandy medium or 

in a soil without quantifying the source of C mineralised. However, the stability of 

biochar in sand and soil may be different since biochar can be degraded by both 

biotic and abiotic processes. Other recent studies have been used 13C / 14C labelled 

biochars to distinguish between the mineralisation of biochar-C and native SOC 

(Table 2.1). Moreover, since the biochar added to the soil is isotopically distinct 

from native SOC, any decreases or increases in native SOC mineralisation due to 

biochar can be quantified, and priming effect can be determined (Keith et al., 2011; 

Zimmerman et al., 2011). The priming effects of biochar 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 depending on its production condition and 

feedstock type (Table 2.1) due to their influence on the C forms in biochar e.g. low 

molecular weight organics, and aliphatic and aromatic structures (Keiluweit et al., 

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

Generally, biochar-C stability increases with increasing charring or pyrolysis 

temperature (Bruun et al., 2008; Zimmerman et al., 2011). For example, Nguyen et al. 

(2010) found greater C mineralised in the 350 °C than the 600 °C biochar after 1-year. 

Keith et al. (2011) also reported that the C mineralisation of eucalyptus biochar 

produced at 450 °C was 1.5−1.9 times greater than that of the biochar produced at 

550 °C when the two biochars were incubated in a Vertisol in the absence and 

presence of sugarcane residue. As the production temperature for biochar increases, 

the aromaticity and the degree of aromatic condensation increase (Ghani et al., 2013; 

McBeath and Smernik, 2009; Schmidt and Noack, 2000), and the fraction of aliphatic 

C decreases (McBeath and Smernik, 2009).  

Singh et al. (2012) reported that biochar-C was mineralised faster in the 

manure-based biochars than the plant-based biochars. Nguyen et al. (2010) found the 

oak-derived biochar was more stable than corn-derived biochar. Furthermore, 

biochars produced from woody biomass are more stable than those produced from 
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grasses (Hilscher et al., 2009; Zimmerman, 2010). A molecular study by NMR 

clearly showed that wood-derived biochar has more aromatic C component than 

other biomass-derived biochars, such as leaves and poultry litter (McBeath and 

Smernik, 2009; Singh et al., 2012). However, the difference in molecular structure 

may decrease when they were produced at a high temperature, e.g. similar fused 

aromatic ring cluster size were found in wood and corn-derived biochars produced at 

600 °C (Sun et al., 2012).  

Clearly, biochar production temperature and feedstock source are the two 

major determinants of biochar properties (Singh et al., 2010), including its C stability 

(Singh et al., 2012; Zimmerman, 2010). Nevertheless, biochar-C stability may also be 

influenced by soil type and incubation temperature. Biochar was found to be 

incorporated in organo-mineral fractions in a mineral soil after a short period of one-

month (Hilscher and Knicker, 2011b), this could protect biochar from microbial 

degradation. The fast association of biochar with mineral soil suggests that the 

influence of soil properties, particularly clay mineral content and composition, need 

to be considered on biochar stability. The influence of soil-biochar interaction on 

biochar-C stability will be discussed in the next section. Biochar-C mineralisation by 

biotic and abiotic processes may increase with increasing temperature (Cheng et al., 

2006; Knicker et al., 2013; Zimmerman, 2010). Other factors, such as the heating rate, 

residence time at highest heating temperature (HHT) and feedstock particle size can 

also alter the chemical composition and physical stucture of a biochar (McBeath and 

Smernik, 2009; Sun et al., 2012; Zimmerman, 2010), consequently 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 mineralised by biotic and abiotic processes 

(Cheng et al., 2006; Zimmerman, 2010; Zimmermann et al., 2012). Zimmerman 

(2010) reported that biochar-C mineralisation in a microbial inoculated sand medium 

was 1.1−2.0 fold greater than that of the abiotic incubations. Some studies have 

reported that BC decomposition was enhanced by co-metabolic reactions where 

added labile C served as a C and energy source for microorganisms, therefore 

increasing microbial activity and enhancing the decomposition rate of biochar or BC 
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in soils (e.g. Hamer et al. 2004; Kuzyakov et al. 2009; Keith et al. 2011). 

Furthermore, aromatic C in biochar was found to be degraded by 9−12% during a 7-

month incubation study  and the authors hypothesised that this was related to the 

growth of microbial community which can utilise the aromatic core of pyrogenic 

organic matter as a C and energy source (Knicker et al., 2013). Similarly, ‘aromatic 

transformation’ enzymes (phenoloxidases and peroxidises) were found to be active at 

degrading aromatic rings in biochar (Zimmermann et al., 2012).  

Biochar-C mineralisation may increase at well aerated conditions due to the 

increased soil microbial activities. Nguyen and Lehmann (2009) found a significantly 

higher biochar-C loss under altering saturated and unsaturated conditions than under 

saturated conditions, and the difference in C loss between different soil moisture 

conditions is possibly related to availability of oxygen (Nguyen and Lehmann, 2009). 

Knoblauch et al. (2011) reported that 5.9 and 8.5% of the biochar derived from rice 

husk was mineralised under anaerobic and aerobic conditions, when the biochar was 

incubated with Typha-marsh soil. In Mollisols, Glaser and Amelung (2003) found 

that at a given temperature regime, the wetter sites accumulated more charcoal than 

the drier sites.  

The studies of biochar properties showed that biochar oxidation occurs over a 

wide range of temperatures (e.g. -22 °C to 70 °C) (Cheng and Lehmann, 2009; 

Zimmermann et al., 2012). Abiotic oxidation of biochar was reported to increase with 

increasing temperature from -22 °C to 70 °C (Cheng and Lehmann, 2009). The 

reported oxidation of biochar surface due to abiotic and biotic process may vary in 

different studies. For example, Cheng et al. (2006) found the biochar surface 

oxidation was mainly contributed to abiotic process at 30 °C instead of biotic process. 

By comparison, Zimmermann et al. (2012) reported that only 29−35% of biochar-C 

mineraliation was caused by abiotic process at 30 °C, and the rest was attributed to 

biotic mineralisation process. The temperature variations can affect microbial 

activities (Zimmermann et al. 2012), therefore biochar-C mineralisation. Additionally, 

the contributions of biotic mineralisation relative to abiotic mineralisation decreases 

with increasing incubation temperature from 30 to 60 °C for young biochar 

(Zimmermann et al., 2012). The effect of temperature on biochar-C stability will be 

further discussed in Section 2.6. 



Chapter 2 − Literature review 

19 

 

Table 2.1. A summary of biochar or BC mineralisation and mean residence time (MRT) data reported in recent published studies. 

Biochar or BC type Experiment Medium Biochar or BC 
mineralised 

Model MRT Reference 

Woody and grass derived biochar 
produced at 250, 400, 525 or 650 °C 

1-year laboratory 
incubation, 32 °C 

Pure sand 0.4−3% Power model 1.4×102−1.4×107 
years 

Zimmerman 
(2010) 

Two biochar pyrolysed at 350 or 700 
°C 

180 days laboratory 
incubation, 25 °C 

Aquic Paleudalf 0.1−0.8% − − Luo et al. (2011) 

Corn and oak derived biochar 
produced at 350 or 600 °C 

1-year laboratory 
incubation, 30 °C 

Pure sand 6−21% − − Nguyen and 
Lehmann (2009) 

Aged black carbon with SOC 177 days laboratory 
incubation, 30 °C 

A range of soils  − Single-pool 
exponential model 

115 years Cheng et al. 
(2008b) 

Natural BC with SOC 532 days laboratory 
incubation, 30 °C 

Anthrosol (developed on 
Oxisols, Ultisols, or 
Spodosols) 

2.8−3.3% Two-pool 
exponential model 

44−52 years (BC 
rich soil) 

Liang et al. 
(2008) 

Carbonised rice husks 2.9-year laboratory 
incubation, 28 °C 

Typic fluvaquents  
and Aquic udifluvents  

4.4−8.5% Single-pool 
exponential model 

34.1−66.2 years Knoblauch et al. 
(2011) 

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

60 days laboratory 
incubation, 20 °C 

Haplic Phaeozem 0.3−1.2% Two-pool 
exponential model 

39−76 years Hamer et al. 
(2004) 

Charred plant residue (250 °C) 280 days laboratory 
incubation, 25 °C 

Volcanic ash soil Not detected − − Shindo (1991) 
 

Charred plant residue produced at 
350 °C under oxic conditions 

28-month laboratory 
incubation, 30 °C  

Cambisol 35−38% loss Two-pool 
exponential model 

3−5 years Hilscher and 
Knicker (2011b) 
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Biochar or BC type Experiment Medium Biochar or BC 
mineralised 

Model MRT Reference 

14C labelled grass biochar (400 °C) 3.2-year laboratory 
incubation, 20 °C 

Haplic Luvisol 3.8−4.5% Single-pool 
exponential model 

200 years Kuzyakov et al. 
(2009) 

13C labelled biochars (made from 
plant, manure, papermill sludge) 
pyrolysed at 400 or 550 °C 

A long-term 5-year 
laboratory incubation, 20 
°C 

Vertisol 0.5−8.9% Two-pool exponential 
model 

90−1600 years Singh et al. 
(2012) 

13C labelled woody biochar 
produced at 450 or 550 °C 

120 days laboratory 
incubation, 20 °C 

Vertisol 0.14−1.1% Two-pool exponential 
model 

62−428 years Keith et al. 
(2011) 
 

13C labelled woody biochar (450 
°C) 

6-month laboratory 
incubation, 25 °C 

Haploxeralfs 0.37−0.41% Two-pool exponential 
model 

389−605 years (Santos et al., 
2012) 

13C labelled wheat and eucalypt 
shoot biochars produced at 450 °C 

74 days laboratory 
incubation, 25/12 °C 

Arenosol (FAO 
WRB) 

0.24−0.30% 
 

Two-pool exponential 
model, with an 
asymptote 

− Farrell et al. 
(2013) 

13C labelled woody biochar using 
the traditional mound kiln 
technique 

2-year field study Oxisol ~2.2% Two-pool exponential 
model 

600 years Major et al. 
(2010a) 

BC collected after natural fire (1 
and 11 years) 

6-month laboratory 
incubation, variable 

temperatures (20–50 °C) 

Over glass beads 1.5% per year Single-pool 
exponential model, 
Arrhenius function 

67 years Zimmermann et 
al. (2012) 

Woody and grass derived biochar 
produced at 250 or 650 °C 

1-year laboratory 
incubation, 32 °C 

Pure sand 0.2−2.4% Two-pool exponential 
model 

78−74921 years Zimmerman 
and Gao (2013) 
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2.4. Biochar mean residence time  

Biochar is relatively recalcitrant form of C compared to other organic C forms that 

exist in the soils. Table 2.1 shows the estimated mean residence time (MRT) of 

biochars in recent studies. The MRT of biochar or BC ranged from decadal to 

century timescales (Bird et al., 1999; Hilscher and Knicker, 2011b; Liang et al., 2008; 

Singh et al., 2012; Zimmermann et al., 2012). The variable MRTs may be because of 

the variations in biochar type, incubation medium and different models employed to 

estimate MRT in different studies.   

Various models used to estimate biochar MRT are given below. 

(i) Single-pool exponential model (Cheng et al., 2008b; Singh et al., 2011):  

C�� � C � �1 � e
���          (2.1) 

where C�� is the cumulative biochar-C mineralised at time (t); C represents the 

amount of “potential” mineralisable biochar-C; k is the mineralisation rate constant 

for potential C mineralisation. 

(ii)  Two-pool exponential model (Hamer et al., 2004):   

C�� � C� � �1 � e
���� � �100 � C�� � �1 � e
����   (2.2) 

where  C�� is the cumulative of added biochar-C mineralised at time (t); C� and 

(100−C�) are the proportions of labile (easily-mineralisable) and recalcitrant (slowly-

mineralisable) pools in biochar-C, respectively; k� and k� are the mineralisation rate 

constants for the labile and recalcitrant C pools, respectively. MRT of labile and 

recalcitrant C pools are the inverse of rate constants.   

(iii)   Power model (Zimmerman 2010; Zimmerman and Gao, 2013):  

��
�� � �������        (2.3) 

� !"� � �� � �� � ��#$%
�&'���&'      (2.4) 

��(/* � ��&'
+$% �� (

,-(�        (2.5) 
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./0 � �1(/*
23 �+�          (2.6) 

Where C0 is initial biochar-C amount; Ct is biochar-C amount at time (t); m and b are 

the slope and intercept, respectively; ��(/* is the half-life of biochar.  

Exponential decay models have been widely used to model the dynamics of 

soil C mineralisation. The one-pool exponential model (Equation 2.1) assumes C as a 

homogeneous or a single pool. The two-pool exponential model (Equation 2.2) 

assumes that C in a substrate is made up of two group of organic constituents; one is 

relatively labile and degrades at a rapid rate, and the other is relatively recalcitrant, 

degrades slowly. Singh et al. (2011) used the one-pool exponential model to estimate 

the MRT of BC using data from several published studies, and reported MRT ranging 

from 4−109 years in soils and 2−181 years in sands. The two-pool exponential model 

has been used to fit biochar-C mineralisation data to estimate MRT of biochars in 

several recent studies (Keith et al., 2011; Santos et al., 2012; Singh et al., 2012). 

Kätterer et al. (1998) used both one-pool and two-pool exponential models to fit the 

soil C mineralisation data from a wide range of incubation experiments with varying 

soil types under different climates and found the two-pool exponential model to be 

more suitable than the one-pool exponential model in describing and fitting the C 

mineralisation dynamics. Although similar proportions of the added biochar-C were 

mineralised in one year, much higher MRTs were reported in Zimmerman’s (2010) 

study (ranged between 1.4×102 and 1.4×107 years, estimated from Equation 2.3, 2.4 

2.5 and 2.6) compared to other studies (Kuzyakov et al., 2009; Major et al., 2010b; 

Singh et al., 2012). This large difference in the estimates of MRT between 

Zimmerman’s (2010) study and other studies can be attributed to the use of power 

model (Equations 2.3, 2.4 and 2.5) versus the exponential model. The power model 

assumes infinite C pools in a substrate (i.e. biochar) with increasing slow degradation 

rates along a degradation continuum (Zimmerman 2010). Future research needs to 

identify which model can predict MRT more precisely.  

Furthermore, duration of incubation, i.e. short-term (weeks to months) to 

long-term (years) may also result in differences in the estimated MRT of biochar 

(Keith et al., 2011; Singh et al., 2012). Short-term studies capture mainly the 

mineralisation of more labile biochar-C fraction, and hence underestimate biochar 
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MRT. Therefore, longer-term incubations (i.e. two years or more) are needed to 

obtain realistic estimates of biochar-C stability (Singh et al. 2012). 

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

There have been a number of recent publications investigating the stabilisation 

mechanisms of biochar in soils (Czimczik and Masiello, 2007; Knicker, 2011; 

Lehmann et al., 2009). Biochar is considered to be stabilised by the following 

mechanisms: (i) chemical or molecular recalcitrance of C in the biochar structure, (ii) 

interactions with soil minerals, or (iii) occlusion within soil aggregates. Biochar 

chemical recalcitrance is related to its high aromaticity and degree of aromatic 

condensation (see sections 2.2 and 2.3; Hilscher et al., 2009; Keiluweit et al., 2010; 

Singh et al., 2012). Also, BC was found to be associated with plaques of Fe and Al 

oxides on mineral surfaces (Glaser et al., 2000; Lin et al., 2012). The highest BC and 

soil organic C is generally found in heavy density fraction and clay-associated 

organic fraction (Brodowski et al., 2007; Brodowski et al., 2006). The stabilisation of 

BC could be due to the reaction of its surface oxygen functional groups, i.e. carboxyl 

and aromatic functional groups, with soil minerals (Lehmann et al., 2005; Lin et al., 

2012). However, there are very few studies about the role of biochar-mineral 

interactions, particularly clay content and composition, and other properties of soil 

(such as native C content) in influencing biochar-C stability.  

There are other mechanisms of interactions of organic matter or biochar with 

different minerals. In a smectite-rich soil, alkyl C can be intercalated into smectites in 

a flat extended conformation in an acid environment, which enables van der Waals 

interactions to be established between clay and polymer (Baldock et al., 1997; Theng 

et al., 1986). Mollisols and “Terra preta”, both have high BC concentration (Glaser 

and Amelung, 2003; Glaser et al., 2001), which could also be attributed to bonding of 

anionic organic functional groups with the negatively charged clay surfaces and 

aided by cation bridges in the presence of calcium (Czimczik and Masiello, 2007; 

Muneer and Oades, 1989; Theng et al., 1986).   

Thus, organo-mineral interactions play an important role in physically and 

chemically protecting BC or biochar from mineralisation. Furthermore, the multitude 

of organo-mineral interactions may lead to the formation of water-stable aggregates 

(Tisdall and Oades, 1982), which not only physically protect soil organic matter and 
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biochar, but also reduces their accessibility to microorganisms and their enzymes 

(Six et al., 2004). Various experiments were conducted as a part of this thesis 

enhancing our understanding of the role of these soil properties in altering biochar-C 

mineralisation and stability in soils (see Chapters 3, 4 and 7). 

2.6. Incubation temperature effect on biochar-C stability  

Incubation temperature may also affect biochar-C mineralisation. For example, 

Nguyen (2010) reported biochar-C loss increased from 1.5−10% at 4 °C to 14−20% 

at 60 °C after one-year incubation across corn and oak derived biochar produced at 

350°C or 600°C. Similarly, Cheng et al. (2008b) observed that the decomposition of 

charcoal was greater at high than low mean annual temperature (MAT). Cheng et al. 

(2008a) found a significant positive relationship between MAT and oxidation (O/C 

ratio) of charcoal collected from historical furnace sites. In tropical environments the 

longevity of BC in soils has been reported in the range of decadal timescales (Bird et 

al., 1999; Zimmermann et al., 2012). By contrast, due to the colder temperature in 

European chernozems soils, BC longevity was reported in several millennia (1160–

5040 years) of radiocarbon age (Schmidt et al., 2002).   

The temperature sensitivity of soil C mineralisation, referred to Q10, is 

defined as the rate of increase in soil CO2 emission with a 10 °C increase in 

temperature (Kirschbaum, 1995). It is an important parameter to evaluate the 

feedback intensity between CO2 emission and global warming (Luo et al., 2001; 

Zhou et al., 2009). Since biochar has been advocated as a soil amendment for long-

term C squestration across different agro-climatic regions, it is important to 

understand the temperature sensitivity of biochar decomposition in response to 

increasing temperature or climate warming. However, there are very few studies on 

the sensitivity of biochar-C decomposition to temperature change in soil 

environments. Nguyen et al. (2010) esimated the Q10 of corn and oak derived 

biochars when they were incubated in pure sand; the Q10 values ranged between 1.6 

and 5.8 at 4−10 °C, and between 1 and 1.8 at 10−60 °C, with higher values for 

relatively recalcitrant biochars and vice-versa. Similarly, Zimmermann et al. (2012) 

reported a decrease of biochar Q10 values from 1.73 at 20°C to 1.53 at 60°C.  

According to the kinetics of enzymatic theory, activation energies are related 

to the ambient temperature and to the molecular structure of organic C (Davidson and 
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Janssens, 2006). Biochar contains low-quality organic C fractions, which may have 

inherently low reactivity and require high activation energy for decomposition, and 

hence possess greater temperature sensitivity than other C fractions in soil (Davidson 

and Janssens, 2006). Consistent with the theory, a lot of studies on SOC temperature 

sensitivity have shown a higher temperature sensitivity for old or stable C than labile 

C (Bol et al., 2003; Conant et al., 2008a; Conant et al., 2008b; Craine et al., 2010; 

Fierer et al., 2005; Knorr et al., 2005; Leifeld and Fuhrer, 2005; Vanhala et al., 2007). 

But the opposite findings also exist, e.g., no difference in the temperature sensitivity 

between different SOC fractions or pools (Fang et al., 2005; Giardina and Ryan, 

2000), or lower temperature sensitivity for old SOC (Liski et al., 1999). Davidson 

and Janssens (2006) summarised the possible reasons of conflicting temperature 

sensitivity results for different soil organic C pools. They suggested the factors that 

influence the temperature sensitivity of soil organic C include the chemical structure 

of C fractions, incubation temparature, clay mineralogy and soil aggregation. For 

example, organo-mineral interaction and physical occlusion of C in the interior of 

soil aggregate can protect C mineralisation in soil, therefore, decreasing the 

temperature sensitivity of soil C. Although there are a lot of studies on the 

temperature sensitivity of native SOC, the studies evaluating the temperature 

sensitivity of biochar-C in soil, including their influence on the temperature 

sensitivity of native SOC are limited. The studies are required across soils of 

contrasting mineralogies and other soil properties to determine the realistic biochar-C 

sequestration potential in soil.   

The theory of soil C decomposition kinetics with temperature has been widely 

researched. However, there is no agreement about the functional equations to 

describe the relationship between C mineralisation and temperature. Currently, there 

are three main approaches to obtain SOC temperature sensitivity (i) soil respiration 

rate (Luo et al., 2001), (ii) the time required for the loss in a given proportion of C 

(Conant et al., 2008b) and (iii) total mass loss (Fang et al., 2005; Giardina and Ryan, 

2000; Liski et al., 1999). The most common expressions of temperature sensitivity 

are by comparing instantaneous CO2 efflux rates (Davidson et al., 2006), as given 

below:   

van’t Hoff: Resp � αeβ7, where Q'� �  eβ�'�    (2.6) 
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Modified van’t Hoff: Q'� � ��9:;<*
�9:;<(

�
(#

<*=<(     (2.7) 

Arrhenius: Resp � αe># �7?        (2.8) 

Where Resp is respiration, α, β, E0 are fitted paratmeters, T, T1 and T2 are measured 

temperatures (°C or °F for the Arrhenius function), R is the universal gas constant 

(8.314 J K−1 mol−1), and Q10 is the factor by which respiration is multiplied when 

tempeature increases by 10 °C.  

Some researchers have incorprated a temperature scaling function in an exponential  

decompostion model which can be optimized and converted into Q10 (Kätterer et al., 

1998; Reichstein et al., 2000), as given below:  

CABC �t, T� � C' � �1 � e
G�7� �(�� � C+ � �1 � e
G�7��*��    (2.9) 

Q'� � r�T�
(#

<=<IJK         (2.10) 

Where Cmin (t, T) is the cumulative proportion of added C mineralised as a function 

of temperature (T) and time (t); r(T) is a temperature scaling function, relating 

mineralisation rate at a temperature T to the rate at a reference temperature Tref. This 

approach assumes that both rate constants (k1, k2) are equally affected by temperature 

(Kätterer 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 mineralisation of native or added SOC 

and interactively, native or added labile organic matter in a soil can also influence the 

mineralisation of biochar (Hamer et al. 2004; Keith et al. 2011). The increased or 

decreased mineralisation rates of organic C, relative to respective controls, have been 

defined as positive or negative priming, respectively. It is, however, difficult to 

isolate the effect of native SOC on biochar from the other factors, such as soil pH, 

clay content or clay composition, which can also influence 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 loss of native organic C (“positive priming 

effect”), and thereby decrease its C sequestration potential (Table 2.2). Hamer et al. 

(2004) found the addition of biochar accelerated glucose mineralisation, up to 17%, 

after 26 days. Luo et al. (2011) reported the addition of biochar increased native SOC 

loss by 66−514% in 87 days. Wardle et al. (2008) reported that charcoal buried in the 

humus layer of boreal forests in northern Sweden promoted the loss of humus-C in 

soil. The increased mineralisation of native organic C by biochar or BC may reduce 

or negate the C sequestration benefit of biochar in the soil. On the other hand, the 

negative priming effect of biochar on SOC mineralisation in clayey mineral soils has 

also been reported. For example, Keith et al. (2011) found that biochar application 

decreased the mineralisation of added labile organic C in a smectite-rich soil over a 

4-month incubation period. Similarly, Liang et al. (2010) also found the negative 

priming effect of BC on the added LOM. On the other hand, Santos et al (2012) 

reported that BC addition to Haploxeralfs (14−19% clay) did not affect the native 

soil C mineralisation. These contrasting observations on the direction of biochar 

priming effect on native or added SOC may be related to biochar lability. 

Zimmerman et al. (2011) found the positive priming in soils with the addition of 

more labile biochar, and negative priming in soils with the addition of relatively 

recalcitrant biochar. Similarly, the larger positive priming effect was reported in 

biochar with relatively higher labile C than biochar with more recalcitrant C (Hamer 

et al., 2004; Luo et al., 2011). 

Priming effects of biochar on native soil organic C have been shown in field 

and laboratory experiments; however, the mechanisms involved in the process are 

still not well understood. The positive, negative or no priming effects in published 

studies suggest that several different mechanisms may occur in soil. Firstly, the 

positive priming of native SOM could be triggered by enhanced microbial activity 

and the accompanying increase in enzyme production by labile-C components in 

biochar (Hamer et al., 2004; Kuzyakov et al., 2009; Luo et al., 2011). The short-term 

primed CO2 may also orginate from the dissolution of inorganic C in biochar (Jones 

et al., 2011). Secondly, the stabilisation of organic C in mineral soil may be caused 

by organo-biochar-mineral interaction (Liang et al. 2010; Keith et al. 2011). Thirdly, 

biochars possess large specific surface area and could stablise or decrease C 
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mineralisation through the sorption of organic substrates on biochar (Kasozi et al., 

2010; Kwon and Pignatello, 2005). 

Most of the published studies have been conducted over a short-term period. 

The positive priming effect triggered by labile C in biochar may decrease with the 

depletion of labile C. Consequently, the positive priming effect of biochar on soil 

organic C may not be large in magnitude over a longer term. Therefore, the 

cumulative negative or positive priming may not influence the C squestration 

potential of biochar application to soil. Woolf and Lehmann (2012b) argued the 

priming effect of biochar on SOC mineraliation is negligible over a longer period, 

and only equated to a maximum 3−4% loss of SOC over 100 years 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 increasing input of labile organic 

matter in soil or sand (Table 2.3). Kuzyakov et al. (2009) found up to a six times 

increase in biochar-C mineralisation rate over two weeks after the addition of glucose. 

Similarly, Keith et al. (2011) reported the mineralisation of woody biochar-C was 

increased significantly with the increasing application rates of labile organic matter 

(sugarcane residues) at early stages of incubation in a smectitic-rich soil. However, 

over time, biochar-C mineralisation was decreased or stabilised in the presence of 

added organic matter in Vertisol (Keith et al. 2011). Also, Hamer et al. (2004)  found 

that glucose C addition increased mineralisation of biochar-C  at 36 to 189% in a 

sand mixture in a 2-month of incubation period. Moreover, Luo et al. (2011) reported 

a 33−137% increase in biochar-C mineralisation with the addition of ryegrass in a 3-

month incubation study. Contrary to these observations, Liang et al. (2010) reported 

that the addition of labile organic matter (LOM) did not increase the mineralisation 

of aged BC in an Anthrosol of Central Amazon, but the added residues were 

incorporated and stabilised within an organo-mineral fraction in the kaolinitic soils. 

These results suggest that LOM input may only enhance the mineralisation of labile 

biochar-C components and once biochar is aged (i.e. depleted in labile components), 

the stabilisation of added C may be enhanced in biochar-amended mineral soils. 

Longer-term incubations are required to discern the role of biochar in the stabilisation 

of added LOM upon interactions with soil clay minerals.  
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Table 2.2. Priming effect (PE) of biochar on native or added organic carbon in soil. 

Biochar type Soil type Experimental period and conditions Magnitude and direction 
of priming 

References 

Maize, rye and wood (350 °C) Pure sand with glucose treated Up to 26−60 d at 20 °C +37% to +64% Hamer et al. (2004) 

Grass (400 °C) Haplic Luvisol 3.2-year at 20 °C -31% to +6% Kuzyakov et al. (2009) 

Straw (350 or 700 °C) Aquic Paleudalf 87 d at 25 °C +66% to +514% Luo et al. (2011)  

Natural charcoal Anthrosol (developed on Oxisols, 
Ultisols, or Spodosols) 

532 d at 30 °C -15 to +21% Liang et al. (2010) 

Wood (450 or 550 °C) Vertisol with sugarcane addition at 
0, 1, 2 and 4% rates 

120 d at 20 °C -150% to +20% Keith et al. (2011)  

Fired-derived charcoal Boreal forest buried with humus 10-year buried in field Increased about 80% of 
humus loss 

Wardle et al. (2008) 

Maize (500 °C) Acrisol, Mollisiol, Oxisol 50% of above-ground maize residues 
converted to biochar and return to soil 

+3 to +4% in 100 years 
time (Modeled) 

Woolf and Lehmann 
(2012a) 

Wood (450 °C) Eutric Cambisol 3-year field study No effect Jones et al. (2012) 

Sugarcane (350, 450 and 550 °C) Agriculture soil 28 d at 30 °C No effect to slightly 
negative priming 

Cross and Sohi (2011) 

Wood (450 °C) Fypic Dystrochrept 5 d at 20 °C No effect Jones et al. (2011) 

Woody and grass (250, 400, 525 
and 650 °C) 

Alfisol, Entisol and Mollisol 1-year at 32 °C -52% to 89% Zimmerman et al. (2011) 

Pecan-shell (700 °C) Typic Kandiudult 67 d at 17−27°C +0.18 to +11.99% Novak et al. (2010) 

Woody (450 °C) Haploxeralfs 180 d at 25 °C No effect Santos et al. (2012) 

Wheat and wood (450 °C) Arenosol (FAO WRB) 74 d at 25/12 °C +20% to +30% Farrell et al. (2013) 
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Table 2.3. Priming effect (PE) of added organic carbon in soil or sand on biochar-C mineralisation. 

Biochar type Soil type 
Experimental period and 
conditions 

Magnitude and direction of 
priming 

References 

Maize, rye and wood (350 °C) Pure sand with glucose treated Up to 26−60 d at 20 °C +36% to +189% Hamer et al. (2004) 

Grass (400 °C) Haplic Luvisol with glucose addition 3.2-year at 20 °C +20% to +160% Kuzyakov et al. (2009) 

Straw (350 and 700 °C) Aquic Paleudalf 87 d at 25 °C +33% to +137% Luo et al. (2011)  

Natural BC 
Anthrosol (developed on Oxisols, 
Ultisols, or Spodosols) 

532 d at 30 °C No effect Liang et al. (2010) 

Wood (450 and 550 °C) 
Vertisol with sugarcane addition at 1, 2 
and 4% rates 

120 d at 20 °C -20% to +40% Keith et al. (2011)  
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2.8. Spectroscopic analyses in relation to biochar oxidation and 

stability   

Spectroscopy techniques, including Fourier transform infrared (FTIR), X-ray 

photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure 

spectroscopy (NEXAFS), can provide direct information of biochar surface or bulk C 

chemistry including changes in carbon functional groups or structure during the 

oxidation process (Cheng and Lehmann, 2009; Cheng et al., 2006; Hilscher et al., 

2009; Lehmann et al., 2005; Lin et al., 2012; McBeath and Smernik, 2009; Nguyen et 

al., 2009). The surface functional groups can interact with soil minerals (Gu et al., 

1994; Kaiser and Guggenberger, 2003; Lin et al., 2012) and spectroscopic techniques 

can be useful in evaluating biochar-mineral interactions. For example, Fourier 

transform infrared (FTIR) spectroscopy has been used to examine the type of surface 

functional groups on biochar surfaces (Cheng et al., 2008a; Cheng et al., 2006) and to 

clarify mechanism of biochar functionality in soil. These functional groups can 

interact with native organic matter and soil minerals which are relevant to biochar 

stability (Brodowski et al., 2005; Hilscher and Knicker, 2011b; Nguyen et al., 2009). 

Moreover, the negatively charged functional groups can buffer the acid addition and 

contribute to alkalinity through association with H+, such as –COO- (–COOH) and –

O-(–OH) (Yuan et al., 2011). Similar to FTIR, XPS can also provide complementary 

information on the development of surface functional groups with biochar ageing, 

especially carboxylic and phenolic groups (Cheng and Lehmann, 2009; Cheng et al., 

2006). Near-edge X-ray absorption fine structure spectroscopy has been developed to 

explore the electronic and structural properties of organic matter such as biochar or 

BC (Heymann et al., 2011; Keiluweit et al., 2010). Similar to XPS, NEXAFS spectra 

can reveal the oxidation degree from the small changes of C functional groups in 

biochar, for example, the spatial analysis of the BC particle indicated a significant 

oxidation of BC surfaces with a reduction of aromatic C and an increase of 

carboxylic C (Lehmann et al., 2005). Near-edge X-ray absorption fine structure 

spectroscopy can semi-quantitatively determine the C forms of BC and non-BC 

(Liang et al., 2006; Liang et al., 2008), therefore understanding the mechanisms of 

different stability of BC-rich soil and adjacent soils. Moreover, advances in biochar-

mineral interactions could further benefit from the progress made in nondestructive 

microscopic and microscale X-ray spectroscopy techniques such as scanning electron 
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microscopy (SEM) and energy dispersive x-ray (EDX) analysis (Brodowski et al., 

2005; Lin et al., 2012). 

The increasing proportions of aromatic C with charring can be directly 

examined by 13C nuclear magnetic resonance (NMR) (Knicker et al., 2013; McBeath 

et al., 2011; Preston and Schmidt, 2006). The 13C NMR technique can also quantify 

the condensed or “graphitic” biochar, so called the degree of aromatic condensation 

(Smernik et al., 2006). Furthermore, changes in bulk C functional groups can also be 

examined by NMR, e.g. an increase of carboxyl/carbonyl C ratio and a decrease of 

O-alkyl/alkyl-C ratio with time (Hilscher et al., 2009).  

Spectroscopic techniques mainly qualitatively determine surface or bulk C functional 

groups rather than quantifying them; these techniques are complicated and expensive, 

but can complement biochar stability studies in relation to understanding mechanisms.  

2.9. Summary 

Biochar-C stability estimates range from decadal to millennia timescales and it seems 

to be influenced by intrinsic physical-chemical recalcitrance and environmental 

conditions (i.e. soil minerals and temperature). However, most of the studies have 

been conducted in a sandy medium or in limited soil types. Furthermore, it has been 

shown that biochar-C stability estimates may change with incubation time, and 

longer incubation times (years) can provide more realistic MRTs than shorter 

incubation studies (months). There is clearly a gap in our understanding of the 

biochar-C stability and the stabilisation effects of biochars produced at different 

pyrolysis temperatures on native SOC in a range of soils and under different 

incubation temperatures. The addition of biochar in soil may increase the loss of 

SOC; therefore negate the C sequestration potential of biochar in soil. Current studies 

show that the positive priming occurs in the shorter term; however, over a longer-

time period the direction of priming may change to negative priming. Overall, the 

research on biochar-C stability and stabilisation in soils possessing variable 

properties, such as clay content, clay composition, native C content, over a long-term 

period is urgently needed to underpin the long-term biochar-C sequestration potential 

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

soils1 

 

Abstract  

There is a limited understanding of the effects of soil properties on biochar carbon (C) 

stability. This knowledge is essential to fully evaluate the capacity of biochar for 

long-term soil C sequestration. In this study, two biochars, produced by slow 

pyrolysis at 450 or 550 °C from a δ13C-depleted (-36.4‰) Eucalyptus saligna Sm. 

woody material, were incubated in four soils (Inceptisol, Entisol, Oxisol, Vertisol) of 

contrasting chemical and mineralogical properties. The total biochar-C mineralised 

over 12 months was 0.30−1.14% and 0.97−2.71% from the soil-biochar mixtures 

incubated at 20 and 40 °C, respectively. The total biochar-C mineralised (mg CO2-C 

per unit of native soil organic C, SOC basis) from soils incubated with the 450 °C 

biochar was approximately twice the corresponding amount mineralised from the 550 

°C biochar systems. The influence of soil properties on biochar-C mineralisation was 

greater for the 450 °C biochar than the 550 °C biochar. The smallest proportion of C 

mineralised from the 450 °C biochar occurred in the Inceptisol incubated at 20 °C 

and in the Oxisol at 40 °C. However, when expressed on a per unit of native SOC 

basis, the C mineralisation of the 450 and 550 °C biochars was least in the Oxisol and 

greatest in the Inceptisol at both incubation temperatures. Mean residence times 

(MRT) of the biochars estimated using the two-pool exponential model varied 

between 44 and 610 years. The estimated MRT of the biochars may vary under field 

conditions depending upon the environmental conditions and addition of labile 

carbon from plants. Our results indicate that biochar-C was stabilised by variable 

charge minerals in the Oxisol and that the stabilisation occurred rapidly at high 

temperatures.  

 

                                                           
1
 This chapter has been published in European Journal of Soil Science under the title “Biochar carbon 

stability in four contrasting soils” in August 2013. Authors 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 thermochemical conversion of biomass 

in an oxygen-limited environment (IBI, 2012). In recent years, biochar has been 

promoted as a technology that can provide multiple environmental benefits upon 

application to soil, including long-term sequestration of carbon (C) in soil (Woolf et 

al., 2010). Because of their predominantly aromatic nature (McBeath & Smernik, 

2009), biochars are considered as a recalcitrant form of C with long mean residence 

times (MRT) in the range of centuries to millennia (Kuzyakov et al., 2009; 

Zimmerman, 2010; Keith et al., 2011; Singh et al., 2012). However, observations of 

reduced stability in the range of a few decades for natural and laboratory produced 

char or biochar have also been made, especially under high (≥ 30° C) incubation 

temperatures (Bird et al., 1999; Murage et al., 2007; Hilscher et al., 2009; Hilscher & 

Knicker, 2011; Zimmermann et al., 2012). Thus, the stability of biochar-C requires 

further understanding so that the potential of biochar technology as a long-term C 

sequestration method can be assessed (Lehmann et al., 2006).  

Some of the uncertainties in the estimates of biochar-C stability have been 

related to production conditions and feedstock type (Nguyen et al., 2010; 

Zimmerman, 2010; Keith et al., 2011; Singh et al., 2012). For example, biochars 

produced at lower temperatures (400−450 °C) have been reported to mineralise faster 

than the higher temperatures (550−650 °C) counterparts. Large production 

temperatures generally increase the aromaticity and degree of aromatic condensation 

in the biochar (McBeath & Smernik, 2009; McBeath et al., 2011; Pereira et al., 2011; 

Kaal et al., 2012) and consequently its intrinsic chemical recalcitrance against 

biological and chemical decomposition (Zimmerman, 2010; Singh et al., 2012). 

The stability of biochar in soils may not be solely attributable to its chemical 

characteristics but also to its reduced accessibility when involved in organo-mineral 

associations. Biochar can be stabilised through chemical interactions with soil 

minerals and subsequent physical occlusion in organo-mineral fractions, thereby 

limiting its spatial accessibility to soil microorganisms and their enzymes (Lehmann 

et al., 2011). For instance, Brodowski et al. (2006) found aged char-C in micro-

aggregates and aggregate-occluded fractions and hypothesized that reactive surfaces 

on aged char can contribute actively to aggregate formation and consequently 
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stabilisation of char in a mineral soil. Furthermore, char-C was embedded within 

plaques of iron (Fe) and aluminium (Al) oxides on mineral surfaces (Glaser et al., 

2000). Lin et al. (2012) found a relatively large concentration of Al at the interface 

between biochar and mineral phases following short-term ageing of biochar in a 

Ferrosol. Eckmeier et al. (2010) found that organo-metallic or organo-mineral 

complexes and intrinsic recalcitrance of char were responsible for large SOC stocks 

in sesquioxides-rich Cryptopodzols. Although biochar-C is intrinsically chemically 

recalcitrant, the above studies have demonstrated the importance of organo-mineral 

complexes to enhance biochar-C stability in the soil. Considering the growing 

interest in biochar for long-term C sequestration in soil, a greater understanding of 

the biochar-C stability in soils with varying clay and organic matter contents and 

compositions is required. 

In addition to biochar-soil interactions, soil environmental conditions, such as 

temperature, may have considerable effects on the stability of biochar-C in soil. 

Nguyen et al. (2010) observed increasing loss of biochar-C from biochar-sand 

mixtures (from 1.5 to 20% of the applied biochar-C over a one-year incubation 

experiment) with increasing incubation temperature from 4 to 60 °C. Cheng et al. 

(2006) found an increase in the abiotic oxidation of biochar with increasing 

temperature over a four-month incubation period. High incubation temperatures can 

increase biochar-C mineralisation (Zimmermann et al., 2012), but whether biochar-

soil mineral interactions play a role in counteracting the effect of temperature on 

biochar-C mineralisation is not known. 

Biochar-C mineralisation may be enhanced with increasing organic matter 

content in soil. For example, the mineralisation of wood biochar-C was increased 

with the increasing application rates of sugarcane residues at early stages of 

incubation (positive priming) followed by the stabilisation of biochar-C 

mineralisation (negative priming) in a smectite-rich soil (Keith et al., 2011). The 

stabilisation of biochar was attributed to the possible interactions of biochar with 

minerals and native/added organic matter in the soil. Similarly, Hamer et al. (2004) 

found that addition of glucose-C increased the mineralisation of biochar-C in a sand 

mixture. Contrary to these observations, Liang et al. (2010) reported that the addition 

of sugarcane residues did not increase the mineralisation of aged black C in 
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Anthrosols of Central Amazon, rather that the added residues were incorporated and 

stabilised within an organo-mineral fraction in kaolinite dominated soils.  

Most previous studies on biochar-C stability were carried out in pure sand or 

in soils with a limited range of clay minerals, clay content and native organic C 

content. We still have a poor understanding of the influence of soil properties on 

biochar-C mineralisation and hence its stability (MRT) in a variety of soils. Here, we 

used two wood biochars with distinctly different δ13C signature (-36.4‰) from the 

soils (-14.1−28.2‰) (Table 3.1), which allowed us to quantify the mineralisation of 

biochar-C and soil C fractions using an isotopic mixing model. The biochars were 

incubated in four soils of contrasting properties including clay mineral composition, 

clay content and organic C content under controlled conditions of temperature (20 or 

40 °C) and moisture (70% of maximum water holding capacity).  Our hypotheses 

were that (i) biochar-C stability will vary across soils of contrasting properties, and 

(ii) biochar produced at high temperature (550 °C) will have greater stability than 

that from low temperature (450 °C) in these soils. 

3.2. Material and methods 

3.2.1. Biochars and soils 

Two wood biochars were produced at 450 and 550 °C using slow pyrolysis (5−10 °C 

per minute heating rate, 40 minutes residence time) by Pacific Pyrolysis (Somersby, 

Australia) from 13C-depleted woody biomass of Eucalyptus saligna Sm. trees that 

had been grown for two years under an elevated CO2 environment (Barton et al., 

2010). The biochars were ground and sieved through a 2-mm sieve for the incubation 

experiments. 

Surface soil samples (0−15 cm) were collected from agricultural fields in 

Australia located at: Wongan Hills in Western Australia (Inceptisol; 35°89´S, 

116°38´E); Port Kenny in South Australia (Entisol; 33°14´S, 134°72´E); Wollongbar 

in New South Wales (Oxisol; 28°50´S, 153°25´E); and Hermitage Research Station, 

Warwick in Queensland (Vertisol; 28°13´S, 152°6´E) (Soil survey staff, 2010). Soil 

samples were air-dried, and roots and other visible plant remains were removed. Soil 

samples were ground and sieved to obtain the < 2 mm size fraction for the incubation 

experiment. 
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The measured properties of biochars and soils (n = 4) are shown in Table 3.1 

and Appendix 2. The pH of biochars and soils was measured in 1:5 solid / solution 

ratio in deionised water using a pre-calibrated pH electrode. Electrical conductivity 

(EC) was also measured in 1:5 solid / solution extracts using an electrical 

conductivity meter. Soil particle size was analysed by the hydrometer method. Cation 

exchange capacity (CEC) and exchangeable cations were determined by the silver 

thiourea (AgTU)+ method. Biochar and soil samples were ground to obtain a <53 µm 

fraction to measure total C and nitrogen (N) by dry combustion using a vario MAX 

CNS elemental analyser (Germany). The Entisol was treated with 1 M HCl (at 60 °C) 

to dissolve carbonate C (Midwood & Boutton, 1998). The acid-treated Entisol was 

washed repeatedly with deionised water until neutral pH was obtained,  dried at 

40 °C, and the total organic C content was analysed as described above. The δ13C 

signatures of the ground (<53 µm) soil and biochar samples were determined by a 

Delta V Thermo Finnigan IRMS.  

Clay minerals were analysed by X-ray diffraction (XRD) following standard 

pretreatments (Brown & Brindley, 1980) (details given in the Supporting Information 

and Appendix 3). Specific surface area and pore volume analyses of biochars were 

made with a Micromeritics ASAP 2020 surface area and porosity analyser (details 

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

Property Inceptisol Entisol Oxisol Vertisol 450 °C biochar 550 °C biochar 

WRB order (FAO, 2006) Arenosols Calcisol Ferralsol Vertisol − − 

pH (1:5 H2O) 5.70 (±0.01) 8.77 (±0.01) 5.65 (±0.01) 7.89 (±0.01) 8.64 (±0.05) 9.96 (±0.01) 

EC (1:5) / mS m-1 8.2 (±2.3) 24.5 (±2.3) 15.0 (±0.5) 13.0 (±2.6) 89.4 (±21.7) 112.7 (±52.4) 

Sand / % 97.5 (±0.1) 66.3 (±0.1) 24.3 (±2.0) 27.3 (±0.7) − − 

Silt / % 1.2 (±0.1) 12.2 (±0.2) 31.6 (±1.4) 28.5 (±0.8) − − 

Clay / % 1.3 (±0.1) 21.5 (±0.4) 44.1 (±0.6) 44.2 (±0.1) − − 

CEC / mmolc kg-1 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 (±0.20) 73.19 (±0.14) 
Inorganic carbon / % − 6.01 (±0.06) − − − − 
δ

13C / ‰ -28.17 (±0.02) -14.08 (±0.01) -21.35 (±0.01) -17.32 (±0.01) -36.34 (±0.01) -36.53 (±0.02) 

Total N / % 0.07 (±0.01) 0.16 (±0.01) 0.43 (±0.02) 0.16 (±0.01) 0.52 (±0.02) 0.62 (±0.01) 

SSA / m2 g-1 − − − − 191.0 228.3 

Pore volume / cm3 g-1 − − − − 57.2 67.5 

Clay minerals 
Kaol*****,  
Qtz*, Ill* 

Ill****,  
Kaol***, Qtz* 

Goe***, Gib***, 
Kaol***, Hem**, 

Ant**, HIV* 

Sm*****, 
Kaol** 

− − 

EC: electrical conductivity; CEC: cation-exchange capacity measured by the silver thiorurea method; SSA: specific surface area measured by a CO2 adsorption method (see 
Supporting Information). 
Kaol=kaolinite; Sm= smectite; Ill= illite; Qtz= quartz; Goe= goethite; Gib= gibbsite; Hem= hematite; Ant= anatase; HIV= hydroxy interlayered vermiculite; numbers 
represent the ratio of each clay, *****, ****, ***, **, * represents 60% over, 40−60%, 20−40%, 5−20% and less than 5%, respectively. 
The numbers in parentheses are the standard error of the mean (n=4). 
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3.2.2. Incubation experiment 

The two biochars were uniformly mixed with each soil type (300 g oven-dry) at 2% 

(w/w); a non-amended control soil was also included. Biochar-soil mixtures were 

placed into 300 ml containers (maintaining a bulk density of 1.2 g cm-3) and 

incubated separately in 1.2 l plastic jars sealed with Vaseline or silicon grease at 20 

and 40 °C for up to 12 months. These temperatures occur commonly in temperate 

and tropical regions (Zimmermann et al., 2012). Each treatment was replicated four 

times. A CO2-trap (40 ml of 2.5 M NaOH in 70 ml jar) and a jar of deionized water 

(40 ml water in 70 ml jar) were placed in each incubation chamber to absorb the CO2 

produced and maintain a constant humidity, respectively. To account for headspace 

CO2, four control incubation chambers were set up in the same fashion but 

containing a closed, empty container instead of the biochar-soil container. A nutrient 

solution (see Appendix 1) that contained (kg-1 soil) aprroximately 183 mg N, 28 mg 

P, 220 mg K, 13 mg S and required amounts of trace elements was uniformly mixed 

with each of the soils or soil-biochar mixtures to support microbial growth during the 

incubation period (Chapman, 1997). A microbial inoculum was prepared by mixing 

soil samples collected from fields under different vegetations (native eucalyptus 

forests, pine plantation, maize cropping and grazed pastures), thus introducing a 

diverse range of microbial communities to the soils or soil biochar-mixtures (Keith et 

al., 2011). The microbial inoculum was prepared as a soil extract (50 g soil : 100 ml 

water, seived to < 100 µm). The soil extract was mixed with the nutrient solution in a 

ratio of 1:125 and applied to the soil-biochar mixtures. The control soils and biochar-

soil mixtures were maintained at 70% of maximum water holding capacity. The CO2 

traps were changed at days 3, 9, 18, 38, 94, 183, 276, 365 for the 20 °C incubation 

experiment, and days 2, 4, 8, 16, 30, 51, 80, 130, 183, 246, 313, 365 for the 40 °C 

incubation experiment for total CO2-C and δ13C analyses. The sampling intervals 

were varied for the two incubation temperatures because of the expected differences 

in the CO2 emission rates at the two temperatures. 

3.2.3. Total and biochar carbon mineralisation 

The amount of CO2 respired from biochar amended and control soils was determined 

by titrating a 1 ml aliquot of the CO2 trap solution against 0.1 M HCl, using 

phenolphthalein as the indicator. To determine δ
13C signature of the CO2 evolved 
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from soil and soil-biochar mixtures, a 10 ml aliquot of the CO2 trap solution was 

mixed with 10 ml of 1.25 M SrCl2 to precipitate the trapped CO2 as SrCO3. The 

precipitates were analysed for δ13C using the procedure described by Keith et al. 

(2011). 

The proportion of biochar-derived CO2-C (CBiochar (%)) in the total CO2-C 

produced was determined using the following two-pool 13C isotopic mixing model: 

CBiochar �%� � �δ<(MNO*
δP(MNO*�
�δQ

(MNO*
δP(MNO*� � 100 ,              (3.1) 

where δT
13CO2 is the δ13C value of the total CO2-C evolved from biochar-soil 

mixtures, δC
13CO2 is the δ13C value for the CO2-C evolved from the same soil 

without biochar amendment and δB
13C is the δ13C isotopic composition of the fresh 

biochar. Using the proportion of CO2-C derived from biochar, the proportion and 

amount of native soil C mineralised was determined. The results on the dynamics and 

magnitude of priming effect of biochars on soil organic C mineralisation will be 

published separately. 

The daily rates of C mineralisation from native soil and biochar were 

calculated from the amounts of CO2-C released over a given sampling period and the 

number of days in the sampling period (Kuzyakov et al., 2009; Luo et al., 2011; 

Singh et al., 2012). 

The cumulative proportion of added biochar-C mineralised over 12 months 

across all treatments was fitted to a two-pool exponential model to estimate the MRT 

of biochars (Keith et al., 2011):  

C���%� � C� � �1 � e
���� � �100 � C�� � �1 � e
����,   (3.2) 

where  C�� �%� is the cumulative proportion of added biochar-C mineralised 

at time (t); C�and (100−C�) are the proportions of labile (easily-mineralisable) and 

recalcitrant (slowly-mineralisable) pools in biochar-C, respectively; k� and k� are the 

mineralisation rate constants for the labile and recalcitrant pools, respectively. The 

Solver add-in tool in Microsoft Excel was used to estimate the model parameters by 

minimising the sum of the squared errors between modelled and measured values of 

the cumulative proportion of added biochar-C mineralised over 12 months. The mean 

residence time (MRT) is the inverse (1 k�⁄  or 1 k�⁄ ) of the mineralisation rate 
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constant. Model parameters were obtained separately for each replication, and 

standard errors were calculated from four replicates. 

3.2.4. Statistical analysis 

Repeated measures analyses were performed for total C and biochar-C mineralisation 

rates separately for each temperature using a linear mixed model framework in the 

Genstat® 14th edition (VSN International, 2011). Each analysis consisted of fixed 

effects of soil and biochar treatments, time and all associated interactions, and 

random effects of replicate and replicate by time. To allow for correlation between 

repeated measures on the same units, a first order autoregressive model was fitted 

(giving a larger residual log-likelihood than the power model). Heterogeneity in the 

residual variances between time-points was included as it was deemed significant 

using a residual likelihood ratio test. For the cumulative (after 12 months) total C and 

biochar-C mineralisation, a three-way (soil, biochar and temperature) analysis of 

variance was performed in the Genstat® 14th edition of the log-transformed response 

(to remove variance heterogeneity between temperatures) with random effects of 

replicates. Wald-type F statistics (with Kenward-Roger adjustments) were calculated 

for all fixed terms and associated interactions. Where the F-statistic was significant, 

the means were compared using the LSD test at the 5% significance level unless 

stated otherwise.  

3.3. Results  

3.3.1. Total carbon mineralisation 

Total C mineralisation rate (expressed as mg CO2-C released per unit of total organic 

C per day, mg CO2-C g-1 TOC day-1) was initially large across all treatments and 

decreased with time in an exponential manner. The exception were (i) the non-

amended Inceptosol at 40 °C where the total C mineralisation rate increased up to 

day 9 and then decreased with time, and (ii) the Vertisol at 40 °C where the rate of 

total C mineralisation in the 450 °C biochar amended and non-amended treatments 

increased between three and eight months and then decreased or stabilised (Figure 

3.1). All main and interactive effects of biochar, soil and time on the rate of total C 

mineralisation at each incubation temperature were highly significant (P < 0.001) 

(Table 3.3). The total C mineralisation rate was consistently less (or similar, 

particularly at the later stages of incubation) for the biochar-amended soils than for 
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the correspoding non-amended soils. The only exception was the Inceptisol where the 

total C mineralisation rate was greater for the biochar-amended than for the non-

amended soil in the first three and/or nine days of incubation. Total C mineralisation 

rates for the biochar-amended and non-amended soils followed the sequence: 

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

Over the 12-months incubation time, the cumulative amount of total C 

mineralised ranged between 6.2 and 164 mg CO2-C g-1 TOC and followed the 

sequence: Vertisol ≤ Oxisol ≤ Entisol ≤ Inceptisol across biochar and temperature 

treatments (Figure 3.2). All main and interactive effects of biochar, soil and time on 

total C mineralisation were highly significant (P < 0.001) (Table 3.4). The 

cumulative of total C mineralised was significantly larger for the 450 °C than for the 

550 °C biochar-amended soil (Table 3.S2). The total C mineralised for the two 

biochar treatments was significantly less  than the non-amended treatments after 12 

months (Figure 3.2; Table 3.S2), with the exception of the Vertisol at 20° C where 

the total C mineralised was significantly greater for the 450 °C biochar-amended soil 

than for the non-amended soil. The cumulative of total C mineralised was 

significantly greater at 40 °C than at 20 °C across the biochar and soil treatments 

(Figure 3.2; Table 3.S2).  

The δ13C signatures of the CO2 evolved from the biochar-amended and non-

amended soils along the incubation time at 20 and 40° C are given in the Supporting 

Information (Figure 3.S1). These data show that the δ13C signatures of the CO2 

evolved from the biochar-amended soils were more negative than from the non-

amended soil throughout the incubation period. For each of the amended soils, the 

δ13C signatures were relatively more negative for the 450° C biochar than the 550° C 

biochar at most stages of incubation (Figure 3.S1).    
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Figure 3.1. Total carbon (C) mineralisation rate (mg CO2 emission of per gram total organic C per day, mg CO2-C g-1 TOC d-1) from different 
soil-biochar mixtures incubated at 20 °C (open symbols) and 40 °C (closed symbols) over the 12-month incubation period. Square, triangle and 
circle symbols represent control (without biochar), 450 and 550 °C biochar-amended soils, respectively. Error bars represent ± standard errors of 
the mean (n=4). Thick bars show least significant differences (at 5% level, LSD0.05) of the interaction of soil and biochar types at different time-
points for each incubation temperature. 
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Figure 3.2. Total carbon (C) mineralised (mg CO2 emission per gram of total organic 
C, mg CO2-C g-1 TOC) from control (without biochar), 450 and 550 °C biochar-
amended soils incubated at 20 °C (white histograms) and 40 °C (grey histograms) 
after 12-months incubation Error bars represent ± standard errors of the mean (n = 4).  

 

3.3.2. Biochar carbon mineralisation 

There was a rapid mineralisation rate of biochar-C up to day 3 (0.09−0.64 mg CO2-C 

g-1 biochar-C day-1) which then decreased rapidly to slow rates (0.005−0.065 mg 

CO2-C g-1 biochar-C day-1) over 12 months across all treatments (Figure 3.3). 

However, at 40 °C, the biochar-C mineralisation rate increased for the first eight days 

in the Inceptisol and Entisol for both biochars, and in the Vertisol for the 450° C 

biochar, and then decreased with time in an exponential fashion in the Inceptisol, or 

decreased but stabilised over time in the Entisol and the Vertisol (Figure 3.3). All 

main and interactive effects of biochar, soil and time on biochar-C mineralisation rate 

were highly significant (P < 0.001) (Table 3.3). Biochar-C mineralisation rates 

varied from significant to non-significant differences with time among the soil and 

biochar treatments at each of the incubation temperatures; the differences among the 

soil treatments were more pronounced for the 450 °C than the 550 °C biochar 

treatment, and also at 40 °C than 20 °C (Figure 3.4; Table 3.S2). Biochar-C 

mineralisation rates were slower for the 550 °C biochar than for the 450 °C biochar, 

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

The cumulative proportion (% of added biochar-C) and amount (mg CO2-C g-

1 initial native SOC) of biochar-C mineralised after 12 months was significantly (P = 

0.009) influenced by the interactive effects of soil, biochar and/or incubation 
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temperature treatments (Figures 3.4 and 3.5; Table 3.4). The proportions of the 

added biochar-C mineralised over 12 months varied from 0.30 to 2.71% across all 

treatments. At 20 °C, the proportion of biochar-C mineralised in the 450 °C biochar-

amended Entisol was 1.14%, which was significantly larger than for the other soils 

(0.65−0.86%); the smallest proportion of biochar-C was mineralised from the 

Inceptisol. At 40 °C, the smallest proportion (1.47%) of biochar-C was mineralised 

in the 450 °C biochar-amended Oxisol; the extent of biochar-C mineralised was 

similar for the other three soils (2.29−2.71%). The proportion of biochar-C 

mineralised from the 550 °C biochar-amended soils was similar across soils at each 

of the incubation temperatures (0.30 to 0.42% for 20 °C and 0.97 to 1.16% at 40 °C), 

except for a significantly smaller proportion of  biochar-C mineralised in the Vertisol 

than the Inceptisol at 20° C (Figure 3.4; Table 3.S2). When expressed on per unit 

basis of initial native SOC, the amount of biochar-C mineralised followed the 

sequence: Oxisol < Entisol ≤ Vertisol < Inceptisol across both biochar and both 

incubation temperature treatments, except for 450 °C biochar at 20 °C where the 

sequence was Oxisol < Vertisol <  Entisol < Inceptisol (Figure 3.5). The proportion 

of the added biochar-C and amount of biochar-C mineralised (mg CO2-C g-1 initial 

native SOC) were significantly greater (i) for the 450 °C biochar-amended soils than 

the 550 °C biochar-amended soils at both temperatures, and (ii) at 40 °C than 20 °C 

across all biochar and soil treatments (Figures 3.4 and Fiugre 3.5). The extent of 

increase in biochar-C mineralisation with increasing temperature was smaller in the 

Oxisol than the other soils, particularly for the 450 °C biochar.  
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Figure 3.3. Biochar carbon (C) mineralisation rate (mg CO2-C g-1 biochar-C day-1) from soils amended with 450 and 550 °C biochars incubated 
at 20 °C (open symbols) and 40 °C (closed symbols) over 12 months incubation. Error bars represent ± standard errors of the mean (n = 4). Thick 
bars show least significant differences (at 5% level, LSD0.05) of the interaction of soil and biochar types at different time-points for each 
incubation temperature. 
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Figure 3.4. The proportion (%) of biochar carbon (C) mineralised from soils 
amended with 450 and 550 °C biochars incubated at 20 °C (white histograms and 
40 °C (grey histograms) after 12-months incubation. Error bars represent ± standard 
errors of the mean (n=4).  
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Figure 3.5. Biochar carbon (C) mineralised (mg CO2 emission per gram of native 
soil organic C, mg CO2-C g-1 native SOC) from soils amended with 450 and 550 °C 
biochars incubated at 20 °C (white histograms) and 40 °C (grey histograms) after 12-
months incubation. Error bars represent ± standard errors 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 varied between 214 and 610 years at 

20 °C and 44 and 439 years at 40 °C across soil and biochar treatments (Table 3.2). 

The model-derived labile biochar-C constituted between 0.09 and 0.70% of the total 

biochar-C at 20° C, with MRT of 5 to 107 days, and between 0.20 and 1.19% at 40 

°C, with MRT of 9 to 45 days, across soil and biochar treatments. In general, the 

MRT of biochar-C increased with increasing pyrolysis temperature, and decreased 

with increasing incubation temperature. There was no clear pattern for the soil 

influence on the biochar MRT. 
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Table 3.2. Mean residence time of labile and recalcitrant pools of biochar carbon (C) and their proportions (%) in the four soils estimated using 
a two-pool exponential model fitted to the cumulative biochar-C mineralised over 12 months. B450 and B550 represent 450 and 550 °C 
biochar, respectively. 

 
  

Soil 
taxonomy 

order 
Biochar 

Mean residence timea 

Model fit (R2) Labile C / % Labile C / days Recalcitrant C / years  

20 °C 40 °C 20 °C 40 °C 20 °C 40 °C 20 °C 40 °C 

Inceptisol 
B450 13 (±2) 33 (±5) 259 (±11) 102 (±23) 0.989-0.996 0.992-0.999 0.29 (±0.03) 1.19 (±0.20) 

B550 24 (±12) 45 (±1) 344 (±23) 439 (±82) 0.983-0.987 0.995-0.999 0.15 (±0.03) 0.82 (±0.04) 

Entisol 
B450 107(±16) 26 (±2) 214 (±21) 62 (±4) 0.997-0.999 0.996-0.999 0.70 (±0.07) 0.90 (±0.06) 

B550 49(±6) 29 (±3) 610 (±112) 178 (±36) 0.985-0.993 0.992-0.997 0.19 (±0.03) 0.40 (±0.02) 

Oxisol 
B450 24 (±1) 9 (±1) 235 (±24) 106 (±12) 0.994-0.997 0.992-0.999 0.43 (±0.02) 0.50 (±0.02) 

B550 11 (±4) 30 (±11) 579 (±60) 190 (±16) 0.984-0.996 0.980-0.997 0.17 (±0.03) 0.45 (±0.08) 

Vertisol 
B450 26 (±15) 11 (±1) 218 (±14) 44 (±1) 0.978-0.987 0.999 0.34 (±0.06) 0.42 (±0.01) 

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 error of the mean (n=4). 
a The mean residence time is the inverse (1/kL or 1/kR ) of the mineralisation rate constant. 
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Table 3.3. Wald F statistics for the fixed terms of incubation time, soil and biochar 
and their associated interactions on the tested dependent variables.  

Source 
Degrees of 

freedom / d.f. 
Wald F statistic / 

d.f. 
Denominator degrees 

of freedom / d.d.f 
P > F 

Total C mineralisation rate / mg CO2-C g-1 TOC d-1 

20 °C     

Day 7 1273.61 103.4 < 0.001 

Soil 3 1347.4 85 < 0.001 

Biochar 2 420.66 85 < 0.001 

Day × soil 21 87.09 155.8 < 0.001 

Day × biochar 14 21.52 136.9 < 0.001 

Soil × biochar 6 101.82 85 < 0.001 

Day × soil × 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 × soil 33 35.15 230.4 < 0.001 

Day × biochar 22 6.77 200.3 < 0.001 

Soil × biochar 6 8.28 83.3 < 0.001 

Day × soil × biochar 66 4.16 266.1 < 0.001 

Biochar-C mineralisation rate / mg CO2-C g-1 biochar-C d-1 

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 × soil 21 9.39 100.4 < 0.001 

Day × biochar 7 28.31 68.9 < 0.001 

Soil × biochar 3 35.3 54.6 < 0.001 

Day × soil × 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 × soil 30 15.4 125.3 < 0.001 

Day × biochar 10 21.43 82.9 < 0.001 

Soil × biochar 3 19.56 53.5 < 0.001 

Day × soil × biochar 30 2.45 125.3 < 0.001 
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Table 3.4. Wald F statistics for the fixed terms of soil, biochar, temperature and their 
associated interactions on the tested dependent variables. 

Source 
Degrees of 

freedom / d.f. 
Wald F 

statistic / d.f. 

Denominator 
degrees of 

freedom / d.d.f 
P > F 

Total C mineralised / mg CO2-C g-1 TOC 

Soil 3 1048.2 69.0 < 0.001 

Biochar 2 389.65 69.0 < 0.001 

Temperature 1 10429.04 69.0 < 0.001 

Soil × biochar 6 13.19 69.0 < 0.001 

Soil × temperature 3 266.27 69.0 < 0.001 

Biochar × temperature 2 28.57 69.0 < 0.001 

Soil × biochar × temperature 6 13.89 69.0 < 0.001 

Proportion of biochar-C mineralised / % 

Soil 3 6.54 48.0 < 0.001 

Biochar 1 415.25 48.0 < 0.001 

Temperature 1 691.22 48.0 < 0.001 

Soil × biochar 3 7.78 48.0 < 0.001 

Soil × temperature 3 7.09 48.0 < 0.001 

Biochar × temperature 1 3.59 48.0 0.064 

Soil × biochar × temperature 3 4.3 48.0 0.009 

Biochar-C mineralised / mg CO2-C g-1 native SOC 

Soil 3 304.42 45.0  < 0.001 

Biochar 1 355.03 45.0  < 0.001 

Temperature 1 657.5 45.0  < 0.001 

Soil × biochar 3 9.51 45.0  < 0.001 

Soil × temperature 3 6.6 45.0  < 0.001 

Biochar × temperature 1 1.94 45.0  0.171 

Soil × biochar × temperature 3 4.35 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 assessment of biochar-C stability in soil 

or sand mixtures (Kuzyakov et al., 2009; Nguyen & Lehmann, 2009; Nguyen et al., 

2010; Zimmerman, 2010; Keith et al., 2011; Singh et al., 2012). To our knowledge, 

this is the first research that has focussed on improving our understanding of the 

stability of wood biochar, with distinct δ13C signatures from that in soils, across four 

soils of contrasting properties at two incubation temperatures. The decrease in the 

fraction of total C mineralised after  application of biochar to the soils, which was 

greater for the 550 °C biochar than the 450 °C biochar (Figures 3.1 and 3.2), 

suggests that biochar-C is relatively more recalcitrant than native organic C in the 

soils; this pattern has also been observed by (Cheng et al., 2008b). The proportions of 

biochar-C mineralised in our study across all treatments (0.30−2.71%) are similar to 

the range (0.4−3.0%) reported by Zimmerman (2010) also over a 12-month 

incubation, despite differences in biochar types, incubation media (soil compared 

with sand) and incubation temperature (20−40 °C compared with 32 °C). However, 

the proportions of biochar-C mineralised at 40 °C in our study (0.97−2.71%) are less 

than those reported by Nguyen et al. (2010) who reported a loss of 11−14% of oak 

wood biochar-C over 12-months incubation at 45 °C. As hypothesized by Singh et al. 

(2012), the differences in biochar-C mineralisation in Nguyen et al. (2010) and our 

study may be related to the use of a shorter residence time in the Daisy Reactor 

(about 20 minutes compared with our 40 minutes) by Nguyen et al. (2010), thus 

producing biochar with less intrinsic chemical recalcitrance than our biochar. 

Kuzyakov et al. (2009) found that 2.8−3.2% of the added biochar-C was mineralised 

over 12 months in a 39-month incubation study. The greater biochar-C mineralisation 

in the latter study than in ours study may be attributed to the grass-derived biochar, 

which mineralises faster than wood-derived biochars (Zimmerman, 2010). Similarly, 

Hilscher & Knicker (2011) reported a much faster degradation rate of char C than we 

did,  recovering 62−65% of added C in soil after 28 months, possibly because their 

char was produced at low (350° C) temperature by charring biomass under oxic 

conditions (for 1−4 minutes) and hence having less chemical recalcitrance than in our 

study. 
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The greater C mineralisation of the 450 °C biochar than the 550 °C biochar 

across all soils and temperatures (Figures 3.4 and 3.5) can be attributed to 

differences in the relative proportion of alkyl and aromatic C, and the degree of 

condensation of aromatic C, which varies with biochar production temperature, in 

addition to biomass feedstock type (McBeath & Smernik, 2009; Singh et al., 2012). 

Cross & Sohi (2011) also found a decrease in labile (easily mineralisable) C content 

with increasing pyrolysis temperature. Furthermore, the degree of aromatic C 

condensation increases with increasing production temperature, which is related to 

biochar-C stability in soil (McBeath & Smernik, 2009). Several other studies have 

also found greater C mineralisation of low temperature biochars than of high 

temperature biochars (Baldock & Smernik, 2002; Zimmerman, 2010; Pereira et al., 

2011). 

Our results of initially high, progressively slower and then relatively stable 

biochar-C mineralisation over time are consistent with other temporal C 

mineralisation observations reported in the literature (Hamer et al., 2004; Kuzyakov 

et al., 2009; Zimmerman, 2010; Keith et al., 2011; Luo et al., 2011; Singh et al., 

2012). This pattern of biochar-C mineralisation suggests that there are some highly 

labile C components in biochars, which were mineralised predominantly through 

biotic decomposition mechanisms (Bruun et al., 2008). We calculated that 

approximately 40−60% of the total biochar-C mineralised in 12 months was released 

within the first two months. Following the initial rapid mineralisation, there was a 

considerable decrease in the biochar-C mineralisation rate (Figure 3.3), likely due to 

slower decomposition of the relatively stable C components in biochars.  

The MRT of biochar-C in different soils at 20 °C (214−610 years) and 40 °C 

(44−439 years) incubation temperatures are similar to those reported in previous 

studies under a range of environmental conditions (Bird et al., 1999; Kuzyakov et al., 

2009). However, a short-term (120 days) study using the same biochars incubated in 

a Vertisol at 20° C, Keith et al. (2011) indicated a relatively short MRT (62 and 248 

years) for the 450 and 550 °C biochars, respectively. These results suggest that the 

estimated MRT of biochars may increase further as their chemical recalcitrance 

increases and labile components deplete over time and after interactions with soil 

minerals. Clearly, longer incubation periods are required to obtain realistic estimates 
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of biochar-C stability (Singh et al., 2012) and to understand biochar-C stabilisation 

processes in mineral soils. Moreover, different models may also vary in their 

estimates of MRT. For example, although similar proportions (0.4−3.0%) of the 

added biochar-C were mineralised in our study and in Zimmerman’s (2010) 

incubation experiment over 12 months, much larger MRT were reported in 

Zimmerman’s study in which the half-life ranged between 102 and 107 years, than in 

our study. These results suggest that there is a need to further evaluate how different 

models vary in their ability to estimate realistically the stability and MRT of biochar 

in soils using long-term biochar-C mineralisation data.    

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 variation in physical, chemical and 

mineralogical properties (see Table 3.1); these variations were not systematic and did 

not isolate confounding variables. Nevertheless, useful information can be drawn 

about how soil properties may have influenced biochar-C stability in the soils. For 

example, when expressed as per unit native SOC, biochar-C mineralised was least in 

the clayey soils (Oxisol < Vertisol) followed by the sandy clay loam soil (Entisol) 

and greatest in the sandy soil (Inceptisol) (Figure 3.5). These results provide insights 

of the importance of clay content and mineralogy in stabilising biochar-C 

mineralisation in the soils. Brodowski et al. (2005) showed that oxidized biochar 

surfaces can chemically interact with the functional groups of clay minerals and 

native organic matter in soil. These interactions can decrease C mineralisation 

through the stabilisation of biochar-C and native SOC in organo-mineral fractions 

and encapsulation within the soil mineral matrix over time (Glaser et al., 2000; 

Brodowski et al., 2005). Mineral-organic interactions may be enhanced through 

accelerated mineralisation conditions in the laboratory (Liang et al. 2010; Keith et al. 

2011). 

Furthermore, the two clayey soils (Oxisol, Vertisol) had similar clay content 

(44%) but different clay mineral compositions (variable charged minerals of goethite, 

hematite, gibbsite and kaolinite in the Oxisol and a predominant permanently charged 

mineral, smectite, in the Vertisol), organic matter content (Oxisol, 4.39%; Vertisol, 

2.5%) and pH (moderately acidic in the Oxisol and alkaline in the Vertisol) (Table 
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3.1). Although the soil pH was probably not ideal for soil microbes in both Oxisol 

and Vertisol, the large native SOC content in the Oxisol, relative to that of the 

Vertisol, may support greater microbial activity and biomass for biotic mineralisation 

of biochar-C (Keith et al., 2011). Thus, our results of less biochar-C mineralised in 

the Oxisol (Figure 3.5) can be attributed to the greater stabilising effects of variable 

charged minerals in the Oxisol than the permanent charged mineral (smectite) in the 

Vertisol.  

It has been widely accepted that the association between organic matter and 

clay minerals involves the ligand exchange mechanism (Gu et al., 1994; Kögel-

Knabner et al., 2008). The ligand exchange reactions occur between hydroxyl groups, 

on the surfaces of Fe and Al oxides and at the edges of phyllosilicates, and carboxyl 

and phenolic groups of organic matter, and these reactions may be stronger with 

sesquioxides than phyllosilicates (von Lützow et al., 2006). The carboxyl groups 

developed on biochar surfaces during its ageing in soil (Cheng et al., 2008a) may 

enhance the interaction of biochar surfaces with clay minerals. Moreover, the acidic 

pH in the Oxisol may contribute to enhanced organo-mineral association through the 

ligand exchange reactions (Gu et al., 1994), thus decreasing biochar mineralisation 

through limiting its accessibility to soil microorganisms (Santos et al., 2012). Fine 

clay particles may fill the pore spaces of biochar, as observed in scanning electron 

micrographs of the isolated biochar particles from the soils (micrographs not 

presented here), and consequently may limit the biotic mineralisation of biochar. The 

rapid decrease of biochar-C mineralisation in the first two−three weeks in the Oxisol 

at 40° C than in the other soils (Figure 3.3) suggests that interactions with the 

sesquioxides minerals slowed the mineralisation of the biochar-C over the incubation 

time. The Entisol contained illite and kaolinite and had the largest amount of calcium, 

which can also stabilise biochar by ligand exchange and calcium bridging between 

clay, native organic matter and biochar in soil; these interactions may be weaker than 

those occurring with sesquioxides in the Oxisol (von Lützow et al., 2006).  

The native SOC content may also influence (prime) biochar-C mineralisation 

(Keith et al., 2011). For example, the larger proportion of the 450 °C biochar-C 

mineralised in the Entisol, and to some extent (non-significant at P < 0.05) in the 

Vertisol at 20 °C, may be attributed to their larger native SOC contents than in the 

Inceptisol (Figure. 3.4). Some studies have shown that biochar-C mineralisation 
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increases with increasing input of labile organic matter in the soil (Hamer et al., 2004; 

Kuzyakov et al., 2009; Keith et al., 2011; Luo et al., 2011). However, for the soils 

used in our study it is not possible to isolate the effect of SOC content on biochar-C 

mineralisation from the other confounding variables such as clay content and 

mineralogy, and pH. Further studies using similar soils with a clear native soil 

organic matter gradient are required to fully assess the 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 mineralisation was responsive to changes in 

the incubation temperature across all soil-biochar treatments (Figure 3.3, Figure 3.4 

and Figure 3.5). There are a few distinct differences, however, in the response of 

biochar-C mineralisation to incubation temperature which depended on the biochar 

and soil treatments. The extent of increase of biochar-C mineralisation with 

increasing temperature was more variable for the 450° C biochar than for the 550° C 

biochar across different soils (Figures 3.4 and 3.5). The relatively smaller increase 

than in the other soils may have resulted from the intensification of the stabilisation 

effect of variable charged minerals in the Oxisol under accelerated C mineralisation 

conditions at 40° C (Figures 3.4 and 3.5). On the other hand, the greater increase in 

the 450° C biochar-C mineralisation in the other soils with increasing incubation 

temperature (Figures 3.4 and 3.5) could be because there was little protection from 

the small amount of clay in the sandy soil (Inceptisol) or limited ligand exchange 

reactions between biochar and permanent charged clay minerals in the Vertisol and 

Entisol (von Lützow et al., 2006). Other studies have also found increased biochar-C 

mineralisation with increasing incubation temperatures across a range of biochars (or 

chars) incubated in pure sand or on glass beads (Nguyen et al., 2010; Zimmermann et 

al., 2012). Hence, the resultant stabilisation of biochar in the sesquioxides-dominated 

mineral soil may negate the influence of high temperatures on biochar-C 

mineralisation to some extent e.g. such as those observed 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 of biochar-C varied across soils. 

Biochar-clay interactions appears to have contributed more to the stabilisation of 

biochar-C in the variable charge soil (Oxisol) than the soils dominated by permanent 

charged minerals (Vertisol and Entisol) or sand (Inceptisol). Furthermore, biochar-

mineral interactions may be particularly important for the stabilisation of low 

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

incubation temperatures (40 °C). Our results also suggest that wood biochar produced 

at high temperature (550 °C) is more stable than low temperature (450 °C) biochar 

across all soils and incubation temperatures. From the biochar-C mineralisation 

results of our study and those reported in the literature, we conclude that both 

biochar-mineral interactions and the intrinsic chemical recalcitrance of biochar are 

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

The estimated MRT of biochars from our 12 months incubation study varied 

between 44 and 610 years across soil, biochar and temperature treatments. This 

incubation experiment was conducted under controlled laboratory conditions, the 

biochar-C stability (mean residence time) and the estimates 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 experimental soils, soil samples were 

dispersed in dilute NaOH and the clay fraction (< 2 µm) was separated by dispersion 

sedimentation procedure. Dispersed clays were deposited on to ceramic tiles and the 

oriented clays were analysed by X-ray diffraction (XRD) following standard 

pretreatments (Brown & Brindley, 1980). Random powder XRD patterns were also 

obtained by filling the cavity of Al-holder with powdered clay fractions of the soils. 

X-ray diffraction patterns were obtained using a GBC MMA diffractometer (CoKα 

radiation at 35 kV and 28.5 mA, step size 0.02°θ and scan speed 1.0° θ per minute). 

The minerals in the clay fraction were estimated by comparing integrated peak areas 

of the minerals with the known mixtures of standard minerals.  

For specific surface area and pore volume analyses of biochars, CO2 adsorption 

isotherms were collected at 273K. The samples were degassed under vacuum for 12 

hours at 573K before obtaining the isotherms. The analysis was done by using a 

Micromeritics ASAP 2020 surface area and porosity analyser. 
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Table 3.S1. Total organic C of initial biochar-soil treatments. B450−SOC and 
B550−SOC represent SOC contents for the 450 and 550 °C biochar-amended soils. 

Property Inceptisol Entisol Oxisol Vertisol 

WRB order  Arenosols Calcisol Ferralsol Vertisol 

B450 − SOC (%) 2.15 (±0.11) 3.90 (±0.21) 5.77 (±0.01) 3.63 (±0.02) 

B550 − SOC (%) 2.33 (±0.13) 4.12 (±0.23) 5.84 (±0.03) 3.71 (±0.04) 

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

Soil Biochar 
Temperature 

LSD 
20 °C 40 °C 

Total C mineralised / mg CO2-C g-1 TOC 

Inceptisol B0 3.84 5.09 0.10 

B450 3.45 4.59 

B550 3.34 4.40 

Entisol B0 3.68 4.78 

B450 3.36 4.42 

B550 3.12 4.24 

Oxisol B0 3.00 4.58 

B450 2.86 4.28 

B550 2.66 4.26 

Vertisol B0 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 CO2-C g-1 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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Figure 3.S1. δ13C signatures (‰) of CO2-C evolved from control (B0), 450 °C (B450) and 550 °C (B550) biochar amended soil incubated at 20 
°C (open symbols) and 40 °C (closed symbols)  for 12 months. Square, triangle and circle symbols represent B0, B450 and B550 treatments, 
respectively. Error bars represent ± standard errors of the mean (n=4). 
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Chapter 4: Biochar carbon stability and priming effects 

in four contrasting biochar-amended soils: long-term 

incubations at different temperatures2 

Abstract 

The aim of this work was to monitor the priming effect of biochar on native soil 

organic carbon (SOC) and to determine biochar-C stability over a two-year period in 

different soils. Two biochars, produced from δ13C-depleted Eucalyptus saligna 

woody biomass (-36.4 ‰) by slow pyrolysis at 450 and 550 °C, were added to four 

soils (Inceptisol, Entisol, Oxisol and Vertisol) and the soil-biochar mixtures were 

incubated at 20, 40 and 60 °C.  

The direction and magnitude of priming effect of biochar on SOC varied with 

soil, biochar, incubation temperature and time, ranging from -32.6 mg CO2-C g-1 

SOC in the 550 °C biochar amended Vertisol incubated at 60 °C to 48.3 mg CO2-C g-

1 SOC in the 450 °C biochar amended Inceptisol incubated at 40 °C. At 20 and 40 °C, 

both biochars caused positive priming of native SOC in the Inceptisol; in the other 

soils, biochars had either negative priming or negligible positive priming on native 

SOC. The 550 °C biochar caused a smaller positive (Inceptisol) or a greater negative 

(Entisol, Oxisol and Vertisol) priming of native SOC than the 450 °C biochar. The 

priming effect of biochar on native SOC changed with time; generally positive or no 

priming occurred during the first month, which remained positive in the Inceptisol, 

and shifted to negative priming with time in the Entisol, Oxisol and Vertisol. At 

60 °C, positive priming was observed in the first ~6 months that changed to no 

priming afterwards in the Inceptisol; whereas negligible positive or negative priming 

occurred in the other soils in the first ~6 months that changed to positive priming in 

the Entisol and Oxisol, and to negative priming in the Vertisol, at the end of 

incubation.  

                                                           
2
 This chapter has been submitted to Soil Biology and Biochemistry under the title “Biochar carbon 

stability and priming effects in four contrasting biochar-amended soils: long-term incubations at 
different temperatures” in August 2013. Authors are Yunying Fang, Balwant Singh and Bhupinder Pal 
Singh. 
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The proportion of added biochar-C mineralised in soils over the two-year 

period was significantly (p < 0.001) higher for the 450 °C biochar (0.80−10.58%) 

than the 550 °C biochar (0.43−3.28%). The proportion of the 450 °C biochar-C 

mineralised was significantly (p < 0.05) smaller in the Oxisol and Inceptisol than in 

the Entisol and Vertisol across the three temperatures. In comparison, the 

mineralisation of 550 °C biochar-C was less affected by soil type. At 20 °C, the mean 

residence time (MRT) of 450 °C and 550 °C biochars in the four soils ranged from 

341−454 and 732−1061 years, respectively, which is longer than the corresponding 

values estimated from the 1-year mineralisation data (Fang et al., 2014). At 40 and 

60 °C, the MRT of both 450 °C and 550 °C biochars decreased substantially, with 

values ranging from 25−134 and 93−451 years, respectively. This study shows that 

wood biochar produced by slow pyrolysis at 550 °C can store C in soil over a century 

or more even at elevated temperatures. Furthermore, biochar can enhance the 

stabilisation of native SOC, particularly in the presence of clay and slightly increase 

the loss of native SOC in sandy soil.  

 

4.1. Introduction 

As the increase of atmospheric CO2 concentration contributes greatly to global 

warming, there is a pressing need to capture and sequester CO2 into long-lived plant 

biomass and soil organic matter pools (Lackner, 2003). Biochar is a solid elemental 

carbonaceous material obtained from the thermochemical conversion of biomass in 

an oxygen-limited environment (IBI, 2012). Biochar is a much more durable form of 

C than parent plant biomass or most forms of C in soil organic matter (Knicker et al., 

2013; Lehmann et al., 2009; Santos et al., 2012; Zavalloni et al., 2011). Hence, the 

application of biochar to soil is being proposed for increasing the stable C pool and 

restraining the growth of atmospheric CO2 concentration (Woolf et al., 2010; 

Lehmann, 2007). In addition to the C sequestration benefits (Lehmann et al., 2006), 

biochar application to soil has potential to generate other positive benefits, such as 

improving soil quality and agronomic yield (Glaser et al., 2002; Lehmann and 

Rondon, 2006; Liang et al., 2006; Van Zwieten et al., 2010) and reducing soil 

greenhouse gas emissions (Singh et al., 2010).  
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The addition of biochar may influence the mineralisation of organic C in soil, 

so called as the priming effects. If biochar increases the mineralisation of soil organic 

C (SOC), i.e. positive priming effect, the C sequestration benefit from biochar 

application to soil can be negated and conversely with the negative priming effect the 

C sequestration effect is increased. Wardle et al. (2008) reported the positive priming 

effect of wildfire charcoal on the turnover of humus litter C in boreal forests. 

Similarly, Luo et al. (2011) reported biochar-induced loss of organic C in a mineral 

soil. Besides the observations of positive priming effect of biochar on SOC 

mineralisation, negligible or no significant impact of biochar on CO2 emission from 

soil, have also been reported (Abiven and Andreoli, 2011; Novak et al., 2010; Spokas 

and Reicosky, 2009; Zavalloni et al., 2011; Zimmerman et al., 2011). However, these 

studies have measured the total C emission from soil after biochar addition, the 

increased CO2 emission may result from the biotic breakdown of labile organic C in 

soil or biochar (Cross and Sohi 2011), or the abiotic release of carbonate C in biochar 

(Jones et al., 2011). Consequently, the increased CO2 emission from biochar-

amended soil cannot be solely attributed to the positive priming effect of biochar on 

native SOC mineralisation. Cross and Sohi (2011) showed that the increasd CO2 

emission from soil was due to rapid mineralisation of labile components of biochar, 

and not due to the increased mineralisation of native SOC in the presence of biochar.  

Some studies have used C isotope labelling approaches to quantify the mineralisation 

of biochar-C and native SOC in biochar amended soils (Farrell et al., 2013; Keith et 

al., 2011; Kuzyakov et al., 2009). Biochar addition to soil was observed to increase 

the mineralisation of added labile organic matter C (LOM-C) or native SOC (Awad 

et al., 2012; Farrell et al., 2013; Hamer et al., 2004; Luo et al., 2011), possibly due to 

enhanced microbial biomass and enzyme production. In contrast to these findings, 

other researchers have found no influence of biochar on native SOC mineralisation 

(Jones et al., 2012; Santos et al., 2012). Keith et al. (2011) reported positive priming 

of native SOC by biochar; however, biochar presence reduced LOM-C 

mineralisation (negative priming) and the magnitude of negative priming increased 

with increasing LOM addition rate in a Vertisol. The variable direction and 

magnitude of the priming effect of biochar reported in the literature may be related to 

variations in soil properties, including clay mineralogy, clay and native SOC contents 

and pH. Moreover, the direction and magnitude of priming effect of biochar on 

native SOC may change with incubation period. For example, a positive priming 
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effect of biochar on SOC was observed in the first 2−3 months (Farrell et al., 2013; 

Hamer et al., 2004; Luo et al., 2011), which decreased to negative priming with time 

(Santos et al., 2012). Besides the possible influence of soil properties and incubation 

time, the direction and magnitude of biochar’s priming effects may change at high 

incubation temperatures, considering that the mineralisation of SOC and biochar 

generally increases with increasing temperature (Fang et al., 2014; Kirschbaum, 1995; 

Nguyen et al., 2010). So far there has been no research on the direct effects of 

incubation temperature on the priming effect of biochar in different soils.  

The C sequestration benefit from biochar is linked to its stability in soil. 

Several studies have shown that biochar-C mineralises at a very slow rate in soils, e.g. 

averaged 0.1−3% applied biochar-C mineralised per year (Fang et al., 2014; 

Knoblauch et al., 2011; Kuzyakov et al., 2009; Liang et al., 2008; Major et al., 2010; 

Singh et al., 2012; Zimmerman, 2010; Zimmermann et al., 2012). The low 

mineralisation rate of biochar is mainly attributed to its relatively high chemical 

recalcitrance (McBeath and Smernik, 2009) and to some extent to its interactions 

with soil clay minerals and environmental conditions (Fang et al., 2014; Luo et al., 

2011). Consequently, it has been demonstrated that the MRT of biochar in soils are in 

the range of centuries to millennia (Knicker et al., 2013; Kuzyakov et al., 2009; 

Major et al., 2010; Santos et al., 2012; Singh et al., 2012; Zimmerman, 2010). 

Incubation period seems an important factor influencing the estimates of biochar 

MRT since it is a function of the turnover rates of and proportion of constituent C 

pools in biochar (Singh et al., 2012; Zimmerman and Gao, 2013). For example, 

shorter MRT (62−248 years) have been reported based on the data of a 4-month 

incubation study (Keith et al., 2011) compared to the 1-year data (218−450 years) 

(Fang et al., 2014) for the same biochars incubated in a Vertisol. This could be due to 

distortion in the modelling data resulting from greater data points for the labile C (i.e. 

faster mineralisation during the earlier stages) compared to relatively recalcitrant C in 

biochar in shorter term studies, which may considerably underestimate the MRT of 

biochar-C. Therefore, long-term C mineralisation data are required to determine the 

realistic stability of biochar in soil. 

Temperature is an important environmental factor influencing the stability of 

biochar-C in soil. Studies of biochar-C stability to date have been conducted in soil at 

or below 40 °C (Fang et al., 2014; Hilscher and Knicker, 2011a; Zimmerman, 2010), 
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or over glass beads at temperatures up to 60 °C (Zimmermann et al., 2012). At high 

incubation temperatures, biochar-C mineralisation is accelerated through relatively 

stronger abiotic processes than biotic processes (Zimmermann et al., 2012) and 

consequently the longevity of biochar is expected to be relatively short (Fang et al., 

2014; Zimmermann et al., 2012). For example, in tropical savannah, where the 

surface soil temperature is usually above 30 °C and may reach up to 60 °C 

(Zimmermann et al., 2012), the estimated longevity of fire-derived char accumulating 

on soil surface was of decadal timescales (Bird et al., 1999; Zimmermann et al., 

2012). It is possible that increased biochar-soil interactions at high incubation 

temperatures especially in the presence of reactive clay minerals may slow down the 

mineralisation of biochar-C and native SOC. Considering the potential of biochar 

application in tropical and sub-tropical areas for improving soil fertility and 

increasing soil C sequestration (Glaser et al., 2001; Lehmann and Rondon, 2006; 

Major et al., 2010), evaluation of biochar-C stability in soils of contrasting properties 

at high incubation temperatures is required. 

Here, we present the result of a two-year laboratory study that used woody 

biochars (δ13C -36.4 ‰) produced at 450 and 550 °C and incubated in four soils of 

contrasting properties at 20, 40 and 60 °C. The 13C isotopic differences between 

biochar and native SOC allowed the quantification of biochar-C and native SOC 

mineralisation and consequently biochar-C stability and priming effect were assessed 

in different soils. We hypothesised that (i) the direction and magnitude of priming 

effect of biochar are dependent on soil type, incubation temperature and duration, and 

pyrolysis temperature; and (ii) the estimated MRT of biochar in soil will increase 

with increasing incubation period. 

 

4.2. Materials and methods 

4.2.1. Biochars and soils 

A δ13C-depleted woody biomass from Eucalyptus saligna saplings that had been 

grown under an elevated CO2 environment for 2 years (Barton et al., 2010) was used 

to produce biochars. Biochars were produced by slow pyrolysis at a heating rate of 

5−10 °C/min from 20 to 450 °C or 20 to 550 °C, which was followed by holding at 

450 or 550 °C for 40 min (Daisy Reactor at Pacific Pyrolysis, Australia).  
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Surface (0−15 cm) soils were taken from four agricultural fields in Australia 

(Fang et al., 2014). The experimental soils included a sandy soil − Inceptisol, a sandy 

clay loamy soil − Entisol, and two clayey soils – an Oxisol and a Vertisol. Properties 

of the soils and biochars have been described earlier (Fang et al., 2014); the most 

relevant properties of soils and biochars are shown in Table 4.1. 
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Table 4.1. Some relevant properties of the soils and biochars used in the incubation experiment. 

 

 

Soil type 
pH  

(1:5 H2O) 
Sand (%) Silt (%) Clay (%) 

Organic 
carbon (%) 

Inorganic 
carbon (%) 

δ
13C (‰) Dominant clay minerals 

Inceptisol 5.70 (±0.01) 97.5 (±0.1) 1.2 (±0.1) 1.3 (±0.1) 0.95 (±0.02) − -28.17 (±0.02) Kaolinite, 

Entisol 8.77 (±0.01) 66.3 (±0.1) 12.2 (±0.2) 21.5 (±0.4) 2.53 (±0.09) 6.01 (±0.06) -14.08 (±0.01) Illite, kaolinite 

Oxisol 5.65 (±0.01) 24.3 (±2.0) 31.6 (±1.4) 44.1 (±0.6) 4.39 (±0.02) − -21.35 (±0.01) 
Goethite, gibbsite, kaolinite, 

hematite, anatase 

Vertisol 7.89 (±0.01) 27.3 (±0.7) 28.5 (±0.8) 44.2 (±0.1) 2.25 (±0.04) − -17.32 (±0.01) Smectite, kaolinite 

450 °C 
biochar 

8.64 (±0.05) − − − 67.40 (±0.20) − -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 standard error of the mean (n=4).  
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4.2.2. Laboratory incubation 

To investigate the priming effects of biochar on native SOC of the four soils, 

equivalent to 300 g oven-dried basis and < 2 mm soil fractions were separately 

mixed with the 450 °C biochar (B450) or the 550 °C biochar (B550) at 20 g kg-1 soil 

(dry weight basis). The incubation experiment is described in detail in Fang et al. 

(2014). Briefly, the soil-biochar mixtures and control soils were supplied with a 

microbial inoculum and a nutrient solution, and then the samples were incubated at 

20±1 °C, 40±1 °C or 60±1 °C. Soil moisture was periodically monitored and 

maintained at 70% of the maximum water holding capacity of each soil. Each 

treatment was replicated four times. The CO2 evolved was trapped in NaOH and the 

traps were periodically replaced between 12 and 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 kg-1 soil) at each sampling time was determined by 

titrating a known volume of the trap solution against 0.1 M HCl, using 

phenolphthalein as the indicator. To determine the δ
13C signature of trapped CO2-C, 

a 10 ml aliquot of the CO2 trap solution was mixed with 10 ml of 1.25 M SrCl2 to 

precipitate SrCO3. The δ13C analysis of precipitates was done by an isotope ratio 

mass spectrometer (IRMS; Delta V, Thermo Finnigan) as described by Keith et al. 

(2011).  The δ13C signatures (‰) of CO2-C evolved from control and biochar 

treatments are shown in Appendix 5. 

The proportion of biochar-derived CO2-C (CBiochar (%)) in the total CO2-C 

evolved was determined using a two-pool 13C isotopic mixing model (Kuzyakov and 

Bol, 2006), as given below: 

CBiochar �%� � �δ<(MNO*
δP(MNO*�
�δQ

(MNO*
δP(MNO*� � 100              (4.1) 

where δT
13CO2 is the δ13C value of the total CO2-C evolved from biochar-soil 

mixtures, δC
13CO2 is the δ13C value for the CO2-C evolved from the same soil but 

without biochar amendment, and δB
13C is the 13C isotopic composition of fresh 

biochar. The proportion of native soil C mineralised was determined by subtracting 

the proportion of CO2-C derived from biochar from 100. The amounts of biochar-C 
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and native SOC mineralised were then calculated and normalised to per gram of 

added biochar-C and initial native SOC, respectively. 

4.2.4. Priming effect 

The priming effect (PE) of native SOC induced by biochar was calculated as follows 

(Kuzyakov and Bol, 2006): 

PE = C B,SOC – C SOC         (4.2) 

Where, C B,SOC is the amount (mg kg-1 soil) of CO2-C evolved from soil in the 

presence of biochar and C SOC is the amount (mg kg-1 soil) of CO2-C evolved from 

soil without biochar (i.e. control soil). The primed native 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 time series of cumulative proportion 

of C mineralised from biochar or native SOC over the 2-year incubation period to 

estimate their MRT.   

CABC �t� � C' � �1 � e
�(�� � C+ � �1 � e
�*��    (4.3) 

Where  CABC �t�  is the cumulative amount of C mineralised (%); and t is the 

incubation time (days). The parameters, C' and C+, represent the proportion (%) of 

the labile and recalcitrant C pools in biochar-C or native SOC, respectively; k' and 

k+ are the mineralisation rate constants for the labile and recalcitrant pools, 

respectively. It was assumed that C' � C+ � 100% for the added biochar-C or native 

SOC mineralised. The parameters, C' , C+ , k'  and k+ , were estimated using a 

nonlinear least-squares curve fitting in SigmaPlot 12.0 by minimising the sum of the 

squared errors between the modelled and measured values of cumulative C 

mineralised over the two-year period. The parameters were estimated separately for 

each replication, and standard errors were calculated from the derived values of four 

replicates. The MRT is the inverse of the mineralisation rate constant (1 k'⁄  or 1 k+⁄ ).  

4.2.6. Statistical analysis 

 For the cumulative amount of total C and biochar-C mineralised, a three-way (soil, 

biochar and temperature) analysis of variance was performed using Genstat® 14th 

edition (VSN International, 2011) of the log-transformed response (to remove 
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variance heterogeneity between temperatures) with random effects of replicates. For 

the priming effect, a three-way (soil, biochar and temperature) analysis of variance 

was performed. Where the F-statistic was significant, the means were compared 

using the LSD test at the 5% significance level unless stated otherwise.  

 

4.3. Results 

4.3.1. Mineralisation of total soil carbon 

Over the 2-year incubation period, the cumulative amount of total C mineralised (i.e. 

biochar + native SOC), expressed as mg CO2-C released per unit of total organic C 

(TOC), ranged between 10.3 and 365 mg CO2-C g-1 TOC (Figure 4.1 and Figure 

4.S1). The total C mineralised followed the sequence: Vertisol ≤ Oxisol ≤ Entisol ≤ 

Inceptisol for both biochar-amended and non-amended soils at 20, 40 °C and non-

amended soils at 60 °C. For biochar-amended soils at 60 °C the total C was 

mineralised in the sequence: Vertisol < Inceptisol < Entisol ≈ Oxisol. The total C 

mineralised from soils amended with the two biochars was significantly smaller than 

the non-amended treatments; the only exception was the Vertisol at 20 °C where the 

total C mineralised was significantly greater for the 450 °C biochar-amended soil 

than the non-amended soil. Overall, the cumulative amount of total C mineralised 

from the biochar treatments followed the trend: control ≤ 450 °C biochar ≤ 550 °C 

biochar in each soil. The total C mineralised was significantly (p < 0.001) highest at 

60 °C, followed by 40 °C, and the lowest at 20 °C. When the total C mineralised was 

expressed in different unit, i.e. mg  CO2-C kg-1 soil (Figure 4.S5), the sequence of 

total C mineralised from the biochar-amended and non-amended soils changed to the 

following order: Vertisol < Inceptisol < Oxisol ≤ Entisol at 20 °C; and Inceptisol < 

Vertisol < Entisol < Oxisol at 40 and 60 °C.  

All main and interactive effects of time, biochar and soil on the total C 

mineralisation rate at each incubation temperature were significant (p < 0.001) over 

the two years incubation period (see Supporting Information 4.7; Table 4.S1). Total 

C mineralisation rates were fast initially across all treatments, which then decreased 

to slow rates in an exponential manner over 12 months (Fang et al. 2014); the rates 

continuously remained slow at 20 and 40 °C, or continued to decrease to slower rates 
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at 60 °C, between 12 and 24 months after incubation. Overall, total C mineralisation 

rates ranged from 0.006−0.05, 0.04−0.25 and 0.05−0.33 mg CO2-C g-1 TOC d-1 at 20, 

40 and 60 °C, respectively, in the 12 to 24 months period (Figure 4.S2). Generally, 

total C mineralisation rates were slower for the biochar-amended soils than the 

corresponding non-amended soils at 20 °C,  40 °C and 60 °C. During the 12 to 24 

month incubation period, total C mineralisation rates were not significantly different 

between soils and biochar treatments at each incubation temperature. 
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Figure 4.1. Cumulative amounts of total carbon (C) mineralised (mg CO2-C g-1 TOC) from control (without biochar), 450 and 550 °C biochar-
amended soils at 20 °C (white columns), 40 °C (grey columns) and 60 °C (black columns) over the 2-year of incubation period. Error bars 
represent standard error of the means (n = 4). Small letters compare significant differences among soils for each of the biochar or control 
treatments at each incubation temperature. Capital letters compare significant differences among control, 450 and 550 °C biochar treatments for 
each of the soil types at each incubation temperature. 
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4.3.2. Priming effect of biochar on native SOC  

The cumulative priming effect of biochars on native SOC mineralisation (mg CO2-C 

g-1 SOC) after 2 years of incubation was significantly (p =0.004) influenced by the 

main effects of soil, and the interactive effects of soil, temperature and biochar 

(Table 4.2). The two biochars resulted in a significantly (p = 0.004) different priming 

effect on native SOC mineralisation at 20 and 40 °C, with generally a lower priming 

effect for the 550 °C biochar than the 450 °C biochar. However, there was no clear 

pattern in the priming effect for the two biochars at 60 °C.  

At 20 and 40 °C, both biochars produced a positive priming effect on native 

SOC mineralisation over the whole incubation period in the Inceptisol. Whereas, in 

the Entisol, Oxisol and Vertisol, both biochars had a negligible priming effect in the 

initial few months and then negative priming effect from the 550 °C biochar, with the 

exception of the Vertisol at 20 °C (Figure 4.2). Overall, the priming effect was less 

positive (in the Inceptisol) or more negative (in the Entisol, Oxisol and Vertisol) from 

the 550 °C biochar than the 450 °C biochar at 20 and 40 °C. In the Inceptisol, the 

positive priming effect from both biochars levelled off at 6 months after incubation 

with a maximum value of about 20 and 40 mg CO2-C g-1 SOC at 20 °C and 40 °C, 

respectively. In the Entisol, the 450 °C biochar had a small priming effect with values 

ranging from -1.83 to 1.07 mg CO2-C g-1 SOC at 20 °C and -4.75 to 3.75 mg CO2-C 

g-1 SOC at 40 °C. The 550 °C biochar produced negligible negative priming in the 

first 6 weeks and then the negative priming increased (-7.22 to -18.45 mg CO2-C g-1 

SOC) over the remaining incubation period at 20 and 40 °C. In the Oxisol at 20 °C, 

there was a small positive or negative priming from the 450 °C biochar, and a 

significant negative priming from the 550 °C biochar; whereas at 40 °C, the negative 

priming became greater (-5.46 to -10.89 mg CO2-C g-1 SOC) with time from both 

450 and 550 °C biochars over the two-year incubation period. In the Vertisol at 20°C, 

both biochars showed a negligible negative or positive priming effect, ranging from -

0.67 to 5.61 mg CO2-C g-1 SOC. At 40 °C, initially there was negligible priming 

from both biochars, which became strongly negative and reached to a maximum 

value at 12 months (-12.45 to -35.50 mg CO2-C g-1 SOC). Afterwards, the negative 

priming from the 450 °C biochar was reversed to a slightly positive priming and the 

negative from the 550 °C biochar continued but with a decreased intensity towards 

the end of incubation period. 
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The priming effect of biochars on native SOC mineralisation showed a 

different behaviour over time at 60 °C, compared to 20 and 40 °C (Figure 4.2). In the 

Inceptisol, the initial positive priming effect was greater for the 550 °C biochar than 

the 450 °C biochar, which reached to a maximum value on day 80, and then 

decreased to negligible negative or positive priming for the remaining incubation 

period. In the Entisol and the Oxisol, small negative priming occurred in the first 6 to 

12 months, which was reversed to positive priming with time for both biochars. In 

the Vertisol, after almost no priming effect during the first 3 months, both biochars 

produced negative priming at 5 months, which was continued and then plateaued 

after 12 months. The negative priming effect was greater from the 450 °C biochar 

than 550 °C biochar at 60 °C in the Vertisol (Figure 4.2). The cumulative priming 

effect of biochars on native SOC mineralisation expressed as per kg soil was shown 

in Figure 4.S6. 

 

Table 4.2. Statistical significance of the effects of soil, biochar and temperature 
treatments and their interactions on and total C, biochar-C mineralised, proportion of 
biochar-C mineralised and priming effect over the 2-year incubation period.  

Treatment 
effect 

Total C 
mineralised 

Biochar-C  

mineralised 

Proportion of 
biochar-C 

mineralised 

Priming of biochar 
on native SOC 

Soil (S) ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

Biochar (B) ∗∗∗ ∗∗∗ ∗∗∗ ns 

Temperature ∗∗∗ ∗∗∗ ∗∗∗ ns 

S × B ∗∗∗ ∗∗∗ ∗∗∗ ns 

S × T ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

B × T ∗∗∗ ∗ ns ∗ 

S × B × T ∗∗∗ 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 CO2-C g-1 native SOC) 
in soils induced by the addition of 450 °C biochar (triangle) and 550 °C biochar 
(circle) at 20 °C (empty symbols), 40 °C (grey symbols) and 60 °C (dark symbols)  
over the 2-year of incubation period. Error bars represent standard error of the means 
(n = 4).  
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4.3.3. Biochar-C mineralisation 

The proportion of added biochar-C mineralised at two years was significantly (p = 

0.003) influenced by the main effects of soil and temperature and the interactive 

effects of soil, biochar and temperature treatments (Table 4.2). The proportions of 

biochar-C mineralised over the two-year incubation period varied from 0.43 to 

10.58% across all treatments. The mineralisation of biochar-C increased with 

increasing incubation temperatures across the four soils and for both biochars 

(Figure 4.3). The proportion of biochar-C mineralised from the 450 °C biochar was 

significantly (p < 0.001) greater than from the 550 °C biochar. At 20 °C, the 

proportion of biochar-C mineralised in the 450 °C biochar-amended Entisol remained 

significantly greater (1.50%) than the other soils (0.80−1.09%), and the smallest 

proportion of biochar-C was mineralised from the Inceptisol after the two-year of 

incubation. At 40 °C, the proportion of biochar-C mineralised in the 450 °C biochar 

was significantly greater in the Vertisol (5.19%) than in the Entisol (4.20%); and a 

significantly smaller proportion of 450 °C biochar-C was mineralised in the Oxisol 

(2.94%) and Inceptisol (3.03%). At 60 °C, the proportion of 450 °C biochar-C 

mineralised was the greatest in the Vertisol (10.58%), followed by the Entisol 

(8.18%), and much smaller mineralisation occurred in the Inceptisol (5.84%) or 

Oxisol (5.38%). The proportion of 550 °C biochar-C mineralised (0.43 to 0.52%) was 

similar across the four soils at 20 °C. However, the proportion of biochar-C 

mineralised from the 550 °C biochar at 40 and 60 °C was greatest in the Vertisol 

compared to the other soils, with 2.63 and 3.28% mineralised, respectively, cf. 

1.40−1.54% at 40 °C and 2.31−3.18% at 60 °C (Figure 4.3). 

When expressed on per unit basis of the initial native SOC, the biochar-C 

mineralised from both biochars after the 2-year of incubation period at 40 and 60 °C 

followed the sequence: Oxisol < Entisol < Vertisol < Inceptisol (Figure 4.3). At 

20 °C, the mineralisation sequence was Oxisol <  Vertisol ≤ Entisol < Inceptisol, 

which is similar to the sequence observed from the first year of incubation data (Fang 

et al., 2014).  

A time series of the cumulative fraction of added biochar-C mineralised and 

the biochar-C mineralisation rates are shown in the Supporting Information (Figure 

S3 and Figure 4.S4). The cumulative fraction of added biochar-C mineralised was 

greater for the 450 °C biochar than the 550 °C biochar throughout the incubation 
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(Figure S3). All main and interactive effects of time, biochar and soil on the biochar-

C mineralisation rate at each incubation temperature were significant (p < 0.001) 

over the two years incubation period (Table 4.S1). The mineralisation rate of 

biochar-C at 20 and 40 °C in the first year have been discussed in Fang et al. (2014). 

In the second year, biochar-C mineralisation rates for the 450 °C biochar were mostly 

higher at 60 °C than 40 °C across the soils, but for the 550 °C biochar there was no 

significant difference between 40 and 60 °C at most stages of incubation across all 

soils. Biochar-C mineralisation rates for both biochars were the lowest at 20 °C 

across the four soils (Figure S4).  
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Figure 4.3. The proportions (%) and cumulative amounts of biochar carbon (C) 
mineralised (mg CO2-C g-1 biochar-C) from soils amended with 450 °C and 550 °C 
biochars at 20 °C (white columns), 40 °C (grey columns) and 60 °C (dark columns) 
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over the 2-year of incubation period. Error bars represent standard error of the means 
(n = 4). Small letters compare significant differences among soils for each of the 
biochar at each of the incubation temperature. Capital letters compare significant 
differences between the two biochars at each temperature and within each soil.  
 

4.3.4. Mean residence time of biochar-C and SOC  

The MRT of labile and recalcitrant C of biochar and native SOC was estimated using 

a two-pool exponential model and the results are presented in Table 4.3 and Table 

4.4. The MRT of recalcitrant C in the biochars varied between 341 and 1061 years at 

20 °C, 41 and 451 years at 40 °C and 25 and 127 years at 60 °C across the soil and 

biochar treatments (Table 4.3). The model-derived labile biochar-C ranged between 

0.14 and 3.27% of the total biochar-C across all treatments. The MRT of labile 

biochar-C ranged between 2 and 147 days and did not show any systematic trend 

across the treatments (Table 4.3).  

The MRT of the recalcitrant fraction in the native SOC was shorter than that 

of the biochar-C and it decreased with increasing incubation temperature (cf. 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 by Oxisol (94 years), Entisol (71 years) 

and Inceptisol (54 years). At 40 and 60 °C, the MRT of recalcitrant C in native SOC 

varied between 12−16 years, and 7−21 years, respectively (Table 4.4). Model 

predicted labile SOC constituted between 0.92 and 33.2% of the total SOC across all 

treatments and it increased with increasing incubation temperature. The MRT of the 

model estimated labile SOC varied from 16 to 298 days across all treatments (Table 

4.4). 
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Table 4.3. Mean residence time (MRT) of labile and recalcitrant pools of biochar carbon, and the proportion of model-derived labile biochar-C 
in the four soils. The parameters were estimated using a two-pool exponential model fitted to the biochar-C mineralisation data over the 2-year 
incubation period. B450 and B550 represent the biochars produced at 450 and 550 °C, respectively. 

 
Soil 

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

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

B450 

Inceptisol 24 (±4) 45 (±6) 114 (±15)  454 (±33) 134 (±18) 77 (±10)  0.39 (±0.04) 1.45 (±0.19) 3.27 (±0.32) 

Entisol 147 (±21) 24 (±3) 38 (±15)  372 (±39) 60 (±3) 28 (±3)  0.96 (±0.10) 0.85 (±0.05) 1.15 (±0.28) 

Oxisol 35 (±4) 6 (±1) 2 (±1)  341 (±10) 84 (±1) 45 (±4)  0.53 (±0.04) 0.39 (±0.05) 0.45 (±0.15) 

Vertisol 43 (±20) 8 (±1) 104 (±8)  345 (±47) 41 (±1) 25 (±2)  0.46 (±0.08) 0.33 (±0.02) 3.03 (±0.07) 

 
    

 
   

 
   

             

B550 

Inceptisol 82 (±20) 52 (±5) 31 (±9)  992 (±220) 451 (±71) 127 (±23)  0.31 (±0.04) 0.92 (±0.07) 0.66 (±0.19) 

Entisol 78 (±4) 58 (±24) 61 (±23)  1061 (±166) 246 (±21) 102 (±25)  0.26 (±0.03) 0.54 (±0.09) 0.78 (±0.23) 

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) 

R2 > 0.95; the numbers in parentheses are the standard error of the mean (n=4). 
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Table 4.4. Mean residence time (MRT) of labile and recalcitrant C pools of native SOC, and the proportion of model-derived labile native SOC 
in the four soils. The parameters were estimated using a two-pool exponential model fitted to the SOC mineralisation data over the 2-year 
incubation period.  

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

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

Inceptisol 78 (±15) 77 (±24) 213 (±14)  57 (±6) 17 (±2) 20 (±3)  3.01 (±0.26) 11.49(±2.56) 33.23 (−) 

Entisol 99 (±8) 41 (±6) 100 (±11)  73 (±6) 12 (±1) 9 (±1)  2.67 (±0.07) 3.96 (±0.43) 13.35 (±0.82) 

Oxisol 23 (±2) 36 (±2) 108 (±21)  94 (±1) 16 (±1) 7 (±1)  0.92 (±0.03) 3.93 (±0.11) 8.78 (±1.31) 

Vertisol 16 (±1) 298 (±117) 179 (±34)  241 (±9) 18 (±4) 12 (±1)  0.34 (±0.04) 5.88 (±1.98) 9.68 (±1.57) 

R2 > 0.99; the numbers in parentheses are the standard error 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 induced priming of native SOC. The 

direction and magnitude of priming of native SOC was different for the four soils, 

with generally positive priming in the sandy soil (Inceptisol), and negative or 

negligible positive priming in the other soils. The observation of positive priming of 

native SOC in the Inceptisol is consistent with earlier studies where a significant 

increase of organic C mineralisation has been reported after the addition of biochar in 

sand or sandy soils (Awad et al., 2012; Farrell et al., 2013; Hamer et al., 2004). The 

positive priming of native SOC in the Inceptisol could be attributed to the addition of 

small amount of labile C in the biochar which increased soil microbial activities 

(Farrell et al., 2013), the so called co-metabolic effect (Hamer et al., 2004). Moreover, 

the stabilisation of SOC and biochar-C through organo-mineral associations (Fang et 

al., 2014; von Lützow et al., 2006) in the Inceptisol was expected to be minimal due 

to its low clay content (1.3%). The positive priming from biochar in the Inceptisol 

may also be related to relatively greater lability of native organic C for 

microorganisms, as suggested by the shorter MRT (57 years) for the recalcitrant C 

fraction in this soil relative to the other soils (73−241 years) at 20 °C.   

In soils containing adequate clay content (> 20%), stabilisation or a decrease 

of native SOC mineralisation in the presence of biochar may occur through biochar 

induced organo-mineral interactions; this paradigm seems to be supported in our 

study by observations of negative priming from biochar in a sandy clay loam (Entisol) 

or clayey soils i.e. Oxisol and Vertisol (Figure 4.2). Complexation of organic matter 

with dissolved minerals and on variable charged surfaces, e.g. Fe and Al oxides, and 

edges of kaolinite and 2:1 clay minerals via ligand exchange reactions can result in 

the formation of strong organo-mineral associations (Gu et al., 1994; von Lützow et 

al., 2006). Cation bridging by Ca2+ between permanent charged minerals (e.g. 

smectite and illite) and organic functional groups in the Vertisol and Entisol can be 

an important mechanism for SOC stabilisation in these soils (von Lützow et al., 

2006). Previous studies have suggested that “aged” biochar may facilitate 

interactions between native SOC and clay and/or dissolved minerals in soils through 

the mechanisms of complexation reactions, ligand exchange or cation bridging, thus 
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stabilising native SOC (Brodowski et al., 2006; Cheng et al., 2008; Hilscher et al., 

2009; Joseph et al., 2010). The interaction of biochar with native organic matter and 

clay minerals during ageing may also enhance soil aggregation, possibly mediated by 

enhanced biological activity (Brodowski et al., 2006; Herath et al., 2013; Liang et al., 

2010). However, it is not yet clear to what extent biochar could increase soil 

aggregation over the duration of this study (2 years). 

In our study, the results of greater positive priming from the 450 °C biochar 

than the 550 °C biochar, especially at 20 and 40 °C (Figure 4.2), are consistent with 

the results of earlier studies, attributing this phenomenon to the greater co-metabolic 

effect of lower-temperature biochars (Luo et al., 2011; Zimmerman et al., 2011). We 

observed more labile C in the 450 °C biochar amended soils than the 550 °C biochar 

amended soils in our MRT modelling results (Table 4.3). The above results could 

also partly be due to the greater specific surface area (228 and 191 m2 g-1, 

respectively) and pore volume (67.5 and 57.2% of the total, respectively) of the 

550 °C biochar than the 450 °C biochar, which could have caused greater physical 

and chemical interactions with native SOC and soil minerals in the higher-

temperature biochar treatment than the lower-temperature biochar treatment (Kasozi 

et al., 2010). 

As the dynamics of priming effect of biochar on native SOC was followed 

over time in this study, this provided useful information for interpreting the 

differences across treatments along an ageing continuum. The priming effect of 

biochar continued throughout the incubation period, albeit the direction and 

magnitude changed over time, which may be the result of several interacting factors, 

such as changes in microbial activity and composition, and the extent of biochar-

induced mineral protection and sorption of organic matter on biochar. Initially, the 

positive priming effect occurred across the soils, biochar and temperature treatments. 

Some researchers have suggested that this additional CO2 emission is an “apparent 

positive priming” effect within the first few days after the organic C application, 

which is linked to the accelerated turnover of native microbial biomass C rather than 

from the accelerated mineralisation of native SOC (Blagodatskaya and Kuzyakov, 

2008; De Nobili et al., 2001; Perelo and Munch, 2005; Wu et al., 1993). As 

mentioned above, the small proportion of labile C in biochar can accelerate the 

activity of soil microorganisms that respond specifically to this substrate (Lehmann 
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et al., 2011). The accelerated activity of microorganisms can then enhance the 

mineralisation of native SOC (“real positive priming”), as a result of co-metabolism 

and higher enzyme production (Blagodatskaya and Kuzyakov, 2008). Furthermore, 

with time, the real positive priming may predominate relative to the apparent positive 

priming, which is generally induced immediately following the addition of labile 

organic matter (Kuzyakov, 2010).  

The negative priming occurred over time in the soils containing significant 

clay minerals but levelled off after 6−18 months, or the negative priming switched to 

positive priming in some cases, e.g. Entisol and Vertisol at 40 °C after 18 months. 

These results indicate that the factors contributing to the priming effect may change 

during prolonged incubation. For example, the sorption capacity of biochar may 

decrease with ageing (Martin et al., 2012), which could occur due to the blocking of 

the biochar external surface during the adsorption process (Pignatello et al., 2006). 

The reversal of negative priming to either no priming or positive priming may also 

occur due to the shift in microbial community structure degrading relatively 

recalcitrant C in the soil (Anderson et al., 2011) following the depletion of relatively 

labile C components in soil and biochar. Gram positive bacteria, known users of 

recalcitrant C (Bird et al., 2011; Santos et al., 2012) may increase in community size 

relative to other microbial groups. Furthermore, fungi, the major decomposers of 

aromatic compounds (Kabuyah et al., 2012), were observed to increase in size in the 

presence of aged biochar (Zimmermann et al., 2012). Microbial enzyme activities 

may also shift to degrade relatively recalcitrant C forms, for example, Zimmermann 

et al. (2012) found ‘aromatic transformation’ enzymes in the presence of 1-year aged 

biochar. Such shifts in microbial communities and their enzymes to relatively 

recalcitrant C forms may have contributed to the change in direction of priming of 

native SOC from biochar after the 24 months of incubation. Further research is 

warranted to test the hypothesis about shifts in microbial communities and their 

enzymes to alter the priming effects of biochar. 

Microbial activity may increase with increasing incubation temperature from 

20 and 40 °C which can lead to the increased organic C mineralisation. However, the 

incubation temperature did not significantly influence the biochar priming effect. 

This could partly be due to stabilisation of native SOC by sorption on to biochar 

(Pignatello et al., 2006) and/or to a possible increase in biochar induced organo-
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mineral interactions with increasing incubation temperature. At 60 °C, the additional 

cumulative release of CO2-C after a 2-year period in the Inceptisol, Entisol and 

Oxisol may be attributed to the abiotic effect, such as the increased solubility and 

degradation of humic substances at high temperature, instead of “positive priming”. 

By comparison, the negative priming effect of biochar on native SOC was sustained 

in the Vertisol at 60 °C, possibly because of less solubility or relatively more 

recalcitrant nature of native SOC in the Vertisol compared to the other soils.  

4.4.2. Biochar-C mineralisation in soil 

Consistent with the results of our 1-year incubation study (Fang et al., 2014), the C 

stability of the 450 °C biochar produced varied with soil properties across the three 

incubation temperatures over the 2-year period. Clay mineralogy was hypothesised to 

play an important role in influencing biochar-C stability as biochar functional groups 

interact with mineral fractions (Cusack et al., 2012; Hilscher and Knicker, 2011b; 

Joseph et al., 2010). Biochar-C mineralisation (mg-1 CO2-C g-1 native SOC) was 

significantly higher in the sandy soil (Inceptisol) than in the sandy clay loam soil 

(Entisol) or the clayey soils (Oxisol < Vertisol) at 20 °C, thus highlighting the role of 

clay content and clay mineralogy in stabilising biochar. Biochar-C mineralised (% of 

added C in biochar) across the Inceptisol, Entisol and Vertisol was similar up to 12-

month. However, in this 2-year study, the results clearly showed that a smaller 

proportion of added biochar-C was mineralised in the relatively SOC-poor Inceptisol 

than in the Entisol and Vertisol across all temperatures. These results highlight the 

importance of native SOC content, among other confounding soil properties, in 

altering the mineralisation of biochar-C.  

Similar to the results of 1-year incubation study (Fang et al., 2014), the C 

stability of biochar produced at higher temperature (550 °C) was less affected by soil 

properties. Similarly, Steinbeiss et al. (2009) found no difference in the stability of a 

considerably high temperature (850 °C) biochar in two soils (forest and arable soils).  

The C stability was greater for biochar produced at 550 °C than at 450 °C pyrolysis 

temperature across the three incubation temperatures, which is similar to the 

conclusion drawn from the 1-year data (Fang et al., 2014). Pyrolysis at lower 

temperatures may result in lower aromatic C and higher labile C components in 

biochar (Ameloot et al., 2013; McBeath et al., 2011), and therefore the higher 
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biochar-C mineralisation in lower temperature biochars than higher temperature 

biochars (Singh et al., 2012).  

The mineralisation of biochar-C continued to increase from 12 to 24 months 

and it was 23−46%, 23−157% and 30−137% times higher than the corresponding 

values observed in the first 12 months at 20, 40 and 60 °C, respectively, across all 

biochar and soil treatments (Fang et al., 2014). The C mineralised from 12 to 24 

months was higher than, or equal to, that observed in the first 12 months in certain 

biochar-soil treatment combinations at high incubation temperatures (40 or 60 °C), 

for example, the 550 °C biochar-Vertisol-40 °C, 550 °C biochar-Oxisol-60 °C, and 

450 °C biochar-Oxisol-40 and 60 °C. The rapid biochar-C mineralisation of biochar 

in the second year indicates that biochar-C may not necessarily stabilise at high 

incubation temperatures. Consistent with our finding, Zimmermann et al. (2012) also 

reported rapid biochar-C mineralisation in an aged biochar (11-year old) at high 

(30−50 °C) incubation temperatures and there was no significant difference in the 

degradation rate of the 11-year and 1-year aged biochar. Furthermore, the increased 

biochar-C mineralisation with increasing incubation temperatures could be caused by 

the increased abiotic than biotic oxidation of biochar-C (Zimmermann et al., 2012).  

The MRT of the recalcitrant fraction of C in the biochars at 20 °C (341−1061 

years), 40 °C (41−451 years), and 60 °C (25−127 years) across the soils agreed well 

with previous studies employing incubation temperatures ranging from 22 °C to 

60 °C (Bird et al., 1999; Kuzyakov et al., 2009; Singh et al., 2012; Zimmermann et 

al., 2012). The MRT of the biochars increased for the 2-year data compared to the 1-

year data at 20 °C; however similar MRT values were observed for the two data sets 

at 40 °C (cf. Fang et al., 2014). These results indicate that longer incubation periods 

may be needed for obtaining a more realistic estimate of the biochar-C stability, 

particularly at lower temperatures (Singh et al., 2012).        

4.5. Summary and implications for C sequestration in soil 

Mineralisation of native SOC in a sandy soil (Inceptisol) was stimulated by biochar 

addition. On the other hand, in a sandy clayey loam (Entisol) and clayey soils (Oxisol 

and Vertisol), mineralisation of native SOC was generally suppressed in the presence 

of biochar. Our results suggest that over the two years incubation period, the 
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interaction between biochar, native SOC and clay minerals will result in an overall 

increased stabilisation of native SOC in clayey soils. The 550 °C biochar resulted in 

greater stabilisation of native SOC than the 450 °C biochar at 20 and 40 °C. Our 

study has shown that biochar can persist in soil over a few centuries to millennia 

timescales with a mean annual temperature of 20 °C. However, at elevated 

temperatures (40 or 60 °C), which may be experienced in tropical environments at 

certain times and especially in surface soil, only the biochars produced at a higher 

pyrolysis temperature (e.g. 550 °C) may persist for more than 100 years. Whereas, a 

lower temperature biochar (e.g. 450 °C biochar) may degrade in soils over decadal 

scales to just over a century at elevated temperatures with only minimal role of clay 

minerals or other soil properties in enhancing biochar-C stability. Considering the 

above two benefits of the 550 °C biochar application to the mineral soils (i.e. greater 

native SOC stabilisation as well as biochar-C stability), wood biochar produced by 

slow pyrolysis at 550 °C may be more effective for C sequestration 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 TOC and biochar-C mineralisation 

rates using a linear mixed model framework in Genstat® 14th edition (VSN 

International, 2011). Each analysis consisted of fixed effects of soil, biochar, 

temperature, time and all associated interactions, and random effects of replicate and 

replicate by time. Separate repeated measures analysis of soil C mineralisation rate 

was conducted for each temperature. To allow for correlation between repeated 

measures on the same units, a first order autoregressive model was fitted. 

Heterogeneity in the residual variances between time-points was included as it was 

deemed significant using a residual likelihood ratio test.  
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Table 4.S1. Statistical significance of the effects of time, soil and biochar treatments 
and their interactions on and total C and biochar-C mineralisation rate over the 2-
year incubation period. 

Treatment effect 
Total C mineralisation 

rate 
Biochar-C  

mineralisation rate 

Time (T) ∗∗∗ ∗∗∗ 

Soil (S) ∗∗∗ ∗∗∗ 

Biochar (B) ∗∗∗ ∗∗∗ 

T × S ∗∗∗ ∗∗∗ 

T × B ∗∗∗ ∗∗∗ 

S × B ∗∗∗ ∗∗∗ 

T × S × H ∗∗∗ ∗∗∗ 

* p < 0.05; *** p ≤ 0.001; ns, not significant. 
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Figure 4.S1. Cumulative amounts of total carbon (C) mineralised (mg CO2-C g-1 
TOC) from control (without biochar), 450 and 550 °C biochar-amended soils 
incubated at 20, 40 and 60 °C after the two years incubation period. Square, triangle, 
circle symbols represent control, 450 and 550 °C biochar, respectively. Error bars 
represent standard error of the means (n = 4). 
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Figure 4.S2. Total carbon (C) mineralisation rate (mg CO2-C g-1 TOC d-1) from 
control (without biochar), 450 and 550 °C biochar-amended soils incubated at 20, 40 
and 60 °C after the two years incubation period. Square, triangle, circle symbols 
represent control, 450 and 550 °C biochar, respectively. Error bars represent standard 
error of the means (n = 4).  
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Figure 4.S3. Cumulative amount of biochar carbon (C) mineralised (mg CO2-C g-1 
biochar-C) from soils amended with 450 °C biochar (triangle symbol) and 550 °C 
biochar (circle symbol) at 20, 40 and 60 °C over two years incubation period. Error 
bars represent standard error of the means (n = 4). 
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Figure 4.S4. Biochar carbon (C) mineralisation rate (mg CO2-C g-1 biochar-C d-1) 
from soils amended with 450 °C biochar (triangle symbol) and 550 °C biochar (circle 
symbol) at 20 40 and 60 °C over the two years incubation period. Error bars 
srepresent standard error of the means (n=4). Thick bars show least significant 
differences (at 5% level, LSD0.05) 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) mineralised (mg CO2-C kg-1 soil) from control (without biochar), 450 and 550 °C biochar-
amended soils at 20 °C (white columns), 40 °C (grey columns) and 60 °C (black columns) over the 2-year of incubation period. Error bars 
represent standard error of the means (n = 4).  
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Figure 4.S6. Cumulative amounts of primed native SOC (mg CO2-C kg-1 soil) in soils 
induced by the addition of 450 °C biochar (triangle) and 550 °C biochar (circle) at 
20 °C (empty symbols), 40 °C (grey symbols) and 60 °C (dark symbols)  over the 2-
year of incubation 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 not well understood. To acquire this 

information, we incubated two δ13C-depleted (–36 ‰) wood biochars produced at 

450 and 550 °C, under controlled laboratory conditions at 20, 40 and 60 °C in four 

contrasting soils (Inceptisol, Entisol, Oxisol and Vertisol). The respired CO2 and 

associated δ13C were analysed periodically (12−22 times) over two years. The 

temperature sensitivity of biochar-C and native SOC mineralisation was computed as: 

(i) averaged Q10 (Q10a) for the whole (2-year) time series using a temperature-

incorporated mineralisation model to estimate a temperature scaling function for the 

exponential Q10 model; (ii) instantaneous Q10 (Q10i) by using a time series of C 

mineralisation rates for a simple Q10 model; and (iii) cumulative Q10 (Q10c) by using 

cumulative C mineralised for a simple Q10 model. 

The mineralisation rates of biochar-C and native SOC increased with 

increasing temperature and their sensitivities to temperature were significantly (p < 

0.001) affected by soil type. For example, biochar-C Q10a was the greatest (also for 

native SOC) in the Vertisol (2.74−2.77), followed by Inceptisol (2.47−2.66) and 

Entisol (2.39−2.45), and the smallest in the Oxisol (1.93−2.20) for the 20−40 °C 

range. Biochar and native SOC Q10a were the smallest in the Vertisol for the 40−60 

°C range. Biochar-C Q10a was not influenced by biochar type (450 or 550 °C). The 

presence of biochar decreased Q10a of native SOC in the Entisol, Vertisol and 

Inceptisol, but this influence did not occur in the Oxisol, especially at 20−40 °C. The 

temperature sensitivity of biochar-C (Q10a and Q10c) and SOC (Q10a and Q10i) 

decreased with increasing incubation temperatures. The Q10i values of biochar-C and 

SOC increased with time at 20−40 °C. Even though biochar-C was more stable than 

native SOC (based on their mineralisation rate constants), the Q10a, Q10c and Q10i 

                                                           
3 This chapter has been submitted to Agriculture, Ecosystems & Environment under the title 
“Temperature sensitivity of biochar and native carbon mineralisation in biochar-amended soils” in 
June 2013. Authors are Yunying Fang, Bhupinder Pal Singh and Balwant Singh. This paper has been 
revised and resubmitted to Agriculture, Ecosystems & Environment in August 2013. 
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values for biochar-C were either smaller or similar to that of native SOC. In 

conclusion, soil characteristics can alter the temperature sensitivity of biochar-C. 

Furthermore, biochar can decrease the temperature sensitivity of native SOC 

mineralisation and consequently enhance C sequestration in soil under climate 

warming. 

 

5.1. Introduction 

An accelerated decomposition of soil organic carbon (SOC), especially of the stable 

forms of carbon (C), by increasing temperature is of considerable significance to the 

C balance in soils and the global C cycle. The temperature sensitivity of soil C 

mineralisation, referred to as Q10, is defined as the rate of increase in soil CO2 

emission with a 10 °C increase in temperature (Kirschbaum, 1995). Q10 is an 

important parameter to evaluate the feedback intensity between CO2 emission and 

global warming (Luo et al., 2001; Zhou et al., 2009). Q10 may change with changes 

in chemical recalcitrance of organic matter, organo-mineral interactions and 

environmental conditions, and consequently alter the responses of SOC to global 

warming (Conant et al., 2008a; Craine et al., 2010; Davidson and Janssens, 2006; 

Wagai et al., 2013; Zimmermann et al., 2012b). 

Soil organic carbon (SOC) is generally partitioned into labile and relatively 

stable SOC pools based on their turnover rates (Dungait et al., 2012; Krull et al., 

2003; Paustian et al., 1992). Labile SOC pools are chemically less recalcitrant C, 

which turns over in months (Krull et al., 2003). Stable SOC pools are either 

chemically more recalcitrant or stabilised through protection by and within the soil 

mineral matrix, with turnover times in the range of several years to centuries 

(Dungait et al., 2012). It has been reported that the stable SOC pools are more 

sensitive to changes in temperature than the labile SOC pools (Conant et al., 2008b; 

Ghee et al., 2013; Haddix et al., 2011; Knorr et al., 2005). However, there are 

conflicting reports of similar temperature sensitivity of labile and stable SOC pools 

(Fang et al., 2005) or smaller temperature sensitivity of stable SOC pools than labile 

SOC pools (Liski et al., 1999). These contradictions indicate a high degree of 

mechanistic uncertainty. More recently, Wagai et al. (2013) reported that the 

temperature sensitivity of organic C mineralisation increased with increasing 

aromaticity of the light, mineral-free, organic C fractions in soil, thus supporting an 
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enzyme kinetic theory for the relationship of C quality and temperature sensitivity in 

the mineral-free organic fraction (Bosatta and Ågren, 1999; Davidson and Janssens, 

2006). However, Wagai et al. (2013) did not find the temperature sensitivity of 

organic C to be related to the C quality indices of bulk soil or with the C molecular 

structure of bulk organic fraction, possibly due to the protective effect of the soil 

mineral matrix. Similarly, Giardina and Ryan (2000) found that the decomposition of 

whole SOC was not sensitive to temperature changes in mineral soils. The organo-

mineral interactions in mineral soils may decrease the organic C accessibility to 

microbes for decomposition (Mikutta et al., 2006; Torn et al., 1997) and 

consequently confound the relationship between C quality and temperature 

sensitivity of SOC mineralisation (Davidson and Janssens, 2006; Kirschbaum, 2006). 

Furthermore, the temperature sensitivity of organic C mineralisation in soil usually 

decreases with increasing temperature (Kirschbaum, 1995; Suseela et al., 2012). 

Other environmental conditions may also play roles in the variation of temperature 

sensitivity (Davidson and Janssens, 2006). For example, Suseela et al. (2012) 

reported an effect of soil moisture on Q10, with a decrease in Q10 under drought 

conditions. 

Biochar is a solid material obtained from thermochemical conversion of 

biomass in an oxygen-limited environment (IBI, 2012) and is purposely produced for 

application to agricultural soil as an amendment (Lehmann and Joseph, 2009). Due to 

its predominantly aromatic C structures at temperature exceeding 400 °C (McBeath 

et al., 2011), biochar may degrade at a slower rate than other forms of C in soil. 

Hence conversion of biomass to biochar is proposed for long-term C storage and 

mitigate climate change (Lehmann et al., 2009). For example, less than 0.1 to 3% of 

the added biochar-C was mineralised per year across biochars produced at 

contrasting production temperatures or using different feedstocks, with the estimated 

mean residence time (MRT) ranging from a century to several millennia (Knoblauch 

et al., 2011; Kuzyakov et al., 2009; Singh et al., 2012; Zimmerman, 2010). 

Furthermore, biochar may stabilise native SOC (Keith et al., 2011; Liang et al., 2010), 

through physical and chemical interactions between biochar, native SOC and soil 

minerals (Fang et al., 2014; von Lützow et al., 2006). However, there is a lack of 

knowledge about the temperature sensitivity of biochar-C mineralisation (Nguyen et 

al., 2010), particularly in soils of contrasting characteristics, and also it is not known 
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if the presence of biochar could alter the temperature sensitivity of native SOC. In 

studies without the presence of clay minerals, the temperature sensitivity of biochar 

decomposition was found to decrease with increasing incubation temperature 

(Nguyen et al., 2010; Zimmermann et al., 2012a). Moreover, the temperature 

sensitivity of biochar-C mineralisation was also found to increase with increasing 

pyrolysis temperature, i.e. increased degree of condensation (McBeath et al., 2011; 

Nguyen et al., 2010).  

Most studies of temperature sensitivity of SOC decomposition have been 

conducted to simulate temperature conditions of common occurrence in temperate 

areas, i.e. < 30 °C (Conant et al., 2008a; Fang et al., 2005; Kirschbaum, 1995; Wagai 

et al., 2013). There is a limited understanding of temperature sensitivity of biochar-C 

and native SOC mineralisation in biochar-amended soils in sub-tropical or tropical 

environments, where ground surface temperatures are mostly over 30 °C and may 

reach up to 60 °C during summer season (Zimmermann et al., 2012a). The objective 

of this study was to determine the temperature sensitivity of biochar-C mineralisation 

in soils of contrasting characteristics at temperature observed in typical sub-tropical 

and tropical conditions. We also assessed the influence of biochar on the temperature 

sensitivity of native SOC mineralisation. We conducted incubation studies at 20, 40 

and 60 °C for up to two years and estimated the mineralisation rate constants of C in 

the 450 and 550 °C biochars and of native SOC to characterise their potential 

stability in different soils. The hypotheses we proposed were that (i) the temperature 

sensitivity of biochar-C and native SOC will vary across soils of contrasting 

properties, (ii) the 550 °C biochar will have a greater Q10 than the 450 °C biochar, 

and similarly biochar-C, owing to its high chemical recalcitrance, will have greater 

Q10 than native SOC, and (iii) the presence of biochar-C will 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 slow pyrolysis (5−10 °C/min 

heating rate and 40 min residence time in a Daisy Reactor at Pacific Pyrolysis, 
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Australia) of δ 13C-depleted woody biomass of Eucalyptus saligna trees. The trees 

had been grown under an elevated CO2 environment for two years (Barton et al., 

2010). Chemical properties of biochars and associated analytical methods used for 

their characterisation are given in Fang et al. (2014). The relevant properties of 

biochars are pH1:5 water 8.64, organic C 67.4%, δ13C -36.3‰, H/C ratio 0.62 and ash 

content 3% for the 450 °C biochar, and pH1:5 water 9.96, organic C 73.2%, δ13C -

36.5‰, H/C ratio 0.49 and ash content 7% for the 550 °C biochar. 

Four contrasting agricultural soils, i.e. Inceptisol (pH1:5 water 5.70, organic C 

0.95%, δ13C -28.2‰, clay content 1.3% and water holding capacity 21% (wt wt-1)); 

Entisol (pH1:5 water 8.77, organic C 2.53%, δ13C -14.1‰, clay content 21.5% and 

water holding capacity 39% (wt wt-1)); Oxisol (pH1:5 water 5.65, organic C 4.39%, δ13C 

-21.4‰, clay content 44% and water holding capacity 50% (wt wt-1)); and Vertisol 

(pH1:5 water 7.89, organic C 2.25%, δ13C -17.3‰, clay content 44% and water holding 

capacity 52% (wt wt-1)) were used in this study. The water holding capacity of the 

soils was determined after freely draining saturated soil for 24 h. Further details 

about chemical properties of the soils and associated analytical methods are given in 

Fang et al. 2014.  

5.2.2. Laboratory incubation 

The biochars and soils were ground to < 2 mm for the incubation experiment. The 

incubation experiment details are described in Fang et al. (2014). Briefly, the two 

biochars were separately mixed with each of the four soils (300 g oven-dry) at 2% 

(w/w); a non-amended control soil was also included. The biochar-soil mixtures were 

incubated in sealed plastic jars at 20, 40 and 60 °C for up to two years. Each 

treatment was replicated four times. The biochar-soil mixtures were adjusted at 70% 

water holding capacity of each soil, which was maintained by adding water 

periodically throughout the incubation duration. The CO2 traps were changed at day 

3, 9, 18, 38, 94, 183, 276, 365, 498, 550, 671 and 730 for the 20 °C incubation 

experiment, and at day 2, 4, 8, 16, 30, 51, 80, 130, 183, 246, 313, 365, 428, 469, 550, 

591, 659 and 730 for the 40 °C incubation experiment, and at day 2, 4, 8, 16, 30, 51, 

80, 112, 144, 183, 231, 263, 311, 365, 423, 463, 505, 550, 591, 640, 683 and 730 for 

the 60 °C incubation experiment. The sampling intervals were varied for the different 

temperatures because of the expected differences in the CO2 emission rates at the 
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three temperatures. The traps were analysed for total CO2-C and δ13C, as described in 

Fang et al. 2014. 

5.2.3. Mineralisation of biochar-C and native SOC 

The total C mineralised (mg kg-1 soil) at each sampling time from the biochar-

amended and control soils was determined by titrating a 1 mL aliquot of the CO2 trap 

solution against 0.1 M HCl, using phenolphthalein as the indicator. To determine the 

δ
13C signature of the trapped CO2-C, a 10 mL aliquot of the CO2 trap solution was 

mixed with 10 mL of 1.25 M SrCl2 to precipitate the trapped CO2 as SrCO3. The 

detail of δ13C analysis has been described by Keith et al. (2011). The δ13C signatures 

(‰) of CO2-C evolved from control and biochar treatments are shown in Appendix 5. 

The proportion of biochar-derived CO2-C (CBiochar (%)) in the total CO2-C 

produced from the soils was determined using a two-pool 13C isotopic mixing model 

(Keith et al., 2011). Using the proportions of biochar or native SOC-derived, the 

amounts of biochar-C or native SOC mineralised were calculated from total C 

mineralised (mg kg-1 soil) in the biochar-amended soils. The amounts of biochar-C 

and native SOC mineralised were then normalised to per gram of added biochar-C 

and initial native SOC, respectively. 

The rates of C mineralised from biochar and native SOC sources were 

calculated from the amounts of CO2-C released between the two sampling time 

points and then dividing them by number of days (Kuzyakov et al., 2009). Linear 

interpolation was done to determine mineralisation rates 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 native SOC mineralisation at different 

temperature ranges was computed as: (i) averaged Q10 (Q10a) over the whole 

incubation period using a temperature-incorporated mineralisation model to estimate 

a temperature scaling factor for the exponential Q10 function; (ii) instantaneous Q10 

(Q10i) by using a time series of observed C mineralisation rates for a simple Q10 

function; and (iii) cumulative Q10 (Q10c) by using cumulative C mineralised for a 

simple Q10 model. The following calculations were performed on the data for each 

replicate soil in turn. 
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To determine the Q10a of biochar-C and native SOC mineralisation, firstly, the 

cumulative biochar-C and SOC mineralisation over time was fitted to a temperature-

incorporated two-pool exponential model (Kätterer et al., 1998; Reichstein et al., 

2000), as given below:  

CABC �t, T� � C' � �1 � e
G�7� �(�� � C+ � �1 � e
G�7��*��    (5.1) 

Where Cmin (t, T) is the cumulative proportion of added biochar-C mineralised (mg C 

g-1 biochar-C) [or the cumulative fraction of native SOC mineralised (mg C g-1 SOC)] 

as a function of temperature (T) and time (t); r(T) is a temperature scaling function, 

relating mineralisation rate at temperature T to the rate at reference temperature Tref. 

This approach assumes that both rate constants (k1, k2) are equally affected by 

temperature (Kätterer et al., 1998; Reichstein et al., 2000), The r(T) at T in Equation 

5.1 was estimated using a nonlinear least-squares curve fitting by minimising the 

sum of the squared errors between modelled and measured values of cumulative C 

mineralised in SigmaPlot 12.0. The values of the other parameters, i.e. C1, C2, k1, k2 

in Equation 5.1 were obtained by fitting a two-pool exponential model (Equation 5.2) 

in SigmaPlot 12.0, as described above, to the time series of cumulative C mineralised 

at Tref (Kätterer et al., 1998; Reichstein et al., 2000).  

CABC �t� � C' � �1 � e
�(�� � C+ � �1 � e
�*��    (5.2) 

Where Cmin (t) is the cumulative biochar-C mineralised (mg C g-1 biochar-C) or the 

cumulative fraction of native SOC mineralised (mg C g-1 SOC); and t is the 

incubation time (days). The parameters, C1 and C2, represent the proportion (% of 

added biochar-C, or mg C g-1 native SOC) of the labile and recalcitrant C pools in 

biochar-C or native SOC, respectively, at Tref; and k' and k+ are the mineralisation 

rate constants for the labile and recalcitrant pools, respectively, at Tref. It is assumed 

C1 + C2 = 100% for the added biochar-C mineralised, or 1000 mg CO2-C g-1 SOC for 

native SOC mineralised. An example of calculation has shown in Appendix 4.  

The Q10a values for the 20−40 °C or 40−60 °C temperature range were then 

determined by the common exponential Q10 model (Reichstein et al., 2000). Tref was 

20 °C and 40 °C for estimating Q10a at 20−40 °C and 40−60 °C, respectively. 

Q'�V � r�T�
(#

<=<IJK         (5.3) 
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A time series of the Q10i values of the instantaneous mineralisation rates of 

biochar and native SOC were determined by the following simple Q10 function 

(Kirschbaum, 1995): 

Q'�B�t� � W�X,<*
�X,<(

Y
(#

<*=<(
         (5.4) 

Where Rt is the C mineralisation rate at incubation time t. T1 and T2 are the two 

incubation temperatures, i.e. 20 and 40 °C, or 40 and 60 °C, respectively. 

The cumulative C mineralisation data (after one and two years, or between 

one and two years) were used to calculate Q10c. The Q10c values of biochar and native 

SOC were determined by the following simple Q10 function equation (Nguyen et al., 

2010): 

Q'�Z � [�*
�(

\
(#

<*=<(          (5.5) 

where, R1 and R2 is cumulative C loss (% of initial C concentration) at temperature 

T1 and T2. T1 and T2 are the incubation temperatures, i.e. 20 and 40 °C, or 40 and 60 

°C, respectively. 

Q10c were calculated from cumulative C mineralisation from a certain period 

of time (one year, two years or between one and two years), differing from Q10a 

which is an averaged temperature sensitivity for the whole (2-year) time series 

incorporating a temperature scaling function for the exponential Q10 model 

(Equations 5.1 and 5.3). 

5.2.5. Statistical analysis 

Repeated measures analyses were performed for biochar-C and SOC mineralisation 

rates and instantaneous Q10 (Q10i) of biochar and SOC using a linear mixed model 

framework in Genstat® 14th edition (VSN International, 2011). Each analysis 

consisted of fixed effects of soil, biochar, temperature, time and all associated 

interactions, and random effects of replicate and replicate by time. To allow for 

correlation between repeated measures on the same units, a first order autoregressive 

model was fitted (giving a higher residual log-likelihood than the power model). 

Heterogeneity in the residual variances between time-points was included as it was 

deemed significant using a residual likelihood ratio test. For Q10a of biochar-C and 
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native SOC, a three-way (soil, biochar and temperature) analysis of variance was 

performed in Genstat® 14th edition. Where the F-statistic was significant, the means 

were compared using the LSD test at the 5% significance level unless stated 

otherwise. 

 

5.3. Results 

5.3.1. Carbon mineralisation  

Biochar-C: Biochar-C mineralisation rates were initially high across all soil and 

temperature treatments (0.09−1.28 mg C g-1 biochar-C d-1) and then decreased in an 

exponential manner to small values (0.01−0.22 mg C g-1 biochar-C d-1) with time 

(Figure 5.1). The mineralisation rates were significantly (p < 0.001) influenced by 

incubation temperature, soil type, biochar type, time, and their interactive effects 

(Table 5.1). Both the mineralisation rate and the cumulative biochar-C mineralised 

increased with increasing incubation temperatures in all soils for both biochars 

(Figure 5.1 and Figure 5.S1). After the initial flush of CO2 emission (first 2 to 3 

weeks), biochar-C mineralisation rates ranged from 0.01−0.05, 0.02−0.10 and 

0.01−0.22 mg C g-1 biochar-C d-1, at 20, 40 and 60 °C, respectively. Biochar-C 

mineralisation rates for the 450 and 550 °C biochars were initially (in the first week) 

the greatest in the Oxisol and the Vertisol, at all three incubation temperatures, and 

then decreased rapidly in first two weeks of incubation.  

At 20 °C, the cumulative fraction (mg CO2-C g-1 biochar-C) of 450 °C 

biochar-C mineralised over two years followed the trend: Inceptisol ≤ Entisol ≤ 

Oxisol ≈ Vertisol (Figure 5.S1). At 40 and 60 °C, the cumulative fraction of 450 °C 

biochar-C mineralised was the greatest in the Vertisol and the smallest in the Oxisol 

and Inceptisol. The cumulative fraction of 550 °C biochar-C mineralised from the 

four soils was similar at 20 °C, greater in the Vertisol than the other soils at 40 °C, 

and greater in the Vertisol and Entisol than in the Inceptisol and Oxisol at 60 °C. 

Biochar-C mineralisation (both rate and cumulative fraction) was greater for the 

450 °C than the 550 °C biochar across the soil and incubation temperature treatments 

over the whole incubation period (Figure 5.1 and Figure 5.S1). The extent of increase 

in biochar-C mineralisation with increasing incubation temperature was greater in the 
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Vertisol for the 450 °C biochar, and in the Vertisol and Entisol for the 550 °C biochar, 

than the other soils (Figure 5.1 and Figure 5.S1). 

 

Table 5.1. Statistical significance of the effects of incubation time, soil, biochar and 
temperature treatments and their interactions on biochar-C and native SOC 
mineralisation rates, and temperature sensitivity parameters (Q10i, Q10a) over the 2-
year incubation period.  

Treatment 
effect 

Biochar-C 
mineralisation 

rate 

SOCmineralisation 
rate 

Biochar 
Q10i 

SOC 
Q10i 

Biochar 
Q10a 

SOC 
Q10a 

Time (T) ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ − − 

Soil (S) ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

Biochar (B) ∗∗∗ ∗∗∗ ∗ ∗∗∗ ns ∗∗∗ 
Temperature 

(Tm) ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

T × S ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ − − 

T ×B ∗∗∗ ∗∗∗ ∗ ∗∗∗ − − 

S × B ∗∗∗ ∗∗∗ ns ∗∗∗ ∗ ∗∗∗ 

T × Tm ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ − − 

S × Tm ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ 

B ×Tm ∗∗∗ ∗∗∗ ns ∗∗∗ ns ∗∗∗ 

T × S × B ∗∗∗ ∗∗∗ ns ∗∗∗ − − 

T × S × Tm ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ − − 

T× B × Tm ∗∗∗ ∗∗∗ ∗ ∗∗∗ − − 

S × B × Tm ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ns ∗∗∗ 
T × S × B  × 

Tm ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ − − 

* p < 0.05; *** p ≤ 0.001; ns, not significant. 
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Figure 5.1. Biochar carbon (C) mineralisation rate (mg CO2-C g-1 biochar-C d-1) for 450 and 550 °C biochar-amended soils at 20 °C (square), 40 
°C (triangle) and 60 °C (circle) over the 2-year incubation period. Empty and black filled symbols represent 450 °C biochar (B450) and 550 °C 
biochar (B550), respectively. The insets show the biochar-C mineralisation rate from 94 days after incubation with an expanded y-axis scale for 
clarity. Error bars represent ± standard errors of the mean (n=4). Red bars show least significant differences (at 5% level, LSD0.05) across 
biochar, soil and incubation temperature treatments at different time-points. 
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Native SOC: The mineralisation rate of native SOC in biochar-amended and control 

(non-amended) treatments was initially (up to day 3) great across all soil and 

temperature treatments (0.30−10.85 mg CO2-C g-1 SOC d-1) and decreased to small 

values (0.01−1.10 mg CO2-C g-1 SOC d-1) in an exponential manner with time 

(Figure 5.3). Like biochar-C, the mineralisation rates of native SOC in the biochar-

amended and control treatments were significantly (p < 0.001) influenced by 

incubation temperature, soil type, biochar type, time, and their interactive effects 

(Table 5.1). Native SOC mineralisation (both rate and cumulative fraction) increased 

with increasing incubation temperature across all soil and biochar treatments (Figure 

5.2 and Figure 5.S2); the extent of increase was generally larger for temperature 

increase from 20 to 40 °C than from 40 to 60 °C. The rates and cumulative fractions 

of native SOC mineralised over time across the biochar and temperature treatments 

followed the sequence: Vertisol ≤ Oxisol ≤ Entisol ≤ Inceptisol (Figure 5.2 and 

Figure 5.S2). In the Inceptisol, the rates of native SOC mineralisation were greater 

for the 450 °C and/or 550 °C biochar-amended soils than the control soils at several 

stages during the first few weeks at all three incubation temperatures. However, for 

the other soils, the rates of native SOC mineralisation at different times during 

incubation were generally similar in the biochar-amended and the control treatments. 
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Figure 5.2. Native soil organic carbon (SOC) mineralisation rate (mg CO2-C g-1 
SOC d-1) from control, 450 and 550 °C biochar-amended soils at 20 °C (square), 40 
°C (triangle) and 60 °C (circle) over the 2-year incubation period. Empty, grey filled 
and black filled symbols represent control, 450 °C biochar (B450) and 550 °C 
biochar (B550), respectively. The insets show the native SOC mineralisation rate 
from 94 days after incubation with an expanded y-axis scale for clarity. Error bars 
represent ± standard errors of the mean (n=4). Red bars show least significant 
differences (at 5% level, LSD0.05) across biochar, soil and incubation temperature 
treatments at different time-points. 

 

5.3.2. Temperature coefficient (Q10) 

Biochar-C: The Q10a and Q10c values of biochar-C mineralisation were significantly 

affected by the main effects of temperature and soil type, and the interactive effects 
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of soil, biochar, and/or temperature (Table 5.1 and Table 5.S1). The Q10a values of 

biochar-C mineralisation for both biochars were greater for the low temperature 

range 20−40 °C than the high temperature range 40−60 °C. The Q10a values ranged 

from 1.93−2.77 and 1.31−1.79 (Q10c from 1.65−2.44 and 1.10−1.43) at 20−40 °C and 

40−60 °C, respectively (Table 5.2 and Table 5.S2). For the 20−40 °C range, the 

smallest Q10a value occurred in the Oxisol (1.93 and 2.20 for the 450 and 550 °C 

biochars, respectively) and the greatest value was observed in the Vertisol (2.77 and 

2.74 for the 450 and 550 °C biochars, respectively). The Q10a values in the Inceptisol 

across both biochars (2.47−2.66) were similar to that in the Entisol (2.39−2.45) 

(Table 5.2). Similarly, the Q10c values were the greatest for both biochars in the 

Vertisol (Table 5.S2). In the 40−60 °C range, the Q10a values for the 450 °C biochar 

were smaller in the Oxisol (1.38), and greater in the Inceptisol (1.79), than the other 

three soils. The Q10a values for the 550 °C biochar among the soils were in the order 

of Entisol ≈ Inceptisol > Oxisol ≈ Vertisol (Table 5.2). At 40−60 °C, Q10c values of 

both biochars showed no difference between soil treatments. The Q10c was smaller in 

the first year of incubation (1.31−1.88) than in the second year (1.72−3.93) across 

biochar and soil type (Table 5.S4). In general, the Q10a and Q10c values of the 450 °C 

biochar were similar to that of the 550 °C biochar, when comparing across the soils 

within each incubation temperature range (Table 5.2 and Table 5.S2), although there 

were some exceptions in the case of Q10a values. These exceptions are: (i) the Q10a 

value for the 450 °C biochar was significantly smaller than the 550 °C biochar in the 

Oxisol (20−40 °C) and Entisol (40−60 °C), and (ii) the Q10a value for the 450 °C 

biochar-amended Vertisol (40−60 °C) was significantly greater than the 550 °C 

biochar amended Vertisol (Table 5.2).  

The Q10i values of biochar-C were significantly affected by the main effects of 

temperature range, soil type, biochar type, time and also by their interactive effects in 

most cases (Table 5.1). The Q10i values across the treatments were highly variable 

over the incubation period and ranged between 0.91 and 4.55 for the 20−40 °C range, 

which is greater than calculated (i.e. between 0.58 and 2.90) for the 40−60 °C range 

(Figure 5.3). At 20−40 °C, the Q10i values for both biochars increased with time 

particularly in the Vertisol; the increasing trend with time was more variable in the 

other soils. On the other hand, at 40−60 °C, the Q10i values for both biochars 

decreased with time in the Vertisol, but showed no clear trend in the other soils. The 
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Q10i values for both biochars were greater in the Vertisol at 20−40 °C and smaller in 

the Vertisol at 40−60 °C, mainly in the later stages of incubation, than the other soils 

(Figure 5.3). There was no significant difference in the Q10i values between the 450 

and 550 °C biochars across different temperature ranges, times or soils (Figure 5.3; 

Table 5.1). 

Table 5.2. Averaged temperature sensitivity (Q10a) of biochar-C mineralisation over 
the 2-year incubation period for the two temperature ranges. Small letters compare 
significant differences between the soils for each biochar at each of the temperature 
range. (LSD0.05 = 0.25) 

Soil 
20−40 °C  40−60 °C 

B450 B550  B450 B550 

Inceptisol 2.66 (±0.16) c 2.47 (±0.15) b  1.79 (±0.08) b 1.61 (±0.05) b 

Entisol 2.39 (±0.06) b 2.45 (±0.12) b  1.53 (±0.06) ab 1.79 (±0.12) b 

Oxisol 1.93 (±0.04) a 2.20 (±0.09) a  1.38 (±0.05) a 1.31 (±0.05) a 

Vertisol 2.77 (±0.33) c 2.74 (±0.08) b  1.60 (±0.04) ab 1.32 (±0.04) a 

The numbers in parentheses are the standard error of the mean (n=4). 
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Figure 5.3. Time series of the instantaneous Q10 (Q10i) of biochar-C mineralisation 
rates observed within two temperature ranges, i.e. 20−40 °C and 40−60 °C, during 
two years of incubation. Triangle and circle symbols represent 450 °C biochar 
(B450) and 550 °C biochar (B550), respectively. Red bars show least significant 
differences (at 5% level, LSD0.05) across biochar, soil and temperature treatments at 
different time-points. 

 

Native SOC: The Q10a and Q10c values for native SOC mineralisation in the biochar-

amended and control treatments were significantly influenced by temperature range, 

soil type, biochar type and their interactive effects (Table 5.1 and Table 5.S3). The 

Q10a and Q10c values of native SOC mineralisation were greater for the 20−40 °C 

range than the 40−60 °C range across all soil and biochar treatments (Table 5.3 and 

Table 5.S3). For the 20−40 °C range, the Q10a and Q10c values for native SOC across 

the treatments were significantly greater in the Vertisol than the other soils, and the 

smallest values were observed in the Entisol or Inceptisol (Table 5; 5S3). On the 

other hand, at 40−60 °C, the Q10a and Q10c values for native SOC across the biochar 

treatments were significantly smaller in the Vertisol than the other soils. The greatest 

Q10a values were observed in the Inceptisol for the control and 550 °C biochar 

treatments and in the Oxisol for the 450 °C biochar treatment. Relative to their 
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respective controls, in the 20−40 °C range, the SOC Q10a values were significantly 

smaller in the 450 and 550 °C biochar-amended Entisol and Vertisol and in the 550 

°C biochar-amended Inceptisol only. The SOC Q10c was significantly smaller in the 

biochar-amended Vertisol only, relative to the control. For the 40−60 °C range, the 

SOC Q10a values were significantly smaller in the 450 °C biochar-amended 

Inceptisol, relative to the control, but the presence of 450 or 550 °C biochar did not 

significantly affect the SOC Q10a values between the other soils (Table 5.3). The Q10c 

was smaller in the first year of incubation (1.66−3.64) than in the second year 

(1.71−3.96) across biochar and soil type (Table 5.S5). 

The Q10i values of native SOC were also significantly influenced by the main effects 

of time, soil, biochar, temperature and their interactive effects (Table 5.1). After the 

first 18 days, the Q10i values were greater for the 20−40 °C range than the 40−60 °C 

range across all soil and biochar treatments (Figure 5.4). For the 20−40 °C range, the 

Q10i values of native SOC in the biochar-amended and control Vertisol consistently 

increased with time throughout from 1.14 to 3.70; in the Inceptisol, Entisol and 

Oxisol, the Q10i values were small initially (1.24−1.88), and then increased and 

stabilised with time in the range of 1.65−2.35. On the other hand, in the 40−60 °C 

range, the Q10i values of native SOC decreased rapidly across all biochar and soil 

treatments for up to 38 days and then stabilised in the Inceptisol, Entisol and Oxisol, 

but continued to decrease in an exponential manner in the Vertisol (Figure 5.4). For 

the 20−40 °C range, after the first month, the Q10i values of native SOC among the 

soils followed the trend: Inceptisol ≈ Entisol < Oxisol < Vertisol across the biochar 

treatments. In comparison, for the 40−60 °C range, the Q10i values of native SOC 

were similar among the soils, but became smaller in the Vertisol than the other soils 

towards the end of incubation. For the 20−40 °C range, the native SOC Q10i values 

were consistently smaller in the 450 °C biochar and/or 550 °C biochar-amended 

Inceptisol and Vertisol than the corresponding control, while at 40−60 °C, only the 

550 °C biochar-amended Vertisol had greater native SOC Q10i values than the 

corresponding control or the 450 °C biochar amended treatment (Figure 5.4). 
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Table 5.3. Averaged temperature sensitivity (Q10a) of native soil organic C (SOC) mineralisation over the 2-year incubation period for the two 
temperature ranges. Small letters compare significant differences among the soils for each biochar at each of the temperature range. Capital 
letters compare significant differences between biochar treatments for each soil at each of the temperature range. (LSD0.05 =0.18) 

Soil 
20−40 °C 

 
40−60 °C 

Control  B450 B550 
 

Control  B450 B550 

Inceptisol 2.65 (±0.13) abB 2.62 (±0.10) bB 2.35(±0.09) 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 (±0.02) aA 
 

1.50 (±0.04) bA 1.61 (±0.03) bcA 1.56 (±0.05) abA 

Oxisol 2.83 (±0.04) bA 2.79 (±0.04) bA 2.97 (±0.05) bA 
 

1.66 (±0.02) bcA 1.75 (±0.02) cA 1.69 (±0.01) bA 

Vertisol 4.61 (±0.12) cC 4.01 (±0.03) cB 3.44 (±0.14) cA 
 

1.30 (±0.03) aA 1.22 (±0.01) aA 1.37 (±0.02) aA 

The numbers in parentheses are the standard error of the mean (n=4). 
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Figure 5.4. Time series of the instantaneous Q10 (Q10i) of native soil organic C 
(SOC) mineralisation rates observed within two temperature ranges, i.e. 20−40 °C 
and 40−60 °C, during two years of incubation. Square, triangle and circle symbols 
represent control, 450 °C biochar (B450) and 550 °C biochar (B550), respectively. 
Red bars show least significant differences (at 5% level, LSD0.05) across biochar, soil 
and temperature treatments at different time-points. 

 

5.4. Discussion 

There has been a recent study on the assessment of temperature sensitivity (Q10) of 

biochar-C in response to increasing incubation temperature in a sand-biochar mixture 

(Nguyen et al., 2010). To our knowledge, this is the first study that has assessed 

biochar-C temperature sensitivity in soils of contrasting properties and the influence 

that biochar may have on the temperature sensitivity of native SOC mineralisation.  

As expected, we found that the mineralisation rates of both biochar-C and 

native SOC increased with increasing temperature (Davidson and Janssens, 2006; 

Nguyen et al., 2010; Trumbore et al., 1996). Across all biochars and soils, the ranges 

for Q10 (Q10a) values for biochar (1.93−2.77) and native SOC (2.31−4.61) at 20−40°C 

are wider than the reported values (1.0−3.0) in the literature at similar temperatures 
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(Kätterer et al., 1998; Kirschbaum, 1995; Nguyen et al., 2010). The Q10i values of 

biochar-C fluctuated widely with time, i.e. between 0.91 and 4.55 at 20−40 °C, and 

between 0.58 and 2.90 at 40−60 °C, possibly due to relatively large variance in very 

small C mineralisation rates of the biochars (Figure 5.1). In contrast, the Q10i values 

of native SOC had relatively stable trends over time and fluctuated within relatively 

narrow ranges with time, i.e. between 1.14 and 3.70 at 20−40 °C, and between 0.95 

and 2.60 at 40−60 °C, across all biochar and soil treatments. The relatively wider 

ranges of Q10i and Q10a values in our study for biochar-C or native SOC (c.f. the 

values reported in literature) was due to their greater and smaller values observed in 

the Vertisol, at 20−40 °C and 40−60 °C, respectively, than the other soils.    

The greater temperature sensitivity (Q10a, Q10i) of native SOC mineralisation 

for the lower temperature range (20−40 °C) than the higher temperature range 

(40−60 °C) in our study is consistent with other studies (Kirschbaum, 1995; Nguyen 

et al., 2010; Suseela et al., 2012). The smaller Q10 of biochar-C and native SOC in 

the high temperature range possibly results from decreased soil microbial activity 

(Zimmermann et al., 2012a). Also, abiotic oxidation may increase with increasing 

temperature (Zimmermann et al., 2012a), including the volatilisation of organic 

compounds. Additionally, the loss of C by abiotic oxidation 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 of organic C constituents of different 

labilities, which are likely to mineralise at different rates at different temperatures, 

and therefore the Q10i is expected to change with time (Figure 5.3 and Figure 5.4). 

Initially, the high C mineralisation may be attributed to the most labile C fractions 

(Haddix et al., 2011), which seem to be depleted faster at 40 °C than 20 °C (Figure 

5.1 and Figure 5.2). Consequently, the larger mineralisation of SOC at 40 °C than 

20 °C caused the SOC Q10i to increase initially (up to 38 days) in the 20−40 °C range. 

On the other hand, the most labile C fraction seems to have mineralised rapidly at 

60 °C (e.g. in the first 3 days), leading to a greater decrease in the C mineralisation 

rate with time at 60 °C relative to 40 °C (Figure 5.2). This may have led to a rapid 

decrease in SOC Q10i (up to 38 days) in the 40−60 °C range. The biochar Q10i also 
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showed similar trends to that of SOC Q10i but the variability was large for the biochar 

Q10i (Figure 5.3). 

The increase of biochar or SOC Q10i with time in the 20−40 °C temperature 

range (Table 5.2 and Table 5.3) agrees with the finding by Conant et al. (2008a), 

who observed that the Q10 of SOC (Q10: 1.7−3.3) was smaller at the beginning of 

incubation than at the later stage (Q10: 2.4−4.9) at 25−35 °C. Similarly, the Q10c was 

smaller in the first year of incubation than in the second year across biochar and soil 

type (Table 5.S4 and Table 5.S5). According to the enzyme kinetic theory, the 

temperature sensitivity of recalcitrant-C is greater than labile-C, as more activation 

energy and reaction steps are needed for the decomposition of recalcitrant-C (Bosatta 

and Ågren, 1999; Davidson and Janssens, 2006). Some researchers confirmed this 

theory and found greater Q10 for more recalcitrant-C than labile-C pool in soils 

(Craine et al., 2010; Fierer et al., 2006; Knorr et al., 2005; Leifeld and Fuhrer, 2005). 

Consistent with this theory, we observed an increase in Q10i for biochar or native 

SOC at 20−40 °C with time but not at 40−60 °C. This may due to decreased 

microbial and enzyme activities at 60 °C (Zimmermann et al., 2012a), and hence the 

C quality-temperature relationship may not be valid to explain the change of Q10i in 

the 40−60 °C range.   

Biochar type did not significantly influence the temperature sensitivity of biochar-C 

mineralisation (Table 5.1 and Table 5.S1), although these biochars possessed 

different C stability as shown by their mineralisation rate constants (Table 5.S6). 

Furthermore, the temperature sensitivity was similar for the two biochars, or smaller 

for the 450 °C biochar than the 550 °C biochar, across most combinations of biochar 

and soil treatments (Table 5.2). Similarly, Nguyen et al. (2010) found that the 

temperature sensitivity of higher-temperature biochars (600 °C) was only slightly 

greater than the lower-temperature (350 °C) biochars. Furthermore, although 

biochar-C seems to be more stable than native SOC (as indicated by their 

mineralisation rate constants, see Table 5.S6 and Table 5.S7), Q10a of biochar-C was 

either smaller or similar to native SOC (Table 5.2, Table 5.3, Table 5.S2 and Table 

5.S3). These data suggests that the theory of greater temperature sensitivity for 

relatively recalcitrant material (such as biochar) may not hold true when degrading in 

mineral soil. These results could imply greater storage 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 Q10a or Q10c values of biochar-C for the four soils (Table 5.1 and Table 

5.S1) indicate that soil characteristics may have influenced the temperature 

sensitivity of biochar-C. For example, the smallest Q10a of biochar-C was observed in 

the Oxisol and the greatest Q10a or Q10c in the Vertisol (Table 5.2 and Table 5.S2). 

Both soils had similar high clay content (44%), however, the compositions of clay 

minerals were different, i.e. Fe and Al oxides in the Oxisol and smectite in the 

Vertisol. Consequently different physico-chemical stabilisation mechanisms may 

have occurred to significantly affect the temperature sensitivity of biochar-C in these 

two soils. It has been shown that biochar develops acidic functional groups during 

oxidation in soil and this process generates acidity around biochar (Cheng et al., 

2008; Hilscher and Knicker, 2011). The smaller biochar Q10 in the Oxisol may be 

attributed to the stabilisation of biochar-C mineralisation via ligand exchange 

between functional groups on biochar surface, native organic matter and 

sesquioxides in the Oxisol (Gu et al., 1995; von Lützow et al., 2006). The acidic soil 

pH (5.65) in the Oxisol may have further enhanced the surface complexation 

reactions (Gu et al., 1995). The complexation of organic matter with Fe and Al 

oxides may decrease mineralisation of organic matter in soil (Zech et al., 1997) and 

hence its temperature sensitivity. Furthermore, organic matter in soil, including 

biochar, may be protected from mineralisation through entrapment within aggregates 

(Herath et al., 2013; Pronk et al., 2012). Such processes (i.e. organo-mineral 

complexation and aggregation) may be expected to occur at a relatively faster rate in 

the Oxisol (acidic pH) containing high native organic matter content and variable 

charge minerals than in the alkaline soils containing permanent charge minerals 

(Reichert et al., 2009). On the other hand, the greatest biochar Q10 in the Vertisol 

could be due to weaker interactions between limited carboxyl functional groups of 

biochar and the permanent charged mineral − smectite in the Vertisol. At higher 

incubation temperatures, the negatively-charged functional groups in biochar 

increase over time (Chapter 6; Cheng and Lehmann, 2009) and thus further decrease 

the weak interactions between biochar and the negative charges of smectites. The 

greater biochar Q10 in the Entisol than the Oxisol (Table 5.2) may also be attributed 

to the relatively weak interaction between biochar functional groups and kaolinite or 

illite and cation (Ca2+) bridging (Schulten and Leinweber, 2000; Turchenek and 
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Oades, 1979; von Lützow et al., 2006). The Inceptisol had very low clay content 

(1.3%) and hence a minimal chemical interaction between clay and biochar would be 

expected in this soil. This may be the reason for the greater biochar Q10 in the 

Inceptisol than the Oxisol and the Entisol. There were other factors such as organic C 

content and pH that differed among the soils and may have confounded the effect of 

clay content and mineralogy on biochar Q10. Further studies using soils of contrasting 

clay mineralogy but similar clay and SOC contents are required to isolate the mineral 

composition effects on biochar temperature sensitivity.  

Our study has also shown that the soil effect on biochar temperature 

sensitivity may vary when Q10 values are estimated by different methods. For 

example, Q10c of biochar had no significant difference between the Inceptisol, Entisol 

and Oxisol (except for the biochar 450 °C where Oxisol ≈ Entisol < Inceptisol in the 

20−40 °C range) (Table 5.2). Since Q10c was calculated from the cumulative C loss 

over the whole incubation period, the time effect was not considered. Consequently, 

the same Q10c values were observed in the Inceptisol, Entisol and Oxisol, although 

the greatest biochar-C mineralisation rate occurred initially in the Oxisol, which 

decreased faster with time than the values observed for the Inceptisol and the Entisol.  

5.4.3. Biochar influence on Q10 of native SOC 

Biochar has large microporosity and specific surface area (191 and 228 m2 g-1 for the 

450 and 550 °C biochar, respectively), and these properties may play an important 

role in both physically and chemically interactions of biochar with native SOM and 

soil minerals. Although native SOM molecules may not be very soluble in the 

incubated systems without the addition of labile organic matter, mobile organic 

compounds may form during mineralisation. The mobile organic compounds may 

physical or chemical bound with biochar, thereby protecting organic compounds 

from microbial attack.  However, according to the theory proposed by Pignatello et al. 

(2006), SOM molecules may become more flexible and slowly access interior pores 

in biochar with increasing incubation temperature and thus limit accessibility to soil 

microorganisms. Furthermore, biochar has been reported to increase the stability of 

macro-aggregates in a 10-month incubation study (Herath et al., 2013). Thus, it can 

be postulated that the stabilisation of native SOC may occur from one or more of the 

processes suggested above and may explain the smaller Q10a values of native SOC 
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observed in the presence of biochar in the Inceptisol, Entisol and Vertisol for the 

20−40 °C range. On the other hand, the addition of biochar did not significantly 

decrease native SOC temperature sensitivity in the Oxisol. This could be due to the 

presence of a large amount of variable charged minerals (goethite, gibbsite, hematite 

and kaolinite) and SOC may already have been well protected by chemical 

interaction with these minerals. Additionally, the ratio of biochar-C and native SOC 

was the lowest in the Oxisol compared to the other soils. 

5.5. Conclusions and implications for carbon sequestration 

This 2-year incubation study shows that increased soil temperature can accelerate the 

mineralisation of both biochar-C and native SOC in soils of contrasting properties. 

The temperature sensitivity of biochar-C was influenced by soil characteristics. The 

smallest Q10 for biochar in the Oxisol is possibly related to stronger organo-biochar-

mineral interactions due to the presence of a significant proportion of variable 

charged minerals. As such, biochar application to Oxisol is a promising approach for 

C sequestration even in increasing temperature scenarios. Our results suggest that the 

presence of biochar may play an important role in decreasing native SOC 

temperature sensitivity, possibly through enhanced physical and chemical protection 

via surface complexation and cation bridging reactions.    

Being a relatively recalcitrant C type, the temperature sensitivity of biochar-C 

mineralisation was expected to be greater than native SOC according to the kinetic 

theory; however, in our study biochar-C Q10a (1.31−2.77) was smaller or the same as 

the native SOC Q10a (1.30−4.61). This is possibly due to the influence of organo-

mineral interactions, which decrease the ‘intrinsic’ biochar-C Q10 values. The smaller 

Q10 for the biochar-C than the native SOC suggests a high C sequestration potential 

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

Table 5.S1. Statistical significance of the effects of incubation time, soil, biochar, 
temperature treatments and their interactions on biochar-C and native SOC 
temperature sensitivity parameters (Q10c) over the 2-year incubation period.  

 

Treatment effect Biochar Q10c SOC Q10c 

Soil (S) ∗∗∗ ∗∗∗ 

Biochar (B) ns ∗ 

Temperature (Tm) ∗∗∗ ∗∗∗ 

S × B ns ∗∗∗ 

S × Tm ∗∗∗ ∗∗∗ 

B ×Tm ns ∗∗∗ 

S × B × Tm ∗ ∗∗∗ 

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

 

Table 5.S2. Biochar Q10c (± standard errors) over the 2-year incubation period for the 
two temperature ranges. Small letters compare significant differences between the 
soils for each biochar at each of the temperature range.  

Soil 
20−40 °C  40−60 °C 

B450 B550  B450 B550 

Inceptisol 1.95±0.14 b 1.67±0.14 a  1.40±0.09 a 1.35±0.05 a 

Entisol 1.68±0.05 a 1.78±0.12 a  1.39±0.05 a 1.40±0.08 a 

Oxisol 1.65±0.03 a 1.86±0.19 a  1.35±0.04 a 1.28±0.03 a 

Vertisol 2.21±0.02 b 2.44±0.03 b  1.43±0.03 a 1.10±0.04 a 
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Table 5.S3. SOC Q10c (± standard errors) over the 2-year incubation period for the 
two temperature ranges. Small letters compare significant differences between the 
soils for each biochar at each of the temperature range. Capital letters compare 
significant differences between biochar treatments for each soil at each of the 
temperature range. 

Soil 

20−40 °C 
 

40−60 °C 

Control  B450 B550 
 

Control  B450 B550 

Inceptisol 
1.84±0.08 

aA 
1.75±0.05 

aA 
1.68±0.04 

aA  
1.31±0.04 abA 1.20±0.06 aA 1.30±0.06 aA 

Entisol 
1.85±0.05 

aA 
1.85±0.03 

aA 
1.85±0.03 

aA  
1.31±0.05 abA 1.38±0.02 bA 1.38±0.01 abA 

Oxisol 
2.25±0.03 

bA 
2.19±0.03 

bA 
2.35±0.04 

bA  
1.41±0.02 bA 1.50±0.03 bA 1.47±0.03 bA 

Vertisol 
3.70±0.07 

cB 
3.27±0.02 

cA 
3.14±0.10 

cA  
1.19±0.02 aA 1.11±0.02 aA 1.25±0.04 aA 

 

 

Table 5.S4. Biochar Q10c (± standard errors) in the first and second year of 
incubation. 

20−40 °C  40−60 °C 

Soil Treatment 1st year 2nd year  1st year 2nd year 

Inceptisol B450 1.88±0.15 2.26±0.24  1.42±0.10 1.36±0.10 

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 1.35±0.09 

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 1.47±0.10 

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±0.04 

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 Q10c (± standard errors) in the first and second year of 
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 1.18±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 1.13±0.07 

B450 1.73±0.02 2.13±0.05  1.44±0.02 1.28±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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Table 5.S6. Parameters of a, k1, k2 from two-pool exponential model for biochar (R2: 0.920−0.999). 

 

Soil Treatment 
a (%)  k1 (×10-2 d-1)  k2 (×10-5 d-1) 

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

Inceptisol 
B450 0.39 1.45 3.27  4.4 2.3 0.9  0.6 2.2 3.7 

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 1.5 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 0.1−41.9  0.02−0.1 0.02−0.4 0.1−0.5 
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Table 5.S7. Parameters of a, k1, k2 from two-pool exponential model for native SOC (R2: 0.974−0.999). 
 

Soil Biochar 
a ( mg CO2 g

-1 SOC)  k1 (×10-2 d-1)  k2 (×10-5 d-1) 

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

Inceptisol 

Control 3.42  114.93  332.28  1.4  1.7  0.5  4.9  16.6  13.3 

B450 4.94  115.27 248.94   3.2  2.1  0.7   5.8  24.6  22.8  

B550 2.98  120.63 178.17   3.3  1.6  1.5   6.5  18.5  42.1  

Entisol 

Control 26.73  39.59  133.5   1.0  2.6  1.0   3.8  23.5  32.2  

B450 20.52  35.10  85.9   1.6  3.9  2.5   4.9  23.3  48.6  

B550 18.54  34.07  85.2   1.3  3.2  3.9   4.4  20.3  45.3  

Oxisol 
Control 9.23  39.28  87.77   4.4  2.8  1.0   2.9  16.8  36.9  

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   2.5  16.3  45.1  

Vertisol 

Control 3.42  51.56  96.82   6.3  0.5  0.6   1.1  18.6  23.3  

B450 4.94  63.57  55.35   6.7  0.04  1.5   1.4  22.7  23.3  

B550 2.98  16.15  57.41   13.9  0.02  1.5   1.5  18.9  26.3  

SE 0.23 
−0.78 

1.15 
−25.58 

5.18 
−21.52 

 
0.1 
−7.1 

0.01 
−3.9 

0.4 
−6.2 

 
0.03 
−0.5 

0.4 
−3.6 

1.7 
−8.7 
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Figure 5.S1. Total biochar carbon (C) mineralised (mg CO2-C g-1 biochar-C) from 
450 and 550 °C biochar-amended soils at 20 °C (empty), 40 °C (grey filled) and 60 
°C (black filled) over the 2-year incubation period. Error bars represent ± standard 
errors of the mean (n=4). 
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Figure 5.S2. Total native soil organic carbon (C) mineralised (mg CO2-C g-1 SOC) 
from control (without biochar), 450 and 550 °C biochar-amended soils at 20 °C 
(empty), 40 °C (grey filled) and 60 °C (black filled) over the 2-year incubation 
period. Error bars represent ± standard errors of the mean (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 carbon (C) storage in soils. However, 

some proportion of biochar-C is mineralised in soil with ageing, particularly at high 

temperatures. The oxidation of biochar leads to the development of surface functional 

groups on biochar, which increases biochar’s reactivity and may contribute to the 

cation exchange capacity of soil. In this study, C functional groups of a number of 

relevant organic C compounds and the light fraction (< 1.8 g cm-3) of natural soil and 

soil amended with biochars (fresh and aged for 1 and 2 years at 20, 40 and 60 °C) 

were determined using near-edge X-ray absorption fine structure (NEXAFS) 

spectroscopy and X-ray photoelectron spectroscopy (XPS) techniques. The spectra of 

biochar and light fraction of the control and biochar amended soils showed two 

distinct peaks at ~285.1 and 288.5 eV, which were attributed to the C1s-π*C=C 

transitions of aromatic C (and protonated and alkylated aromatic C) and C1s-π*C=O 

transitions of carboxylic C, carboxyamide C and carbonyl C. The proportion of 

aromatic C and the aromaticity index (aromatic C/carboxyl and amide C) were 

substantially greater in the light fraction of the biochar amended soils than the 

corresponding light fraction of the unamended soils. The proportion of aromatic C 

was much higher in the light fraction of the B550 amended soils than in the 

corresponding B450 amended light fraction of the WA (Inceptisol) and NSW (Oxisol) 

soils. The proportion of aromatic C in the light fraction of biochar amended soils did 

not show any change after for 12 months at various temperatures. Consistent with the 

NEXFAS results, XPS analysis also showed the dominance of aromatic C and 

protonated and alkylated aromatic C in the light fraction of the biochar amended WA 

soil. The proportion of functional groups obtained from the XPS analysis did not 

show any consistent trend for the ground samples. However, the proportion of 

carboxyl groups in the hand-picked biochar samples increased with increasing ageing 

time, and similarly there was some increase in carboxyl groups with increasing 
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incubation temperature. NEXAFS and XPS techniques show good potential for the 

characterisation of C rich fraction isolated from natural soil and soil amended with 

biochar. The limited data suggest that much longer ageing time will be needed for the 

development of significant amount of carboxyl groups on biochar surfaces. 

 

6.1. Introduction 

‘Natural biochar’ is ubiquitous in soils worldwide and exists as a continuum of 

biomass combustion products such as char or charcoal, and soot, which are 

collectively referred to as black C (Schmidt and Noack, 2000). Char in soil mainly 

results from biomass burning and wild fires, and its subsequent accumulation or 

aeolian transport over centuries (Kuhlbusch and Crutzen, 1995). More recently, there 

has been growing interest in the soil application of biochar for long-term C storage 

and other multiple benefits. Biochar has the potential to increase soil C, reduce 

greenhouse gas emissions, improve soil properties, enhance agricultural productivity, 

and effectively absorb hazardous organic compounds and  heavy metals in soil 

(Lehmann, 2007a,b; Namgay et al., 2010; Singh et al., 2010; Yu et al., 2009; 

Kookana et al., 2011). Like char, biochar comprises highly aromatic and chemically 

stable components of C, along with some easily degradable aliphatic structures 

(Lehmann, 2007a,b). Biomass type and pyrolysis conditions, such as heating 

temperature, heating rate and conditions, determine the C forms within biochars 

particles (Czimczik et al., 2002; Keiluweit et al., 2010; McBeath et al., 2009; 2011). 

Furthermore soil environmental conditions determine the stability of biochar in soils 

(Cheng et al., 2006; 2008; Keith et al., 2011; Fang et al., 2014). However, 

determination of changes in the molecular structure and chemical properties of 

biochars applied to soil remains a major challenge. 

Although biochar contains a significant proportion of recalcitrant C, some of 

the biochar-C applied to soil is mineralised and certain conditions, such as high soil 

temperature and moisture, may facilitate rapid abiotic and biotic oxidation of biochar 

in soil (Cheng et al., 2006; 2008; Keith et al., 2011; Liang et al., 2006). The creation 

of surface functional groups on biochar is important for its increased reactivity and 

contribution to the cation exchange capacity of soils (Liang et al., 2006). Furthermore, 

the increased interaction of biochar with clay minerals in soils and consequent 
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entrapment within newly formed aggregates may increase the stability and longevity 

of biochar in soil (Glaser et al., 2000; Brodowski et al., 2005). 

The structure of biochar has been described as condensed aromatic rings 

which forms clusters as thermal degradation proceeds (Preston and Schmidt, 2006). 

However, Knicker et al. (2008) proposed a different model that describes biomass-

derived black carbon as a mixture of heat-altered biopolymers which forms small 

clusters with a high degree of substitution with N, O and S groups. Despite the 

differing views about changes in the chemical structure during black carbon or 

biochar formation, there is a general agreement that proportion of aromatic carbon 

increases with increasing heat treatment temperature (McBeath et al., 2011).  It has 

been suggested that non-linearity exists in the phase transitions and degree of 

aromaticity in the heat-induced transformation of plant biomass (Keiluweit et al., 

2010). It is thus important to characterize chemical structure of biochar produced at 

different temperatures in order to evaluate their stability in soils.  

Considerable research has been conducted to understand the mineralisation of 

biochar-C in soils (Hamer et al., 2004; Cheng et al., 2006; 2008; Liang et al., 2008; 

Zimmerman, 2010; Keith et al., 2011). However, little is known about the C 

functional groups in biochars aged in soils under different conditions. Spectroscopic 

techniques including solid-state 13C nuclear magnetic resonance (NMR), X-ray 

photoelectron and Fourier-transform infrared (FTIR) have been widely used for the 

characterisation and monitoring of biochar in soils (McBeath et al., 2011; Cheng et 

al., 2006; 2008; Liang et al., 2008). Among the spectroscopic methods, NMR 

spectroscopy has been most commonly used for the structural characterisation of 

black carbon and biochar in soils (Baldock and Smernick, 2002; Czimczik et al. 2002; 

McBeath et al., 2011).  However, the technique has some drawbacks, such as the 

poor detection limit of biochar-C with cross polarization 13C NMR, poor signal to 

noise ratio for biochars produced at high temperatures, loss of NMR signal in the 

presence of paramagnetic and ferromagnetic minerals (Freitas et al., 1999; 2002; 

Hedges et al., 2000; Begaudeau et al., 2012).  

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy is an 

element specific technique that has been successfully employed for the 

characterisation of heterogeneous and complex environmental C materials. NEXAFS 
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has been used in conjunction with scanning transmission X-ray microscopy (STXM) 

for determining nanoscale spatial heterogeneity of organic C in black carbon particles, 

and characterizing surface functional groups of black carbon in Anthroposols from 

Brazil (Schumächer et al., 2005; Lehmann et al., 2005; Liang et al., 2006, 2008).  

Keilweit et al. (2010) employed C-NEXAFS to relate C speciation to the degree of 

structural order in biochar produced at charring temperature ranging from 100 to 

700 °C. Heymann et al. (2011) characterized a range of C rich materials including 

black carbon reference materials, environmental matrices and potential interfering 

materials using C-NEXAFS.  

X-ray photoelectron spectroscopy (XPS) is a surface specific technique 

(depth of analysis < 10 nm) and it provides quantitative analyses of all elements, 

except for H and He (Briggs and Seah, 1990). Additionally, the local environment of 

atoms can affect the binding energy of certain core electrons, such as C1s electrons, 

which allows the identification and estimation of relative abundance of different 

species of an element. It has been used for the characterisation of surface functional 

groups and to determine the change in element composition of biochar with ageing 

(Cheng and Lehmann, 2009; Cheng et al., 2006; Lin et al., 2012; Nguyen et al., 2009). 

For example, Cheng et al. (2006) observed oxidation of C groups and formation of 

carboxylic C in black carbon particles incubated at high incubation temperature 

(70 °C). Similarly, Nguyen et al. (2009) reported an increase of O content and a 

decrease of C content on biochar surface or entire particles after decades of ageing in 

soil.  

The recent published work suggests that both XPS and NEXAFS are ideally 

suited for characterising C functional groups of soil organic carbon (SOC) and 

biochar. The specific objectives of the research were (i) to investigate the chemistry 

of C of the light fraction of unamended and biochar amended soils after ageing at 

different temperatures; and (ii) to identify changes in the molecular structure of 

biochar-C (and native organic C) with ageing in contrasting soils at three 

temperatures. A number of reference organic compounds relevant to soils and two 

original biochar were also analysed in order to compare the performance of the 

beamline and to identify the C functional groups. We hypothesised that the 

proportion of carboxylic carbon will increase on biochar after ageing in soils, and the 
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increasing incubation temperature will further increase 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 contrasting soils soon after mixing (day 

0) and ageing for 1 year and 2 years at 20 °C, 40 °C and 60 °C. The four soils are 

referred to as NSW (an Oxisol), WA (an Inceptisol), QLD (a Vertisol), and SA (an 

Entisol) soil in this chapter; the description of the experimental soils and the two 

biochars are given elsewhere (Fang et al., 2014). Native soil organic carbon (SOC) 

was also isolated from the four soils without any biochar amendment. Biochar and 

native SOC were isolated from the four soils by a density separation procedure after 

dispersing the soils and soil-biochar mixtures in sodium polytungstate solution, 1.8 g 

cm-3 (Golchin et al., 1994). The aged biochars were obtained by incubating two 

biochars, produced from a woody biomass by slow pyrolysis at 450 °C (B450) and 

550 °C (B550), with four contrasting soils from Australia at 70% water holding 

capacity and at three temperatures, i.e. 20 °C, 40 °C and 60 °C, for up to 2 years. The 

experimental details for the incubation experiment have been previously described 

by Fang et al. (2014).  

Fifteen reference compounds of C (analytical grade reagents), sourced from 

the Agricultural Chemistry Laboratory at the University 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 soft X-ray spectroscopy beamline 

of the Australian Synchrotron in Melbourne (Cowie et al., 2010). The beam was 

operational in top-up mode at the time of analysis and the storage ring beam current 

ranged between 150 and 200 mA. The soft X-ray beamline is equipped with a plane 

grating monochromator that is capable of providing between 1011 and 1012 photons s-

1/200mA at the K-edge of the required element with a resolving power better than 

104. The photon energy for C 1s-NEXAFS was calibrated using photoemission of the 
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gold 4f7/2 peak at 83.96 eV that was obtained from a reference foil available on the 

standard manipulator.  

Ground samples of the reference compounds and isolated SOC and SOC and 

biochar-C fractions were mounted on to the sample disc using a double-sided 

adhesive carbon tape. The samples were loaded into a vacuum chamber (2×10-10 

mbar) for the analysis. C(1s) K-edges spectra were obtained in the 275–315 eV range 

using a step size of 0.1 eV and the dwell time of 0.5 sec. The spot size of the beam 

under operating conditions was approximately 0.75×0.50 mm. No deterioration in the 

signal was observed in repeated measurements (up to five) at a spot with the dwell 

time of 0.5 sec. 

The NEXAFS signal was simultaneously recorded in Fluorescence yield 

(FLY), total electron yield (TEY) and auger electron yield (AEY) modes. The AEY 

signal was recorded using a SPECS Phoibos 150 Hemispherical Analyser positioned 

at an angle of 45° with respect to the beam. Spectra were normalised using I0 

reference gold foil prior to peak assignments and peak fitting. The reference gold foil 

spectra were previously normalised using argon sputtered clean gold surface; and all 

raw AEY, FEY and I0 data were also corrected for the dark current and normalised to 

correctly produce the C spectra of the samples. Background correction and 

normalisation of NEXFAS spectra was done using Athena 0.8.056 (Ravel and 

Newville, 2005). An example spectrum at different stages of correction is presented 

in the supporting information (Figure 6.S1). 

The fine structure in the C-NEXAFS region ranges between 283 and 290 eV, 

and above 290 eV transitions tend to be very broad and overlaps with absorption 

edges (Cody et al., 1998) therefore we have only considered the main C1s-π* and 1s-

3p/σ* valence transitions in the 284−290 eV range for discussion. 

In order to evaluate the changes in surface functional groups of biochars, 

semi-quantitative analysis of NEXAFS spectra was done by peak deconvolution 

using Whooskha, a MatLab based software program. Peak positions were assigned 

based on the published data and the details are given in Table 6.1. The number of 

peaks in a fit was kept the same within a data set (i.e. mixture of a particular soil and 

biochar type) and attempts were made to fit the data with as few peaks as possible 
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(Figure 6.S2). All peaks were fitted to Gaussian function, except for the NEXAFS 

step edge where an arctangent step function was used. We expect 1−3% errors in the 

relative proportion of various functional groups derived from Gaussian function 

using the procedure. 

6.2.3. X-ray photoelectron spectroscopy 

XPS analysis was conducted using an ESCALAB250Xi (Thermo Scientific, UK) 

spectrometer with a monochromatic Al Kα radiation (energy 1486.68 eV) at 164W 

(10.8 mA and 15.2kV) and a spot size approximately 0.5 mm in diameter. A finely 

ground powder or hand-picked biochar or soil organic carbon particles were fixed 

onto a metallic samples holder using a double-sided non-conducting tape. During 

analysis vacuum was maintained < 2×10-8 kPa. Survey scans were obtained covering 

a binding energy range from 0 to 1350 eV with the pass-energy of 100 eV, and for 

elemental region (C, N and O) scans we used 20 eV pass energy and a 0.1 step size. 

The binding energy was calibrated against the 4f7/2 line of gold at 83.96 eV, the Ag 

3d5 line of silver at 368.21 eV and the 2p3 line of copper at 932.62 eV (Seah, 2003). 

For C, binding energy was corrected relative to C 1s line at 285.0 eV for adventitious 

hydrocarbon. 

XPS spectra were analysed and deconvoluted using the Gaussian-Lorentzian 

sum function with 30% Gaussian-Lorentzian value to optimise the spectra using 

software Avantage (Thermo Scientific). A Shirley background correction was carried 

out to remove background noise (Briggs and Seah, 1990). Atomic ratios of Al, Si, C, 

N, and O were calculated from the peak areas of the Al(2p), Si(2p), C(1s), N(1s) and 

O(1s), respectively. The elemental composition of the relevant elements was then 

calculated using the atomic ratio and atomic weight of the individual element. The 

elemental analysis was used to make comparison for a given set of samples and not 

to derive the absolute composition of the samples. 

The XPS analysis was done only for the light fraction isolated from the WA soil with 

and without the addition of the B450. The light fraction was separated from the soil 

and soil-biochar mixture immediately after mixing (Day 0) and after incubation in 

the soils for 1 and 2 years at 20, 40 and 60 °C. The samples were analysed after hand 

grinding the light fraction into fine powder to determine the composition and 
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functional groups of C and N of the bulk samples, and hand-picked particles from the 

light fraction were analysed to observe the surfaces (~ 10 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 approximately 291.2 eV is an artefact of the 

normalisation procedure resulting from the C contamination on gold and it persisted 

in some of the spectra despite correction being made with argon sputtered clean gold 

surface (e.g. Figure 6.3B, Figure 6.5A,B). 

NEXAFS spectra, peak positions and chemical structures of the reference 

compounds are presented in Figure 6.1 and Table 6.2. Carbohydrates are structural 

components of cell wall of most microorganisms and plants. The two carbohydrates, 

L-Arabinose (an aldopentose) and L-Rhamnose (6-deoxyaldohexose), showed a very 

sharp peak close to 289.5 eV and another sharp peak at 288.6 eV, which was present 

on the shoulder of the large peak and less obvious in case of L-Arabinose (Table 6.2; 

Fig 6.1A). The 289.45 eV peak has been attributed to 1s-3p/σ* transitions of C-OH 

groups (O-alkyl) in monosaccharides (Solomon et al., 2009), and similar band has 

been reported in 1s-3p/σ* transitions of alcohols and other hydoxylated linked C 

species (Ishi and Hitchcock, 1988; Cody et al., 2009). A less distinct and much 

smaller band was present at 288.62 eV in the spectrum of L-Rhamnose, probably due 

to C1s-1s-π* transition. Additional sharp peaks at 286.80 eV in the spectrum of L- 

Arabinose and 287.59 eV in the L-Rhamnose spectrum could be due to 1s-π* 

transition of C-O group and 1s-3p/σ* transition of C-H group, respectively. Despite 

the similarities in the main features of the spectra for L-Arabinose and L-Rhamnose 

with the published data, multiple peaks, in the 290-300 eV region, observed by 

Solomon et al. (2009) did not occur in our spectra, and instead a broad peak, with 

maximum at ~294 eV, was observed. 

Gallic acid (a phenolic acid) showed sharp peaks at 285.06, 287.58, and 

288.54 eV and slightly less intense peaks at 286.08, 286.78 eV (Table 6.1; Figure 

1B). The 285.06 eV peak may be assigned to The C1s-π* transitions from C atoms 
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connected to O atoms (C-OH) in the aromatic ring of gallic acid (Francis and 

Hitchcock, 1992; Hitchcock et al., 1992; Robin et al., 1988; Cody et al., 1998). The 

spectral features at 286.08, 286.78 and 287.58 eV are also associated with C1s-π* 

transitions corresponding to C1s-π*C-OH transitions and the energy positions are 

modified by OH substituents in phenol (Francis and Hitchcock, 1992). The sharp 

absorption band at 288.54 eV is attributed to the C1s-π* transition of carboxylate C 

(COOH), and the high energy shift has been attributed to the electron withdrawing 

nature of oxygen (Cody et al., 1998). 

Vanillin (a phenolic aldehyde) spectrum showed some similarity with gallic 

acid with intense peak at 288.60 eV and a peak at ~287.60 eV which could be 

assigned to C1s-π*transitions of carboxylate C and C1s-π* transitions from C atoms 

connected to OH as before. The peak at 292.69 eV may be due to C1s-π*  C-H 

transitions from the methoxy group (–O–CH3) in vanillin (Francis and Hitchcock, 

1992). 

The sharp peaks at 288.75 and 288.58 eV in the spectra (Figure 6.1B) of 

citric and benzoic acids, respectively, may be assigned to C1s-π*C=O transitions of 

carboxylate C (Cody et al., 1998; Kuznetsova et al., 2001). In benzoic acid the broad 

peak at 285.06 eV possibly arise from C1s-π*C=C transitions of C bonds (C=C) in the 

aromatic ring structure (Cody et al., 1998; Solomon et al., 2009). 

Adenine is a purine where six-membered rings are attached to five membered 

rings; it is an integral part of deoxyribonucleic acid (DNA), ribonucleic acid (RNA), 

and adenosine triphosphate (ATP). In the NEXAFS spectrum of adenine, two very 

sharp peaks at 287.54 and 286.90 eV (Table 6.2; Figure 6.1C) were assigned to 

structural C-Nx species and a small broad peak at 284.89 eV was attributed to π*C=C 

transition (Samuel et al., 2006). The C1s-π*C=C transitions from the ring structure of 

adenine also contributed to the main two peaks at 287.54 and 286.90 eV (Solomon et 

al., 2009). Similar to Samuel et al. (2006), we did not observe the intense peak at 

288.70 eV that was reported by Solomon et al. (2009) for the C1s-π*C=C transitions 

of C=C-NH and C=C-NHX species. 

Amino acids are a important component of soil organic matter; forming up to 

50% of the organic nitrogen in soils and 90% of the soil N exist in the organic form. 
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The essential feature of the structure of amino acids is the presence of amine (-NH2) 

and carboxylic (-COOH) functional groups that are attached to a saturated C atom, C 

(Kaznacheyev et al., 2002). All six amino acids analysed in this study showed a 

strong peak close to 288.8 eV (288.74-288.80 eV; Table 6.2, Figure 6.1D), which is 

consistent with the published literature on the C K-edge NEXAFS of amino acids and 

the peak has been attributed to C1s-π*C=O transitions of carboxyl/carbonyl, 

COOH/COO-, groups in amino acids (Boese et al., 1997; Buckley and Besley, 2011; 

Cooper et al., 2004; Kaznacheyev et al., 2002; Solomon et al., 2009).  The distinct 

peak at 285.16 eV in the phenylalanine spectrum is most likely due to the C1s-π*C=C 

transition of aromatic side chain of phenylalanine (Cooper et al., 2004; Solomon et 

al., 2009). A low intensity peak at 287.80 eV in the phenylalanine has been assigned 

to the C1s-π*C-H and Rydberg excitations (Kaznacheyev et al., 2002). In the histidine 

spectrum, a very strong peak at 287.13 eV was also attributed to the C1s-π*C-H and 

Rydberg excitations (Kaznacheyev et al., 2002; Solomon et al., 2007).  The high 

energy peaks at approximately 289.38 and 289.58 eV in arginine and lysine, 

respectively have been attributed to C1s-π*C=N transitions; according to Kaznacheyev 

et al. (2002), C in this bonding is bonded to three N atoms and hence the peak from 

the C1s-π*C=N transition appears above that of a C 1s(COO-) group. 

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 and B550) are quite similar to each 

other and to the wood char spectrum presented by Heymann et al. (2011). The 

biochar spectra have two distinct peaks at 285.18 and 288.45 eV (Figure 6.2; Table 

6.3).The first peak (285.18 eV) can be attributed to the C1s-π*C=C transitions of 

aromatic C, and protonated and alkylated aromatic C; and the peak at 288.45 eV 

probably represents C1s-π*C=O transitions of carboxylic C, carboxyamide C and 

carbonyl C (Samuel et al., 2006; Francis and Hitchcock, 1992; Hitchcock et al., 1992; 

Hitchcock and Ishii, 1987; Robin et al., 1988; Cody et al., 1998). The deconvolution 

procedure identified four additional peaks in the spectra of both biochars at 286.48 

(C1s-π*C-OH, C=O), 287.40 (1s-3p/σ*C-H), 289.83 (C1s-π*C-O) and 290.62 (C1s-π*C=O) 

eV; the position of these peaks is within the ranges of the suggested functional 

groups (Table 6.1). Based on the peak area, the proportion of aromatic C (G2) was 
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slightly greater in B550 biochar than B450 biochar, which is expected as aromatic 

condensation in biochar increases with increasing heat treatment temperature 

(McBeath and Smernik, 2009; McBeath et al., 2011). Contrary to this, the 

aromaticity index (aromatic carbon (G2)/carboxyl and amide carbon (G6)) was 

marginally greater for B450 than B550. All in all, the differences in the C 1s 

NEXFAS spectra of the two biochars were negligible. Although aromatic 

condensation increases with increasing heat treatment temperature in the 

200−1000°C, the increase is rapid in the low temperature range and reached > 89% 

at 400°C (McBeath et al., 2011); therefore, it is possible to observe similar spectra 

for the two biochars produced at 450 and 550 °C. 

NEXAFS spectra and the peak data for the light density fraction of the 

unamended four soils and biochar amended soils are presented in Figures 6.3−6.7 

and Tables 6.4−6.7. Similar to the biochar spectra, two distinct peaks at ~285.1 and 

288.5 eV (Figures 6.3−6.7) were present in all samples. However, the intensity of the 

aromatic (285.1 eV) peak was smaller and of the carboxylic C (and carboxyamide C 

and carbonyl C) peak at 288.5 eV was larger than in the biochar spectra. In the SA 

samples, an additional peak at 290.35 eV was observed, which was attributed to the 

C1s-π*C=O transitions of carbonate (Gilbert et al., 2011) in the soil (Figure 6.6). 

Calcite was identified from the X-ray diffraction analysis of the soil, and chemical 

analysis showed that 6.0% inorganic C was present in this soil (Fang et al., 2014). In 

addition to the C peaks, two peaks at approximately 297.4 and 300 eV were present 

in the SA and Qld spectra and more prominent in the SA sample (Figures 6.5 and 

Figures 6.6). These peaks correspond to L3 (K-L3-2p3/2) and L2 (K-L2-2p3/2) edges 

of potassium. Potassium peaks originated from the presence of illite in the clay 

fraction of these two soils and its proportion was greater in the clay fraction of the 

SA soil than in the Qld soil (Fang et al., 2014). 

In all soil and soil-biochar samples 5−6 Gaussian peaks were fitted, and the 

main difference among the soils was in the resolution of O-alkyl (G7) and carbonyl 

(G8) peaks, these peaks were resolved in the WA and NSW soils only (Tables 

6.4−6.7). The functional groups of C represented by the peaks are described in the 

Table 6.1 and the peak positions agree well with the published data on SOC and 

biochar-C (Heymann et al., 2011; Keiluweit et al., 2012; Klebber et al. 2011; 
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Lehmann et al., 2009; Liang et al., 2006; Schäfer et al., 2005; Schumacher et al., 

2005; Solomon et al., 2005). The proportion of aromatic C (proportion of G2) and the 

aromaticity index (aromatic C/carboxyl and amide C, G2/G7; Kleber et al., 2011) 

were substantially greater in the light fraction of the biochar amended soils than the 

corresponding light fraction of the unamended soil; the difference was minimal in the 

case of SA soil (Table 6.7) where problems were encountered in separating the light 

fraction from the biochar amended soils and biochar recovery was very poor. The 

proportion of aromatic carbon also increased in the control soils (i.e. without biochar 

addition) in most of the samples after ageing for one year at different temperatures 

(Tables 6.4−6.7). The laboratory incubation results show that a substantial portion of 

the native soil C was mineralised in the 12-month period (0.7−6.8% of the total C 

mineralised at 20°C, 5.8−19.9% at 40°C and 13.3−30.3% at 60°C), which might have 

increased the proportion of aromatic C in the residual native SOC. The proportion of 

aromatic C in the light fraction of biochar amended soils did not show any consistent 

trend; however, there was some tendency in the data toward an increase in the 

aromaticity index for the aged samples at various temperatures (Tables 6.4−6.7). 

There are two possible reasons for no observed changes in the proportion of aromatic 

C in biochar amended light fractions, firstly a small proportion of the biochar-C was 

mineralised (0.34−7.07% of the total biochar-C) during the 12-month incubation 

period, which did not produce any observable change in the C functional groups of 

biochar-C. Secondly, the mixing of native soil C with the biochar-C in the light 

fraction masked any difference in the aromatic C of the original and aged biochar 

samples, considering that there was a consistent and substantial increase in the 

aromatic C in the native SOC after ageing. The incubation temperature also did not 

produce any consistent change in the proportion of C functional groups, and the same 

two reasons perhaps apply in these results as well. 

In the two soils (WA and NSW), where the light fraction of both B450 and 

B550 amended soils were analysed, the proportion of aromatic C (G2) and the 

aromaticity index were much higher in the light fraction of the B550 amended soils 

than the corresponding B450 amended light fraction (Figure 6.7; Table 6.4 and 

Table 6.5). These results are consistent with our C mineralisation data from the 

incubation experiment, which showed a significantly lower biochar-C mineralisation 

from the B550 amended soils (0.34−1.52%) than the corresponding B450 amended 
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soils (0.65−7.07%). The modelling results from 2-year mineralisation data predict 

much longer residence time for B550 (344−579 years) than B450 (218−259 years) in 

these soils (Fang et al., 2014). It has reported in number of previous studies that the 

proportion of aromatic C in biochar or black carbon increases with increasing 

pyrolysis temperatures (Czimczik et al., 2002; Keiluweit et al., 2010; McBeath and 

Smernik, 2011). 

6.3.3. XPS of aged biochar samples 

Normalised concentrations of C, O, Si, Al and N in the light fraction are 

presented in the Table 6.8. Minor amounts of Mg, P, Na, Ca and W were also 

observed in some of the samples, Na and W being residual from the sodium 

polytungstate used in the density fractionation procedure and Mg, P and Ca being 

present in small amounts in SOC and the biochar (Figure 6.S3). There was no 

consistent trend in the C content, except being generally higher in hand-picked 

biochar particles than the ground biochar and native SOC particles. All samples 

contained substantial amounts of Si and Al; the atomic ratio of Al/Si is < 1.0 in all 

samples, which suggests the presence of both kaolinite (Al/Si ~1.0) and quartz. The 

two minerals were identified from the X-ray diffraction analysis of the clay fraction 

of the WA soil (Fang et al., 2014). Oxygen content appears to have increased with 

ageing in all light fractions; however, due to the presence of quartz and kaolinite it is 

not possible to unambiguously attribute this to the oxidation of C groups of biochar. 

Nitrogen content was similar for the ground SOC and biochar samples; however, the 

N content of hand-picked biochar samples was greater than the ground SOC and 

biochar samples. 

The C1s peak was deconvoluted into four peaks – representing C-C/C-H, 

aromatic C (284.81−285.03 eV), C-O, aromatic C (286.42−286.73 eV), C=O, ketone 

C, 287.81−288.03 eV and COO, carboxylic C (288.60−289.55 eV) (Proctor and 

Sherwood, 1982). The proportion of C functional groups in the ground samples of the 

light fractions isolated from the WA soil (i.e. native SOC) and soil treated with 

biochar did not show any obvious trend (Table 6.9). In both group of samples, the 

dominant C functional groups were C-C/C-H and C-O; and C=O and COO groups 

were less than 10%. These results are consistent with the XPS results of black carbon 

powdered samples reported by Cheng et al. (2006). The C1s-XPS spectra of the light 
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fraction of native SOC (isolated from the control soil) and the original biochar (B450) 

were quite different to each other. The biochar spectrum showed a much greater 

proportion of C-C/C-H group than the native SOC, whereas the other C groups (C-O, 

C=O and COO) were present in greater proportion in the native SOC than the biochar. 

The proportion of COO group progressively increased slightly in the hand-picked 

aged biochar samples (1 and 2 years), which suggests limited oxidation of C groups 

on the surface of biochar particles (Table 6.9). Similar observations were also made 

by Cheng et al. (2006) and Joseph et al. (2010) for black carbon and biochar samples. 

We observed the presence of COO group in the original biochar unlike Joseph et al. 

(2010), who reported the absence of COO group in a fresh green waste biochar. 

The deconvolution of N 1s spectra of most samples was done into (i) N in 

organic matrix possibly associated with proteins and amino acids (400.03−400.89 

eV), and (ii) quaternary N and/or -NO groups (401.73−402.77 eV) (Abe and 

Watanbe, 2004).  However, in the original biochar samples N 1s peaks existed into (i) 

aromatic amine, purine and imidazome C (C=N) with bonding energy between 

399.04 and 399.35 eV, and (ii) N in the organic matrix similar to the other samples 

(400.86−400.89 eV). It is expected that in the wood biochar produced at 450°C most 

of the nitrogen will exit in the form of ‘black nitrogen’, where heteroaromatic N 

structures are formed during the pyrolysis process (Knicker, 2007; 2010). Most of the 

N existed in organic matrix and approximately < 10% in quaternary N and/or -NO 

groups. There was no consistent trend in the proportion of N functional groups of 

native SOC and biochar samples with ageing at different temperatures, which is 

expected as N bound in hetrocyclic compounds is considered to be chemically stable 

(Leinweber and Schulten, 2000).  

 

6.4. Conclusions 

The spectral features and peak positions observed for the relevant organic 

compounds were consistent with the published literature. Similarly, spectral features 

of biochars and the light fractions of soil and soil amended with the biochars were 

consistent with the limited published data. The aromatic C peaks were substantially 

larger in the biochars than the native SOC or native SOC mixed with biochars. The 

proportion of aromatic C in the control soil (without biochar) increased with ageing 
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and increased incubation temperature. The light fraction of the soil amended with the 

high temperature biochar (B550) showed a greater proportion of the aromatic C than 

the corresponding samples from the corresponding low temperature biochar (B450). 

After one year ageing, we did not observe any consistent change in the C functional 

group of light fraction separated from biochar amended soils, possibly the mixing of 

native soil C with the biochar-C in the light fraction masked any difference in the 

aromatic C between the fresh and aged biochar samples. XPS results of the ground 

samples also did not show any difference in C groups between fresh and aged light 

fractions of the WA soil. However, the XPS analysis of hand-picked biochar samples 

showed increased oxidation with increasing ageing time and the increasing 

incubation temperature.  

Both NEXAFS and XPS are useful techniques for the characterisation of 

native SOC and biochar-C. However, due to the similarities in the spectral features of 

the biochar and native C it is difficult to determine the changes in biochar-C with 

ageing in soils.  In the future studies, hand-picked biochar samples representing a 

range of particle sizes should be analysed using both NEXAFS and XPS to determine 

their C functional groups. There are substantial overlaps between the peaks of 

various C groups in the spectra of both NEXAFS and XPS, and thus there are 

limitations in the quantitative analysis of the data. 
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Table 6.1. Peak assignments for the C(1s) NEXAFS spectra based on the published 
literature (Cody et al., 1998; Francis and Hitchcock, 1992; Heymann et al., 2011; 
Kaznacheyev et al., 2002; Keiluweit et al., 2012; Klebber et al. 2011; Lehmann et al., 
2009; Schäfer et al., 2005; Schumacher et al., 2005; Solomon et al., 2005). 
 

Energy range 
(eV) 

Transition Bond and C form Deconvolution curve* 

283.0-284.5 1s-π* C=O, quinine C G1 

284.0-285.5 1s-π* C=C, aromatic C; C-H, protonated and 
alkylated aromatic C; carbonyl 
substituted aryl C 

G2 

286.0-287.4 1s-π* C-OH, phenolic C, C=O, ketonic C; R-
(C=O)-R’; C=N, C-N, N-substituted 
aromatic C 

G4 

287.0-287.8 1s-3p/σ* C-H, aliphatic C of CH3, CH2 and CH 
nature 

G5 

288.0-288.8 1s-π* COOH, carboxylic C; COO, 
carboxyamide; C=O carbonyl C 

G6 

289.0-289.5 1s-π* C-O, O-alkyl C G7 

290.0-290.5 1s-π* C=O, carbonyl, carboxyl substituted 
aromatic 

G8 

*Based on the notation used by Keiluweit et al., 2012



 

 

Table 6.2. C1s-NEXAFS spectral peaks of structurally different reference carbon compounds used in the study.

Compound Chemical structure

L-Rhamnose 

 

L-Arabinose 

 

Chitin 

 

Pectin 

 

Gallic acid 

 

Citric acid 

 

Vanillin 
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NEXAFS spectral peaks of structurally different reference carbon compounds used in the study. 

Chemical structure Photon energy (eV) 

- - - 287.59 288.62

- 286.80 - - 288.6*

285.21 - - - 288.56

- 286.78 - - 288.76

285.06 286.08 286.78 287.58 288.54

- - - 287.04* 288.75

- - - 287.63* 288.60

− Characterisation of carbon functional groups of aged biochars in soils 

 

 

288.62 289.46 - 

288.6* 289.45 294.07 

288.56 289.54 - 

288.76 289.49 - 

288.54 - - 

288.75 - - 

288.60 - 292.69 



 

 

Benzoic acid 
 

 
Adenine 

 

 
DL-Phenylalanine 

 

L-Histidine 

 

L-Arginine 

 

L-Glutamic acid 

 

L-Alanine 

 

 
L-Lysine 

 
*peak is not very clear. 
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285.06 - - - 288.58

284.89 286.90 - 287.54 

285.16 - - 287.80* 288.80

- - - 287.13 288.75

 

- - - - 288.74

- - - - 288.84

- - - - 288.80

- - - - 288.80

− Characterisation of carbon functional groups of aged biochars in soils 

288.58 - - 

- - - 

288.80 - - 

288.75 - - 

288.74 289.38 - 

288.84 - 290.18 

288.80 - - 

288.80 289.58 - 
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Table 6.3. The energy position and relative proportion of functional groups in C 1s 
NEXAFS spectra of the two biochars, B450 and B550, as determined by Gaussian 
peak deconvolution. 

Biochar 

Photon energy (eV) Aromaticity 
index* 

 

285.18 286.48 287.40 288.45 289.83 290.62 

G2 G4 G5 G6 G7 G8 

B450 26.1 7.9 14.5 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 et al. (2012) 
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Table 6.4. The energy position and relative proportion of functional groups in the C 
1s NEXAFS spectra of the light density fraction (1.8 g cm-3) of the WA soil, and soil 
amended with biochars, WA450 is the soil amended with the 450 °C biochar and 
WA550 is the soil amended with the 550 °C biochar. The light fraction was separated 
immediately after mixing biochar (Day 0) with the soil and after ageing for 1 year in 
soil at three temperatures, i.e. 20, 40 and 60 °C. Gaussian peak numbers correspond 
to the C functional described in Table 6.1. 

Soil / 
biochar 

Time 
Temp. 

(°C) 

Photon energy (eV) Aromaticity 
index* 

 

285.27 286.57 287.57 288.49 289.56 290.65 

G2 G4 G5 G6 G7 G8 

WA0 Day 0 − 7.3 3.9 16.5 12.7 50.8 8.8 0.6 

 1 year 20 9.6 4.6 13.5 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 10.5 4.8 14.0 11.8 51.3 7.5 0.9 

          

WA450 Day 0 − 15.1 4.0 16.2 10.3 48.7 5.7 1.5 

 1 year 20 16.9 7.0 13.8 10.9 48.6 2.7 1.5 

 1 year 40 − − − − − − − 

 1 year 60 19.5 7.0 13.3 11.6 46.0 2.7 1.7 

          

WA550 Day 0 − 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 14.5 38.0 4.6 1.5 

*Aromaticity index = G2/G6, following Keiluweit et al. (2012) 
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Table 6.5. The energy position and relative proportion of functional groups in the C 
1s NEXAFS spectra of the light density fraction (1.8 g cm-3) of the NSW soil, and 
soil amended with biochars, NSW450 is the soil amended with the 450 °C biochar 
and NSW550 is the soil amended with the 550 °C biochar. The light fraction was 
separated immediately after mixing biochar (Day 0) with the soil and after ageing for 
1 year in soil at three temperatures, i.e. 20, 40 and 60 °C. Gaussian peak numbers 
correspond to the C functional described in Table 6.1. 

Soil / 
biochar 

Time 
Temp. 

(°C) 

Photon energy (eV) 

Aromaticity 
index* 

285.15 286.81 287.64 288.55 289.75 

G2 G4 G5 G6 G7 

NSW0 Day 0 − 7.9 6.1 11.6 22.6 51.7 0.3 

 1 year 20 9.2 8.4 10.2 21.3 50.8 0.4 

 1 year 40 9.4 7.9 11.7 24.5 46.5 0.4 

 1 year 60 11.1 8.2 12.9 22.5 45.3 0.5 

         

NSW450 Day 0 − 22.8 8.3 8.8 33.4 26.7 0.7 

 1 year 20 21.1 8.5 10.4 28.8 31.1 0.7 

 1 year 40 19.8 13.1 5.3 23.1 38.7 0.9 

 1 year 60 19.5 10.0 8.0 26.7 35.9 0.7 

         

NSW550  Day 0 − 26.5 11.6 6.1 33.3 22.5 0.8 

 1 year 20 27.3 11.3 6.2 36.8 18.4 0.7 

 1 year 40 25.6 13.2 5.4 31.7 24.1 0.8 

 1 year 60 21.2 10.4 6.5 35.5 26.4 0.6 

*Aromaticity index = G2/G6, following Keiluweit et al. (2012) 
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Table 6.6. The energy position and relative proportion of functional groups in the C 
1s NEXAFS spectra of the light density fraction (1.8 g cm-3) of the Qld soil, and soil 
amended with biochars, Qld450 is the soil amended with the 450 °C biochar and 
Qld550 is the soil amended with the 550 °C biochar. The light fraction was separated 
immediately after mixing biochar (Day 0) with the soil and after ageing for 1 year in 
soil at three temperatures, i.e. 20, 40 and 60 °C. Gaussian peak numbers correspond 
to the C functional described in Table 6.1. 

Soil Time 
Temp. 

(°C) 

Photon energy (eV) Aromaticity 
index* 

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 27.9 45.2 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 

 1 year 60 10.0 4.9 12.6 20.8 51.8 0.5 

         

Qld 
450 

Day 0 
− 23.0 7.9 7.4 30.5 31.2 

0.8 

 1 year 20 22.5 10.5 7.5 32.9 26.7 0.7 

 1 year 40 20.2 11.6 6.4 25.9 35.9 0.8 

 1 year 60 20.3 10.8 7.7 24.8 36.3 0.8 

*Aromaticity index = G2/G6, following Keiluweit et al. (2012) 
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Table 6.7. The energy position and relative proportion of functional groups in the C 
1s NEXAFS spectra of the light density fraction (1.8 g cm-3) of the SA soil, and soil 
amended with biochars, SA450 is the soil amended with the 450 °C biochar and 
SA550 is the soil amended with the 550 °C biochar. The light fraction was separated 
immediately after mixing biochar (Day 0) with the soil and after ageing for 1 year in 
soil at three temperatures, i.e. 20, 40 and 60 °C. Gaussian peak numbers correspond 
to the C functional described in Table 6.1. 

Soil Time 

Temp. 

(°C) 

Photon energy (eV) 
Aromaticity 

index* 
285.18 286.71 287.57 288.50 289.84 290.45 

G2 G4 G5 G6 G7 G8 

SA0 Day 0 − 8.3 6.4 10.2 16.2 57.2 1.7 0.5 

 1 year 20 7.9 5.5 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 5.5 12.4 14.3 54.4 4.7 0.6 

          

SA450 Day 0 − 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 2.3 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 et al. (2012) 
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Table 6.8. XPS derived element composition of the B450 biochar and the light 
fraction fraction (< 1.8 g cm-3) of the WA soil and WA amended with 450 °C biochar. 
The light fraction was isolated from the soil and soil-biochar mixtures immediately 
after mixing (Day 0) and after incubation for 1 and 2 years at 20, 40 and 60 °C. 

Sample O1s C1s N1s Si2p Al2p C/N Al/Si (atomic) 

Ground powder- WA soil (no biochar) 

Day 0 - 36.6 37.9 2.7 15.0 7.9 14.3 0.55 

1-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 2.6 16.1 9.5 12.4 0.62 

2-year 20 °C 40.8 33.0 2.4 15.2 8.5 13.5 0.58 

40 °C 36.7 40.4 2.6 12.6 7.6 15.3 0.62 

60 °C 41.2 27.8 2.4 18.1 10.4 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 5.3 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 2.1 15.9 10.0 14.5 0.66 

40 °C 40.1 31.4 2.3 16.5 9.8 13.8 0.62 

60 °C 34.7 43.6 1.9 12.8 7.1 23.4 0.58 

Hand-picked intact particles-WA soil amended with 450 °C biochar 

1-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) obtained from the XPS 
spectra of the 450 °C biochar and the light fraction of native soil organic carbon 
and/or aged 450 °C biochar isolated from the WA soil. The light fraction was 
isolated from the soil and soil-biochar mixtures immediately after mixing (Day 0) 
and after incubation for 1 and 2 years at 20, 40 and 60 °C. 

Sample 
 

C-C/C-H C-O C=O O=C-O N in organic matrix 
Quaternary 
N and/or -
NO groups 

Ground powder-control (no biochar) 
Day 0 - 64.3 22.6 8.0 5.1 88.2 11.8 
1 year 20 °C 66.1 20.8 7.5 5.5 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 
2 year 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 
1 year 20 °C 66.5 21.7 6.9 4.9 86.9 13.1 

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 
2 year 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* 
1-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 aromatic amine, purine and imidazome C (C=N) with 
bonding energy between 399.04 and 399.35 eV. 

 

 

 

  



Chapter 6 − Characterisation of carbon functional groups of aged biochars in soils 
 

185 
 

 

  

Figure 6.1. C 1s-NEXAFS spectra of the reference C compounds used in the study. 
(A) L-Arabinose, chitin, pectin and L-Rhamnose; (B) Gallic acid, citric acid, vanillin 
and benzoic acid; (C) Adenine; and (D) DL-Phenylalanine, L-Histidine, L-Arginine, 
L-Glutamic acid, L-Alanine and L-Lysine. The dotted lines at 285, 290 and 295 eV 
are given to assist in comparing the peak positions. 
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Figure 6.2. C 1s-NEXAFS spectra of the two original biochar samples, B450 is the 
Eucalyptus wood biochar produced at 450 °C and B550 is the Eucalyptus wood 
biochar produced at 550 °C. 
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Figure 6.3. C 1s-NEXAFS spectra of the light fraction of the control WA soil and 
the WA soil treated with B450 biochar after incubation at different time and 
temperatures. WA_B0_D0 = WA soil without biochar on the first day; 
WA_B0_1Y_20 is the WA soil without biochar aged for 1 year at 20 °C, and 
similarly after ageing for 1 year at 40 °C (WA_B0_1Y_40) and 60 °C 
(WA_B0_1Y_60). WA_B450_D0 = WA soil amended with 450 °C biochar and the 
light fraction isolated soon after mixing; WA_B450_1Y_20 is the WA soil with 
biochar ageing for 1 year at 20 °C, and similarly after ageing 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 the control NSW soil and 
the NSW soil treated with B450 biochar after incubation at different time and 
temperatures. NSW_B0_D0 = NSW soil without biochar on the first day; 
NSW_B0_1Y_20 is the NSW soil without biochar aged for 1 year at 20 °C, and 
similarly after ageing for 1 year at 40 °C (NSW_B0_1Y_40) and 60 °C 
(NSW_B0_1Y_60). NSW_B450_D0 = NSW soil amended with 450 °C biochar and 
the light fraction isolated soon after mixing; NSW_B450_1Y_20 is the NSW soil 
with biochar ageing for 1 year at 20 °C, and similarly after 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 the control Qld soil and the 
Qld soil treated with B450 biochar after incubation at different time and temperatures. 
Qld_B0_D0 = Qld soil without biochar on the first day; Qld_B0_1Y_20 is the Qld 
soil without biochar aged for 1 year at 20 °C, and similarly after ageing for 1 year at 
40 °C (Qld_B0_1Y_40) and 60 °C (Qld_B0_1Y_60). Qld_B450_D0 = Qld soil 
amended with 450 °C biochar and the light fraction isolated soon after mixing; 
Qld_B450_1Y_20 is the Qld soil with biochar ageing for 1 year at 20 °C, and 
similarly after ageing for 1 year at 40 °C (Qld_B450_1Y_40) and 60 °C 
(Qld_B450_1Y_60). 

 



Chapter 6 − Characterisation of carbon functional groups of aged biochars in soils 
 

190 
 

 

 

Figure 6.6. C 1s-NEXAFS spectra of the light fraction of the control SA soil and the 
SA soil treated with B450 biochar after incubation at different time and temperatures. 
SA_B0_D0 = NSW soil without biochar on the first day; SA_B0_1Y_20 is the NSW 
soil without biochar aged for 1 year at 20 °C, and similarly after ageing for 1 year at 
40 °C (SA_B0_1Y_40) and 60 °C (SA_B0_1Y_60). SA_B450_D0 = NSW soil 
amended with 450 °C biochar and the light fraction isolated soon after mixing; 
SA_B450_1Y_20 is the SA soil with biochar ageing for 1 year at 20 °C, and 
similarly after ageing for 1 year at 40 °C (SA_B450_1Y_40  and 60 °C 
(NSW_B450_1Y_60). 
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Figure 6.7. C 1s-NEXAFS spectra of the light fraction of the NSW and WA soils 
amended with B550 biochar after incubation at different time and temperatures. 
NSW_B550_D0 = NSW soil amended with 550 °C biochar and the light fraction 
isolated soon after mixing; NSW_B550_1Y_20 is the NSW soil with biochar ageing 
for 1 year at 20 °C, and similarly after ageing for 1 year at 40 °C 
(NSW_B550_1Y_40 WA) and 60 °C (NSW_B550_1Y_60), and similar notation for 
the Qld soil. 
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6.6. Supporting Information 

 

 

Figure 6.S1. (A) Gold (sputtered) spectrum, uncorrected and corrected spectra 
(auger electron yield,  AEY) of the light fraction of carbon isolated from 450 °C 
biochar treated soil after one of incubation at 20 °C in a Vertisol (Qld soil); and (B) 
is the corrected spectrum after background correction and normalisation. 
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Figure 6.S2. An illustration of the Gaussian and arctangent functions used for the 
spectral deconvolution of C 1s NEXAFS of the light fraction of soil and soil-biochar 
samples. The black and red lines represent the original and fitted spectrum, 
respectively. The blue lines are for the fitted peaks 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 cm-3) of the WA soil (an 
Inceptisol) showing peaks of major elements; (B) the high-resolution spectrum for 
the C region of the same sample showing the four deconvoluted peaks of C 1s at 
284.89 (C-C/C-H), 286.49 (C-O), 287.89 (C=O) and 288.79 eV (O=C-O); and (C) 
the high-resolution spectrum for the N region of the same 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) in soil may interactively prime 

carbon (C) mineralisation. However, the direction and persistence of the interactive 

priming effects over a relatively longer period remain unknown. A 2.1-year 

incubation study was conducted using two δ
13C-depleted biochars produced at 450 

and 550 °C from Eucalyptus saligna, extending the results beyond 4 months (Keith 

et al., 2011). Each of the biochars (at 2%, w/w) in combination with sugarcane 

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

Our results show that the magnitude and direction of interactive priming of 

biochar-C and sugarcane residue (source of LOM) C mineralisation observed at the 

end of the 4-month incubation were generally sustained over the remaining 2.1 years. 

Overall, the positive priming effect of LOM on biochar-C mineralisation and the 

negative priming effect of biochar on LOM-C mineralisation increased with 

increasing LOM application rate. The mean residence times (MRT) of biochars 

estimated from the 2.1-year data was greater than those estimated from the 4-month 

incubation data. The MRT of the 450 °C and 550 °C biochars in the absence of added 

LOM were 713 and 978 years, respectively. The MRT of the 450 °C and 550 °C 

biochars decreased to 314–322 and 567–643 years, respectively, in the presence of 

different levels of LOM. Over the 2.1-years, between 0.6 and 1.7% of the biochar-C 

was mineralised across the biochar and LOM treatments, and between 54 and 65% of 

the biochar-C mineralisation occurred in the first 4-months of incubation. The 

proportion of C mineralised for the 450 °C biochar was significantly (p < 0.001) 

greater than the 550 °C biochar. Terminal restriction fragment length polymorphism 

(T-RFLP) analysis showed that increasing rate of LOM addition changed bacterial 

and fungal community structures in soil. For example, in the 4% LOM treatment, the 

fungal community structure was significantly different to the control and the other 

LOM treatments (1 and 2%). However, the addition of biochar did not affect the 

microbial community structures in the soil. In conclusion, although the input of LOM 
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produced a positive priming effect on biochar-C mineralisation with increasing LOM 

rates in the Vertisol, biochar can still persist in the soil in the range of a few centuries.   

 

7.1. Introduction 

Biochar application to soil has been advocated as a mean of long-term C storage in a 

terrestrial ecosystem to counter the effects of rising levels of atmospheric carbon 

dioxide (Glaser et al., 2001; Lehmann and Joseph, 2009; Woolf et al., 2010). The C 

storage benefits of biochar would be increased if there is a negative priming effect of 

biochar on native soil C.  

Previous studies have shown different priming effects, i.e. positive, negative 

or no effect of biochar on the mineralisation of native soil organic carbon (SOC) or 

added LOM (Cross and Sohi, 2011; Farrell et al., 2013; Hamer et al., 2004; Keith et 

al., 2011; Luo et al., 2011; Zimmerman et al., 2011). The positive priming of biochar 

has been linked to the co-metabolic effect of a small proportion of labile C in 

biochars, enhancing the growth of microbial communities and therefore accelerating 

organic C mineralisation in soil (Farrell et al., 2013; Hamer et al., 2004; Luo et al., 

2011). Keith et al. (2011) found a positive priming effect of biochar on LOM-C 

applied at 1% (wt/wt) in a smectite soil, and the positive priming was changed to 

negative priming when the LOM application rate increased from 1% to 2 or 4% 

(wt/wt). The negative priming effect of biochar on LOM-C mineralisation may result 

from (i) increased organo-mineral chemical interactions with the co-addition of 

biochar and LOM in a mineral soil (Brodowski et al., 2006) and/or (ii) improved 

aggregate stability (Herath et al., 2013). Furthermore, some of the dissolved LOM 

may be physically entrapped within the pore structure of biochar (Pignatello et al., 

2006). Hence, LOM may be chemically and physically protected against biotic 

decomposition in the biochar-amended mineral soil. On the other hand, the addition 

of LOM in soil may positively prime the mineralisation of labile C components in 

biochar in a relatively short-term (Hamer et al., 2004; Keith et al., 2011; Kuzyakov et 

al., 2009; Luo et al., 2011), or there may be no significant effect on aged biochar-C 

(Liang et al., 2010). Keith et al. (2011) found that the positive priming effect of LOM 

on biochar-C mineralisation was time dependent at low application rates of LOM (1 

and 2%) during a 4-month incubation period whereas the positive priming of biochar 

was sustained at high application rate of LOM (4%) over the same period. It is 
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possible that the biochar-induced physico-chemical interactions may also stabilise 

biochar-C mineralisation over time in organo-mineral fractions (Keith et al. 2011). 

The above results suggest that the direction and magnitude of interactive priming 

effects may change due to the depletion of labile C in biochar with time or with 

increasing LOM addition rate. Over a longer term period, the factors (such as organo-

mineral interaction, sorption of LOM on biochar, and microbial activity and/or 

structure) contributing to interactive priming effect may change further, and 

consequently, the direction and magnitude of interactive priming may also change 

with time. Therefore, it is necessary to assess the interactive priming effect of biochar 

and LOM input in soil over a longer-term period, to gain a better understanding of 

the mechanisms and the C sequestration potential of biochar in soil. 

An increase in the activity of microorganisms and associated enzymes in the 

presence of biochar was considered to be the main reason for the occurrence of 

positive priming effect in soils (Kuzyakov et al., 2000). The LOM addition rate or 

composition may influence the microbial community and consequently the 

interactive priming effects. For example, the easily available carbon (glucose) was 

found to increase bacterial growth rates accompanied by decreased fungal growth 

rates, whereas complex carbon (cellulose) was observed to increase both bacterial 

and fungal growth rates (Meidute et al., 2008). Similarly, Rousk and Baath (2007) 

reported an increased bacterial and fungal growth with the addition of alfalfa and 

barley straw in soil. Acosta-MartÃnez and Harmel (2006) reported an increased 

bacterial and fungal populations with poultry litter application at rates higher than 6.7 

t ha-1. However, very little is known about changes in microbial community with the 

addition of LOM and their likely influence on the interactive priming effects in 

biochar-amended soil. This study has made an attempt to provide some insights into 

this knowledge gap. 

Biochar generally has a high stability in soil (Fang et al., 2014; Kuzyakov et 

al., 2009; Singh et al., 2012), however, it can be degraded by both abiotic and biotic 

processes (Cheng et al., 2006; Knicker et al., 2013; Zimmerman, 2010). The 

biological degradation of biochar may be the dominant process for degrading 

biochar-C in soils at temperature below 40 °C (Zimmermann et al., 2012). On the 

other hand, biochar serves as a habitat for microbes and increases soil microbial 

biomass (Kolb et al., 2009; Lehmann et al., 2011; O'Neill et al., 2009; Pietikäinen et 
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al., 2000; Warnock et al., 2007). In some cases, the total microbial biomass remains 

unchanged (Farrell et al., 2013; Steinbeiss et al., 2009), while microbial structure 

may shift to an increased proportion fungal communities (Steinbeiss et al., 2009). 

Farrell et al. (2013) found an increased gram positive bacteria biomass, which are 

recognised to utilise biochar as a C source (Farrell et al., 2013; Santos et al., 2012). 

These studies were conducted over a short-term period (months) and the significant 

shift of microbial community structure could be due to the labile-C in biochar 

(Farrell et al., 2013). However, with the depletion of labile-C fraction over time, the 

difference in microbial community in the absence and presence of biochar may not 

exist.  

This incubation experiment, a continuation of the short-term (4-month) study 

(Keith et al., 2011) and an extension to analyse microbial community structure at the 

termination of the incubation experiment, was conducted over a 2.1-year period. The 

specific aims of the study were to: (i) measure the biochar-C mineralisation and the 

interactive priming effect of sugarcane residue (LOM)-C and biochar-C 

mineralisation over a longer term in a clayey soil; and (ii) evaluate the effect of LOM 

and biochar treatments on microbial community structure in the soil after the long-

term incubation. The hypotheses of the research were that the negative priming effect 

of biochar on LOM-C mineralisation will change over a longer term period and the 

presence of LOM will decrease the biochar-C stability. Furthermore, biochar and 

LOM presence over a longer term will change the microbial 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 properties of soil, biochar and sugarcane 

residue have been described by Keith et al. (2011) and are presented in the Appendix 

6. Briefly, biochars, sugarcane residue and the clayey soil (Vertisol) were 

homogenously mixed and incubated in the dark at 20 ± 1 °C in the laboratory over a 

2.1-year period. Biochars were produced at 450 and 550 °C from δ13C-depleted 

Eucalyptus saligna wood biomass. The smectite dominant soil used for the 

incubation experiment had a pH1:5H2O 8.10; organic C and clay content of 0.45% and 
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53%, respectively. The biochars were applied at rates of 0 or 2% (w/w) and the 

sugarcane residue was added at rates of 0, 1, 2 or 4% (w/w) to 200 g soil (oven-dried 

basis). All treatments were replicated three times. A nutrient solution and a microbial 

inoculum were added to each treatment and the moisture content was adjusted to 60% 

of soil water holding capacity. The CO2 evolved from the soil and soil-biochar 

mixtures was continuously trapped in NaOH solution. The CO2 traps were replaced 

after 240, 310, 430, 506, 630 and 758 days of incubation; the earlier traps were 

replaced after 1, 2, 5, 8, 13, 20, 30, 44, 65, 90, and 120 days (Keith et al., 2011). 

7.2.2. Mineralisation of biochar, mean residence time and priming 

effect 

The total C mineralised (mg kg-1 soil) in treatments was determined by titrating a 

known volume of the CO2 trap solution against 0.1 M HCl, using phenolphthalein as 

the indicator. To quantify the proportion of CO2 derived from biochar or sugarcane 

residue (LOM) + native soil C, the trap solution was precipitated with SrCl2, and a 

SrCO3 precipitate was obtained for δ13C analysis (see chapter 3). From the δ
13C data 

the proportion of CO2 derived from biochar was determined by a two end-member 

mixing model (Keith et al., 2011). 

CBiochar �%� � �δ<(MNO*
δ]�^_(MNO*�
�δQ

(MNO*
δ]�^_(MNO*� � 100              (7.1) 

where δT
13CO2 is the δ13C value of total CO2-C evolved from biochar and LOM 

amended soil, δSLOM
13CO2 is the δ13C value for the CO2-C evolved from LOM 

amended or non-amended soil and δB
13C is the 13C isotopic value of the fresh 

biochars (−36.3‰ and −36.4‰ for the 450 and 550 °C biochar, respectively).  

Using the proportion of CO2-C derived from biochar, the proportion and amount of 

soil + LOM-C mineralised was determined. Due to the similar δ 13C values of soil 

(−14.3‰) and LOM (−12.7‰), the quantity of C mineralised from soil C and LOM-

C was indistinguishable.  

Biochar-C mineralisation data were fitted to the two-pool exponential model 

to estimate the MRT of biochar-C in the soil (Equation 3.2 in Chapter 3). 
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The priming effect of biochar-C (i.e. changes in native soil C or soil + LOM-

C mineralised induced by biochar) on native soil C ± LOM-C (PEb�Oc� ) was 

calculated as: 

PEb�Oc� � C�,b�Oc � Cb�Oc       (7.2) 

where, CB,SLOM is the amount (mg kg-1 soil) of soil or soil + LOM-C mineralised 

from biochar-amended soil and CSLOM is the amount (mg kg-1 soil) of soil or soil + 

LOM-C mineralised from control soil (without biochar).  

The priming effect of LOM (i.e. changes in biochar-C mineralisation induced 

by LOM addition) on biochar-C (PE�b�Oc) was determined as: 

PE�b�Oc � C�,b�Oc � C� 
      (7.3) 

where CB,SLOM is the amount (mg kg-1 soil) of biochar-C mineralised from biochar-

amended soil in the presence of LOM and CB is the amount (mg kg-1 soil) of biochar-

C mineralised from biochar-amended soil in the absence of LOM.  

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

analysis  

DNA extractions: Soil DNA was extracted from 0.25 g soil samples using the MoBio 

Powersoil® DNA Isolation Kit (MO BIO Laboratories, Inc.) and following the 

protocol provided by the supplier. Purified soil DNA was stored at −20 °C. The 

amounts of extracted DNA were qualitatively assessed on a 1.0% agarose gel run at 

220 V for 20 min and stained with ethidium bromide.   

The DNA extractions were tested for suitability for PCR by 16S rRNA gene 

amplification. Initial PCR amplification was performed using F27 

(AGAGTTTGATCMTGGCTCAG) and R1492 (TACGGTTACCTTGTTACGACTT) 

primers in a total volume of 15 µl, containing 8.9 µl Milli-Q water, 3 µl PCR 

Reaction buffer (5 × MyTaqTM Red DNA Polymerase, BIOLINE), 0.5 µl F27 (10 

µM), 0.5 µl R1492 (10 µM), 0.1 µl Taq and 2 µl extracted DNA as the template. 

After initial denaturation at 95 °C for 5 min, the reactions were cycled 35 times at 

95 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min with a final elongation step at 

72 °C for 5 min in an S1000 TouchTM Thermal Cycler (Bio-Rad). PCR products were 

visualized on 1.5% agarose gels stained with ethidium bromide (Sigma), using 



Chapter 7− A long-term study of interactive priming of biochar and LOM mineralisation  

201 

 

ChemiDocTM MP (Bio-Rad). Any extractions that yielded insufficient DNA were re-

extracted. 

T-RFLP analysis: T-RFLP analysis of bacterial and fungal communities was 

carried out by targeting 16S rRNA genes and internal transcribed spacer (ITS) genes, 

respectively, using primers labelled at the 5′ end with 5-carboxyfluorescein (FAM) or 

VIC. For bacterial communities, T-RFLP was performed with labelled primers 338 

F-FAM (ACWCCTACGGGWGGCWGC) and 1050R-NED 

(AYCTCACGRCACGAGCTGAC). Fluorescently labelled primers were synthesised 

by Life Technologies. The PCR program described above was used in a total volume 

of 30 µl, containing 17.8 µl Milli-Q water, 6 µl PCR Reaction buffer (5 × MyTaqTM 

Red DNA Polymerase, BIOLINE), 1 µl F27 (10 µM), 1 µl R1492 (10 µM), 0.2 µl 

Taq and 4 µl extracted DNA as the template. The thermocycling program included an 

initial denaturation step at 95 °C for 5 min followed by 35 cycles of denaturation step 

at 95 °C for 30 s, annealing step at 60 °C for 30 s, elongation step at 72 °C for 1 min, 

and a final 7 min elongation step at 72 °C. Fungal community analysis was done with 

ITS1-VIC (TCCGTAGGTGAACCTGCGG) and ITS4-VIC 

(TCCTCCGCTTATTGATATGC) primers, under the same conditions, but using a 

temperature of 47 °C in the annealing step. PCR products were checked by 1.5% 

agarose gels described as above. PCR products (40-55 µl) were purified by ethanol 

precipitation. In each PCR product, 0.1 volumes of 3 M sodium acetate (pH 5.2) and 

2 volumes of absolute ethanol were added, and they were incubated for 30 min at 

room temperature. The supernatant was discarded after centrifugation at 12,000 g for 

20 min and the precipitates washed with 70% ethanol. To dissolve the DNA 

precipitate, 15 µl of Milli-Q water was added. The purified DNA concentration was 

between 100 and 200 ng µl−1. The purified PCR product was digested with 0.25 µl of 

restriction enzyme Hha I (bacteria) or Taq I (fungi), 0.25µl of BSA, 2.5 µl of 10 × 

NEB buff 4, and 7 µl of Milli-Q water. The bacterial DNA samples were incubated at 

37 °C overnight. The restriction enzyme was inactivated by incubation at 65 °C (Hha 

I) or 80 °C (Taq I) for 20 min. Bacterial and fungal DNA samples were combined 

and T-RFLP chromatogram was generated by the Australian Genome Research 

Facility (AGRF). 

7.2.4. Statistical analysis 
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Cumulative total C and biochar-C, MRT, and interactive priming effect of LOM and 

biochar, were analysed with the two-way (sugarcane residue and biochar) analysis of 

variance performed in Genstat® 14th edition (VSN International, 2011). Repeated 

measures analyses were performed for total C and biochar-C mineralisation rates 

using a linear mixed model framework in Genstat® 14th edition (Fang et al., 2014). 

Each analysis consisted of fixed effects of LOM, biochar, time and all associated 

interactions, and random effects of replicate, and replicate and time. To allow for 

correlation between repeated measures on the same units, a first order autoregressive 

model was fitted (giving a higher residual log-likelihood than the power model). 

Heterogeneity in the residual variances between time-points was included as it was 

deemed significant using a residual likelihood ratio test. Where the F-statistic was 

significant, the means were compared using the LSD test at the 5% significance level 

unless stated otherwise. 

T-RFLP data was analysed using the T-REX analysis pipeline (Culman et al., 

2009). The same settings were used for both bacteria and fungi. Noise filtering 

(determining true peaks from background noise) was performed using the approach 

developed by Abdo et al. (2006). Briefly, true peaks were identified by an iterative 

approach where peaks whose height area exceeded the standard deviation computed 

over all peaks (with a standard deviation multiplier of 1.1). T-RFs were aligned using 

the T-align algorithm (Smith et al., 2005) with a clustering threshold of 0.5 and 

allowing for more than one peak to be classified as a single T-RF. Data matrices were 

constructed in T-REX using peak presence or absence and relativised peak height and 

peak area. Additive main effects and multiplicative interaction analysis (AMMI) was 

performed within T-REX, and non-metric MDS (using the Bray-Curtis measure of 

dissimilarity) was performed using the PAST software package (Hammer et al., 

2001). 

7.3. Results 

7.3.1. Total C mineralisation 

Over the 2.1 years of incubation, total C mineralisation (CO2-C produced on 

per unit of total C) increased significantly (p < 0.001) with increasing LOM 

application rates (Table 7.1). In the 0% LOM treatment, approximately 45% of the 

total C mineralised over the total experimental period, i.e. 2.1 years, occurred 
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between 4 and 25 months. In comparison, in the 1, 2 and 4% of LOM treatments only 

16−23% of the total C was mineralised over the same period. The presence of 

biochar significantly (p < 0.001) decreased the total C mineralised on per unit total C 

basis during the incubation period. Total C mineralisation (mg CO2-C g-1 soil C) was 

the greatest in the control, followed by the 450 °C biochar, and the smallest in the 

550 °C biochar treatments (Figure 7.1).  

Total C mineralisation rates (CO2-C g-1 soil C d-1) were significantly (p < 

0.001) affected by the main effects of LOM, biochar, time, and the interactive effects 

of LOM, biochar and time during the 2.1-year incubation period (Table 7.1). Total C 

mineralisation rate decreased with time, for example, from 0.30 mg CO2-C g-1 soil C 

d-1 at 4-month to 0.05 mg CO2-C g-1 soil C d-1 at 2.1-year for 4% LOM in the 450 °C 

biochar treatments (Figure 7.2). Total C mineralisation rate significantly (p < 0.001) 

increased with increasing application rates of the LOM. The presence of biochar 

significantly decreased total C mineralisation rates. However, total C mineralisation 

rates in different treatments were not affected by the interactive effects of LOM and 

biochar (Table 7.1).   
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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 rate of total C and biochar-C, 
the amount of total C and biochar-C mineralised, mean residence time (MRT) and 
the interactive priming effects of LOM and biochar-C.  

Treatme
nt effect 

Total C 
mineralisatio

n rate 

Biochar-C  

mineralisatio
n rate 

Total C 
mineralise

d 

Biochar-C  

mineralise
d 

MR
T 

Primin
g of 

LOM 
on 

biochar
-C 

Primin
g of 

biocha
r on 

LOM-
C 

Time (T) ∗∗∗ ∗∗∗ − − − − − 

LOM (L) ∗∗∗ ∗∗∗ ∗∗∗ ∗ ∗∗∗ ∗∗∗ ∗ 
Biochar 

(B) 
∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ∗∗∗ ns ns 

T × L ∗∗∗ ∗∗∗ − − − − − 

T × B ∗∗∗ ∗∗∗ − − − − − 

L × B ns ∗ ∗∗∗ ns ns ns ns 

T × L × B ∗∗∗ ns − − − − − 

* p < 0.05; *** p ≤ 0.001; ns, not significant.  
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Figure 7.1. The cumulative amount of total C mineralised (mg CO2-C g-1 soil C) 
from soil mixed with the LOM (0, 1, 2 or 4 %) and biochars (450 °C or 550 °C) over 
the 2.1-year incubation period. Square, triangle and circle represent the control (i.e. 
no biochar), 450 °C biochar and 550 °C biochar treatments, respectively. Error bars 
represent the standard errors of the mean (n = 3).  

 



Chapter 7− A long-term study of interactive priming of biochar and LOM mineralisation  

206 

 

0% LOM

0 20 40 60 80 150 300 450 600 750

To
ta

l C
 m

in
er

a
lis

at
io

n 
ra

te
 

(m
g 

C
O

2-
C

 g
-1

 s
oi

l C
 d

-1
)

0

1

2

3
1% LOM

0 20 40 60 80 150 300 450 600 750

0

5

10

15

20

Control
450oC biochar
550oC biochar

2% LOM

Incubation time (days)

0 20 40 60 80 150 300 450 600 750

To
ta

l C
 m

in
er

a
lis

at
io

n 
ra

te
 

(m
g 

C
O

2-
C

 g
-1

 s
oi

l C
 d

-1
)

0

5

10

15

20

25

30
4% LOM

Incubation time (days)

0 20 40 60 80 150 300 450 600 750
0

5

10

15

20

25

30

35

40

150 300 450 600 750
0.0

0.2

0.4

0.6

150 300 450 600 750
0.0

0.2

0.4

0.6

150 300 450 600 750
0.0

0.2

0.4

0.6

Control
450 oC biochar
550 oC biochar

150 300 450 600 750
0.0

0.2

0.4

0.6

 

Figure 7.2. Total C mineralisation rate (mg CO2-C g-1 soil C d-1) from soil mixed 
with the LOM (0, 1, 2 or 4 %) and biochars (450 or 550 °C) during the 2.1-year 
incubation period. Square, triangle and circle represent the control (i.e. no biochar), 
450 °C biochar and 550 °C biochar treatments, respectively. Error bars represent the 
standard errors of the mean (n = 3). The insets show the total C mineralisation rate 
from the day-120 with an expanded y-axis scale. Red thick bars show least 
significant differences (at 5% level, LSD0.05) 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 proportion of biochar-C mineralised ranged 

between 0.6 and 1.7% of the applied biochar-C across all treatments. The proportion 

of C mineralised in the 450 and 550 °C biochar in the native soil (i.e. 0% LOM 

treatment) was 1.3% and 0.7%, respectively. In the presence of LOM (1, 2 and 4%), 

between 1.2 and 1.7% for the 450 °C biochar, and between 0.6 and 1.0% for the 

550 °C biochar, of the added biochar-C was mineralised (Figure 7.3). Increasing 

LOM application rate did not significantly increase the biochar-C mineralisation. Of 

the total biochar-C mineralised, between 35 and 46% was mineralised during 4 to 25 

months period. Within each LOM treatment, the amount of biochar-C mineralised 

from the 450 °C biochar was 1.7 to 2.2 times greater than that observed for the 

550 °C biochar treatments. 

Biochar-C mineralisation rate decreased with time and it was significantly (p 

< 0.001) affected by the main effects of the LOM, biochar, time and the interactive 

effects of LOM and time, and biochar and time during the 2.1-year incubation period 

(Table 7.1). Biochar-C mineralisation rates varied from significant to non-significant 

in the LOM and biochar treatments with time and were relatively smaller at 4 to 25 

month than at 0 to 4 month, ranging from 0.01 to 0.59 mg CO2-C kg-1 soil d-1 (Figure 

7.4).  
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Figure 7.3. The proportion (%) of the applied biochar carbon (C) mineralised from 
different combination treatments of the LOM (0, 1, 2 or 4 %) and biochars (450 or 
550 °C) during the 2.1-year period. Triangle and circle represent the 450 and 550 °C 
biochar, respectively. Error bars represent the standard errors of the mean (n = 3). 
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Figure 7.4. Biochar-C mineralisation rate (mg CO2-C kg-1soil d-1) during the 2.1-
year incubation period. Soil was mixed with the LOM (0, 1, 2 or 4 %) and biochars 
(450 or 550 °C). Triangle and circle represent the 450 and 550 °C biochar, 
respectively. Error bars represent standard errors of the mean (n = 3). The insets 
show the biochar-C mineralisation rate from the day-120 with an expanded y-axis 
scale. Thick red bars show least significant differences (at 5% level, LSD0.05) of the 
interaction of biochar and LOM at different time-points. 

 

The estimated MRT of the biochars based on the 2.1-year incubation data 

were much higher (Table 7.2) than those obtained from the 4-month incubation 

period data (Keith et al., 2011; Appendix 6). The MRT of the 450 and 550 °C biochar 

was 314−713 and 567−978 years, respectively, across different LOM treatments 
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(Table 7.2). This is compared to MRT of 62−112 and 100−248 years estimated from 

the mineralisation data over the 4-month incubation period. The MRT of both 

biochars was significantly (p < 0.001) higher in the control soil (i.e. with no LOM 

addition) than in the LOM treatments. The LOM application rates ranging from 1 to 

4%, however, did not significantly affect the MRT of both biochars. The MRT of the 

labile biochar-C varied between 1 and 4 days across the biochar and LOM treatments, 

and the proportion of labile C in biochar ranged from 0.28 to1.03% of the total 

biochar-C.  

The proportion of CO2 (%) evolved from the biochar decreased with 

increasing LOM application rates (Figure 7.5), ranging from 17−33%, 6−20%, 5−15% 

and 2−8% for 0, 1, 2 and 4% LOM treatments, respectively. For each of the LOM 

application rates, the proportion of CO2 evolved was greater from the 450 °C biochar 

than the 550 °C biochar treatment.  

 

Table 7.2. The mean residence time (± standard errors) of the labile and recalcitrant 
pools of biochar-C estimated using a two-pool exponential model fitted to the 
biochar-C mineralisation data over the 2.1-year incubation period. The small letters 
indicate significant difference between the LOM application rates for each biochar, 
and the capital letters indicate significant the differences between the two biochars at 
each LOM application rate. (LSD0.05 = 268) 

  Treatments  Mean residence time 
Labile pool (%) 

Biochar LOM (%)  Labile (days) Resistant (years) 

450 °C 0  1±0 713±51 aA 0.97±0.07 

450 °C 1  2±0 322±14 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  4±0 643±68 bB 0.28±0.01 

550 °C 2  3±0 585±82 bA 0.35±0.04 

550 °C 4  2±1 567±48 bA 0.62±0.22 

R2 > 0.93 
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Figure 7.5. The proportion (%) of C mineralised derived from biochars in different 
combination treatments of the LOM (0, 1, 2 or 4 %) and biochars (450 or 550 °C) 
during the 2.1-year incubation period. Triangle and circle represent the 450 °C 
biochar and 550 °C biochar treatment, respectively. Error 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 effect of LOM on biochar-C 

mineralisation was variable with the increasing LOM application rates, biochar 

treatment and time (Figure 7.6). After the initial (over 4-month) positive priming of 

biochar-C that increased with increasing LOM input; there was a negative priming at 

about 4-month for the 1% LOM treatment, which remained negative for both 
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biochars until the termination of the experiment. The positive priming of biochar-C 

in the 2% LOM treatment changed to no priming for the 450 and 550 °C biochar 

after approximately 6 months of incubation. After the 6 months, the no priming 

effect of LOM on biochar changed to positive priming in the case of 450 °C biochar 

and remained close to no priming for the 550 °C biochar treatment. For the 4% LOM 

treatments, the positive priming of biochar-C was sustained for the two biochars over 

the whole incubation period; however, the uncertainty was quite large in the 

measurements. In term of the biochar treatments, there was no significant difference 

in the priming effect of LOM on biochar-C mineralisation between the 450 and 

550 °C biochars. 

The direction and magnitude of priming were different for the lower (≤ 1%) 

and higher (≥ 2%) application rate of LOM. In the 0% and 1% LOM treatments, the 

biochars showed a positive priming effect on the LOM-C mineralisation + native soil 

C mineralisation over time (Figure 7.7), whereas for the 2 and 4% LOM treatments, 

the negative priming effect sustained over the whole incubation period. The negative 

priming effect was enhanced when the LOM application rate was increased from 2% 

to 4%. Since native soil C content (0.45%) was small, the priming effect may be 

mainly attributed to LOM-C mineralisation, particularly at 4% LOM rate. The 

magnitude of the priming effect of biochar on the native SOC and/or LOM-C 

mineralisation was relatively stable from 4 to 25 months in all treatments, except for 

the 1% LOM treatment where the negative priming effect was changed to positive 

priming after 10 months and 18 months in the 450 and 550 °C biochar, respectively. 

There was no significant difference in the priming effect of the 450 and 550 °C 

biochar on the native soil C and LOM-C mineralisation. 
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Figure 7.6. The cumulative priming effect of the LOM on the mineralisation of 
biochar-C during the 2.1-year incubation period. Triangle and circle represent the 
450 and 550 °C biochar treatment, respectively. Error bars represent the standard 
error of the mean (n = 3). 
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Figure 7.7. The cumulative priming effect of the biochars on the mineralisation of 
native soil carbon or native soil C plus LOM-C, during the 2.1-year incubation 
period. Triangle and circle represent the 450 and 550 °C biochar treatment, 
respectively. Error bars represent the standard error of the 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 datasets of all samples with 

different combination of LOM and biochar treatments. Bacterial and fungal T-RFLP 

analysis yielded a total of 443 and 226 distinct T-RFs, respectively. T-RF richness 
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was higher for bacteria than fungi, with average at 131.3 and 67.7, respectively. Beta 

diversity was 3.2 and 2.4 in bacterial and fungal T-RFs, respectively. 

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

 Total T-RFs Richness (range) Beta diversity % empty data 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 sample resulted in a dendogram that 

revealed clustering, or similarity, between the bacterial communities associated with 

different treatments. The cluster analysis of peak height in bacterial and fungal 

communities revealed three and two main clusters, respectively. However, there was 

no clear pattern for different biochar and LOM treatments in the clusters (see 

Appendix 7). Each cluster was comprised of communities from different LOM and 

biochar treatments or replications. The cluster analysis of peak appearance and 

absence in bacterial and fungal communities showed no obvious cluster. Non-metric 

MDS analysis of the microbial community structure showed that there were no 

significant differences between LOM rates and biochar treatments (see Appendix 7).  

Additive main effects and multiplicative interaction (AMMI) measures 

variation caused by the interaction between T-RFs and treatments, it can tease out 

trends in the data that are otherwise masked by T-RF variability. Table 7.4 shows the 

distribution of variation within the T-RFLP datasets from ANOVA. Bacteria had the 

main effects variation of 58.8% and 80.4% in binary and peak height, respectively. 

The interaction effects were 41.2% and 19.6% in binary and peak height, respectively. 

In contrast, fungal communities had the main effects variation of 77.1% and 77.8% 

and the interaction effects of 22.9% and 25.2% in binary and peak height, 

respectively. The main source of variation in the dataset was due to variation in T-RF 

diversity between samples. This is a typical characteristic of T-RFLP datasets and 

has the potential to mask trends in the dataset resulting from differences between 

experimental treatments. In the Table 7.4, it can be seen that for interaction effects a 

high signal to noise ratio was obtained when using peak height data and this effect 

was diminished in the binary (presence/absence) data. Hence, peak height data was 

used for all subsequent analyses.  



Chapter 7− A long-term study of interactive priming of biochar and LOM mineralisation  

216 

 

Table 7.4. The variation (%) in T-RFLP datasets as determined by the 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 4.9 

The values are percentages based on the three T-RFLP data types: binary (presence/absence), height 
(relativised peak height) and area (relativised peak area). The main and interaction effects make up the 
two main sources of variation within the T-RFLP dataset. The main effects are a subtotal for the T-
RFs and Environments. Similarly, the interaction effects are a subtotal for both interaction signal and 
interaction noise. 

 

The community structures of bacteria, based on T-RFLP analysis, are 

displayed using AMMI (Figure 7.8a). The bacterial community shift did not respond 

to the addition of biochar but responded to the addition of LOM. The addition of 

LOM led to a bacterial community shift along IPC 1 which explained 69.0% of the 

variance. The bacterial community showed a significant shift with the addition of 

LOM relative to the treatments without LOM addition (i.e. 0% LOM).  

The community structures of fungi using AMMI are displayed in Figure 7.8b. In the 

0% LOM treatments and original soil, we could not extract DNA for fungal T-RFLP 

analysis. The first two principal components (IPC 1 and 2) explained 85.8% and 6.91% 

variance, respectively. The fungal community shift did not respond to the biochar 

addition. The addition of LOM significantly affected the community structures of 

fungi in terms of IPC 1. The fungal community structures were significantly changed 

when the LOM application rate was increased to 4%.  
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Figure 7.8. The ordinations of T-RFLP profiles with double-centred principle 
components. The AMMI analysis of (a) bacterial communities and (b) fungal 
communities, present in the soil with 0, 1, 2 or 4% LOM and biochar treatments. 
Symbols with non-circles, dotted line circled and solid line circled represent no 
biochar, the 450 and 550 °C biochar treatment, respectively. 

 

7.4. Discussion 

7.4.1. Biochar-C mineralisation and mean residence time 

The proportion of wood biochars C mineralised over 2.1-year period (0.6−1.7%) was 

similar to that of the plant-based biochars (400 and 550 °C) over 2-year (0.4−1.4%) 

incubated in the same Vertisol (Singh et al., 2012). Moreover, the proportion of 

biochar-C mineralised in the present study was also similar to that of the same wood 

biochars C mineralised (0.4−1.5%) in different soils (Vertisol, Inceptisol, Entisol and 

Oxisol) over the 2-year incubation period (Chapter 4).  

To the best of our knowledge, this is the first long-term study that has provided the 

information on the MRT of wood biochar-C in soil supplemented with different 

levels of LOM. The longer MRT of biochar in the control (0% LOM) than in the 

presence of LOM treatments (1, 2, and 4%) (Table 7.2) suggests that the input of 

plant-derived C (such as plant litter or root exudates) could reduce the longevity of 

biochar-C under natural field conditions and it should be considered in estimating the 

MRT of biochars. Despite the decrease in the MRT of biochar-C, the MRT of 
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biochar-C was still over several hundred years. The two end-member mixing model 

assumes that the δ13C values of CO2 evolved from soil C + LOM in the biochar-

amended soil to be the same as to the control treatment (soil C + LOM without 

biochar). However, LOM has a slightly enriched δ
13C values (-12.7‰) than soil C (-

14.3‰). Thus in a scenario where biochar presence would increase LOM 

contribution to the respired CO2, the model will underestimate the extent of biochar-

C mineralisation. This pattern will be reversed if biochar presence would decrease 

LOM contribution to the respired CO2. Assuming 5–6% variation in the LOM 

contribution to the respired CO2 in the presence of biochar, biochar-C mineralisation 

may vary by 3% relative to a scenario where no impact of biochar on LOM 

contribution was considered in the two-end member mixing model (see Table A6.2. 

in Appendix 6). 

The duration of the incubation period influences the estimates of biochar 

MRT, which is indicated by much longer MRT of both biochars (314−713 years for 

the 450 °C biochar, and 567−978 years for the 550 °C biochar) in this study (2.1-year) 

compared to the estimates  obtained from the short-term biochar-C mineralisation 

results reported earlier (62−112 years for the 450 °C biochar, and 100−248 years for 

the 550 °C biochar) (Keith et al., 2011). Similarly, Singh et al. (2012) also showed 

that the MRT values of biochars increased from 47−1054 to 87−1982 years with 

increasing incubation period from 6-months to 2-years. The MRT values estimated 

from shorter incubation data are likely to be biased towards labile C components, 

whereas data from longer incubation experiments include more data points that may 

better represent the recalcitrant C component of biochar. Thus, the inclusion of 

additional data points with longer incubation time is likely to provide more robust 

estimates of biochar MRT than estimated from shorter incubation periods. 

7.4.2. The priming effect of biochar on LOM mineralisation 

In agreement with the data from the short-term study (Keith et al., 2011) and the 

study using an aged biochar-amended soil (Liang et al., 2008), our results show that 

over a longer incubation period, there was a negative priming effect of biochar on 

LOM-C mineralisation, which increased with the increasing application rate of LOM. 

The negative priming effect may be attributed to several reasons. Firstly, biochar has 

a pore structure with large surface area which can absorb LOM (Lehmann et al., 

2005; Miura et al., 2007; Pignatello et al., 2006). But the adsorption capacity of 



Chapter 7− A long-term study of interactive priming of biochar and LOM mineralisation  

219 

 

biochar to LOM may decrease with time due to the pore blockage by organic matter 

(Kwon and Pignatello, 2005). This may lead to a plateau in the magnitude of the 

negative priming effect as observed after 4 months. Secondly, the presence of 

biochar and LOM can promote interactions between biochar, organic matter and soil 

minerals, leading to the formation of relatively stable organo-mineral entities, 

therefore protecting organic matter in soil from microbial attack (Brodowski et al., 

2006; Liang et al., 2010). Likewise, the surface oxygen functional groups on biochar 

(i.e. carboxyl functional groups) that develop during oxidation with ageing in soil 

(Hilscher and Knicker, 2011; Lehmann et al., 2005), may interact with hydroxyl 

groups on the edges of phyllosilicates via ligand exchange process (von Lützow et al., 

2006).  

7.4.3. Effect of biochar and LOM on microbial community structure 

In this study, biochar exerted no influence on soil bacterial and fungal communities 

in contrast to the findings from other short-term studies where biochar addition to 

soils induced a shift in soil microbial communities (Farrell et al., 2013; O'Neill et al., 

2009; Santos et al., 2012). Graber et al. (2010) hypothesised that the low 

concentrations of residual organic tars (e.g. ethylene glycol, propylene glycol and 

hydroxyl-propionic) in biochar can promote microbial growth and population 

diversity in soil. Biochar was found to stimulate the growth of saprophytic fungal 

communities (Farrell et al., 2013; Steinbeiss et al., 2009) and also mycorrhizal fungi 

(arbuscular [AM] and ectomycorrihizal [EM]) (Warnock et al., 2007). According to 

Farrell et al. (2013), the labile C in biochar, which mineralises rapidly after the 

addition of biochar to soil, may contribute to the changes in soil microbial 

community. In the present study, a significant proportion of the labile biochar-C 

component may have been depleted over the 2.1-year incubation period, possibly 

resulting in the disappearance of any short-term changes in the microbial community 

between the biochar and the control treatments. The observed changes in the 

microbial community in some recent biochar studies (Farrell et al., 2013; O'Neill et 

al., 2009; Santos et al., 2012) could be partially attributed to the increased pH after 

the addition of biochar in acidic soils (pH: 4.2−5.8). Changes in soil pH has been 

suggested to influence the substrate utilisation patterns of the microbial communities 

(Pietikäinen et al., 2000). However, small increases in soil pH (0.06–0.21 pH unit, 

Table A6.4) with the addition of the two biochars (i.e. 450 and 550°C) in the Vertisol 
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with different LOM treatments may not have produced any effect on the soil 

microbial communities. These results are different to the observations from previous 

studies (Farrell et al., 2013; O'Neill et al., 2009; Pietikäinen et al., 2000; Santos et al., 

2012) 

The soil microbial community structure was influenced by the application rate 

of LOM in this study (Figure 7.8), which is consistent with the observed shift in 

microbial community structure from increasing of application rates of an organic 

amendment, such as poultry litter, in a cultivated soil (Acosta-MartÃnez and Harmel, 

2006). Similarly, Griffiths et al. (1999) reported that the microbial community 

structure changed consistently as substrate, such as glucose, fructose and other 

compound loading rates increased, resulting in fungal-dominated microbial 

communities at high substrate loading rates. Although fungal and bacterial biomass 

were not quantified in the present study, the undetected fungal DNA in the non-LOM 

treatment and the greatly different fungal communities in the 4% LOM treatments 

partially reveal the varied fungal biomass with increasing LOM input in the soil. The 

changes in fungal community structure could be potentially attributed to the 

increased soil pH with increasing addition of LOM treatments. The increase in soil 

pH (compared to the control) ranged from 0.43–0.51, 0.67–0.81, 0.81–1.0 pH unit 

with 1, 2 and 4% LOM treatment, respectively (Table A6.4). 

7.4.4. Microbial community structure and priming effect 

The detected fungal DNA in the soil with LOM addition and the negative priming in 

the higher (2 and 4%) LOM application rate treatments suggest that the stimulated 

fungal community growth could contribute to the greater negative priming effect of 

biochar on LOM-C mineralisation in 2 and 4% LOM treatments. This stabilisation or 

decrease of LOM-C mineralisation (relative to the control) could be due to the 

enhancement of soil aggregation and aggregate stability induced by stimulated fungal 

growth (Rillig and Mummey, 2006; Tisdall and Oades, 1982; Wright and Upadhyaya, 

1998). The presence of biochar did not change fungal community but it may continue 

to utilise biochar-C therefore decreasing the consumption of LOM in aggregates. On 

the other hand, there was a significant difference in the fungal communities at 4% 

compared to 1 and 2% LOM application rates. It is possible that the fungal 

communities shifted to a structure which can degrade relatively recalcitrant C forms 
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at higher LOM application rates and therefore causing and sustaining the positive 

priming of biochar-C mineralisation at 4% LOM treatment (Figure 7.6).  

The undetected fungal DNA in the soil with 0% LOM addition suggested that 

there was a lack of fungal growth in the soil and consequently the lack of fungal-

induced soil aggregation for protecting soil C from mineralisation. Moreover, the 

bacterial-dominated microbial communities are associated with higher rates of CO2 

respiration compared to fungal-dominated microbial communities (Six et al., 2006). 

Hence these two mechanisms may have contributed to the positive priming effect in 

the 0% LOM treatment.  

7.4.5. Implications for C sequestration 

Our results provide support that biochars produced through slow pyrolysis at 450 and 

550 °C can provide long-term C storage benefit, even in the presence of LOM. The 

MRT estimated for biochars with LOM application were in the range of a few 

centuries. The MRT of biochars decreased with the addition of LOM, consistent with 

the observed increase in mineralisation of biochar-C. Biochar showed a positive 

priming effect on the LOM-C mineralisation at low LOM rates, e.g. 0% and 1%. 

However, a negative priming effect of biochar on LOM-C mineralisation occurred at 

higher application rates of LOM (2 to 4%), suggesting a further enhancement in the 

biochar-C sequestration potential in clayey soils receiving organic matter input. The 

addition of biochar did not change microbial community structure in the Vertisol 

after the long-term incubation period, whereas the addition of LOM induced changes 

in the structure of microbial communities in the soil, possibly contributing to the 

negative priming effect of biochar on LOM-C mineralisation, and to the positive 

priming of biochar. Further research evaluating specific fungal community structures 

and their role in the degradation of biochar in the presence of LOM is warranted to 

underpin the C sequestration potential of biochar in soil. 
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Chapter 8: Summary and future research 

The research presented in this thesis evaluates the long-term carbon (C) storage 

potential of biochar in contrasting Australian soils. The research has provided robust 

estimates of biochar-C stability through laboratory incubation experiments conducted 

over 2 years under controlled conditions. Biochar-C stability estimates ranged from 

decadal to millennia timescales (Chapter 3), which are consistent with the range 

reported in the literature (Chapter 2). In addition to the pyrolysis temperature, 

biochar-C stability was found to be influenced by soil properties, such as native soil 

C content, clay content and clay mineralogy (Chapter 3 and Chapter 4). The 

temperature sensitivity of the biochars was only influenced by soil properties but not 

by the pyrolysis temperature of biochars (Chapter 5). The research shows that  

biochar-C stability estimates change with the incubation period at 20 °C, with the 2-

year incubation data providing a more realistic estimate of the mean residence time 

(MRT) of biochar than the 1-year data (Chapter 4). NEXAFS and XPS analyses of 

carbon functional groups of the light fraction (< 1.8 g cm-3) of control and biochar 

amended soil (fresh and aged for 1 and 2 years) did not show any change after 

incubation for 1 year at 20, 40 and 60 °C (Chapter 6). Furthermore, the research has 

shown that biochar can influence the mineralisation of native soil organic carbon 

(SOC) in different soils at different temperatures, with  positive to negative priming 

effects observed in different systems (Chapter 4). Similarly, biochar can also produce 

variable priming effects on added labile organic matter (LOM). Conversly, the 

mineralisation of biochar-C can also be negatively or positively primed by the 

addition of LOM, depending on the application rate of LOM (Chapter 7). The 

interactive priming effects on C mineralisation in the biochar-amended soils can have 

implications for the C storage potential of biochar in soil. Further details on the 

findings of this thesis are summarised below. 

Wood biochars (450 and 550 °C) showed high stability in four constrasting 

soils (Inceptisol, Entisol, Oxisol and Vertisol), with the proportion of added biochar-

C mineralised ranged from 0.30−1.14% at 20 °C and 0.97−2.71% at 40 °C over a 1-

year incubation period (Chapter 3). Upon extending the incubation experiment to two 

years, the proportion of added biochar-C mineralised increased to 0.43−1.50% at 
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20 °C and 1.40−5.19% at 40 °C (Chapter 4). By comparison with 20 and 40 °C, the 

proportion of biochar-C mineralised was significantly greater at 60 °C, with 

2.31−10.58% C mineralised over the 2-year period. MRT of biochars estimated based 

on the 1-year data ranged from 218−610 years at 20°C and 44−178 years at 40 °C 

(Chapter 3). The estimated MRT based on 2-year data ranged from 341−1061 years, 

41−451 years and 25−127 years at 20, 40 °C and 60 °C, respectively (Chapter 4). The 

estimated MRT from the 2-year data has been considered to be more realistic than the 

1-year data for 20 °C because of greater representation of relatively recalcitrant C 

pools in the biochar-C mineralisation data used for fitting a two-pool exponential 

model. However, at elevated temperature, i.e. 40 °C, the MRT of biochars did not 

change after 1-year, so the short-term may be adequate for determining biochar-C 

MRT at higher temperature (Chapter 4). 

Biochar was more stable when it was produced by slow pyrolysis at 550 °C 

than at 450 °C. For example, between 0.43 and 3.28% of the added biochar-C was 

mineralised in the 550 °C biochar amended soils, whereas between 0.80 and 10.58% 

of the biochar-C was mineralised in the 450 °C biochar amended soils over the 2-year 

period (Chapter 4). The wood biochar produced at 550 °C, it is possible to sequester 

C in soil over a century or more even at elevated temperatures (40 or 60 °C) (Chapter 

4). Soil characteristics appear to play an important role in influencing the biochar-C 

stability, especially for the lower (450 °C) temperature biochar. When biochar-C 

mineralised data were normalised on per unit of the initial native SOC content, the 

mineralisation of biochar-C occurred in the order of Oxisol < Entisol ≤ Vertisol < 

Inceptisol. The smallest biochar-C mineralisation in the Oxisol could be due to 

relatively strong biochar-soil mineral interactions with the variable charged minerals 

(e.g. hematite, goethite, gibbsite and kaolinite), as compared to relatively weak 

interactions with the permanent charged phyllosilicates (smectitie and illite) in the 

other two soils with clay contents > 21.5 %. In this study, the soils used did not have 

systematic variations in physical and chemical properties, such as, clay content, clay 

mineralogy, pH and SOC content, which can all influence biochar-C mineralisation. 

Because of the confounding influences of various soil properties, it was not possible 

to isolate the effect of a specific soil characteristic on biochar-C mineralisation. 

Nevertheless, this study provided useful insights into the role of soil characteristics in 

influencing biochar-C stability. Further studies using soils with a clear gradient in a 
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single soil property (e.g. organic C or clay content or clay mineral) are required to 

fully assess the role of a particular soil property in the long-term storage of biochar-C 

in soil.   

In the sandy clayey loam (Entisol) and clayey soils (Oxisol and Vertisol), 

mineralisation of native SOC was generally suppressed in the presence of biochar 

(Chapter 4). The interactions between biochar, native SOC and clay minerals were 

hypothesised to result in an overall increased stabilisation of native SOC. 

Mineralisation of native SOC in the sandy soil (Inceptisol) was stimulated by biochar 

addition. In the sandy soil, although there was a positive priming effect initially, the 

positive priming effect was subsided over time, possibly due to the depletion of labile 

C components in biochars. Overall, the results suggested that the application of 

biochar in soil can stabilise native SOC or it does not greatly increase native SOC 

mineralisation over a longer period, particularly in the presence of clay minerals. 

Therefore, it can be concluded that the C sequestration potential of biochar would be 

enhanced in mineral soils due to biochar induced stabilisation of native SOC. In the 

2-year incubation study, the results showed that the 550 °C biochar induced a greater 

stabilisation of native SOC than the 450 °C biochar at 20 and 40 °C (Chapter 4). The 

incubation temperature had no significant influence on the magnitude of the 

cumulative priming effect. Considering the two benefits of the 550 °C biochar 

application to the mineral soils (i.e. greater native SOC stabilisation as well as greater 

biochar-C stability), wood biochar produced at 550 °C by slow pyrolysis was more 

effective for long-term C storage in soil relative to the biochar produced at 450 °C.  

Although biochar-C mineralisation was significantly greater in the 450 °C 

biochar than the 550 °C biochar, the two biochars had a similar temperature 

sensitivity (Q10) (Chapter 5). Moreover, biochars had either smaller or similar Q10 

relative to native SOC. The presence of biochar decreased Q10 of native SOC in the 

Entisol, Vertisol and Inceptisol. These results addressed the knowledge gap on the 

temperature senstivity of biochar-C in contrasting soils, including the influence of 

biochar on native SOC Q10. The Q10 of biochar-C was significantly (p < 0.001) 

affected by soil type. For example, Q10 of biochar-C were the greatest values in the 

Vertisol, followed by Inceptisol and Entisol, and the smallest values occurred in the 

Oxisol at 20−40 °C. The smallest Q10 for biochar-C in the Oxisol could be due to 

relatively strong biochar-soil mineral interactions, which stabilised biochar-C and 
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decreased its utilisation by soil microbial communities. However, this research did 

not distinguish the extent of utilisation and mineralisation of biochar by soil 

microbial communities, relative to abiotic processes, particularly at higher incubation 

temperatures. Futher research is needed about the influence of soil microbial 

community versus abiotic processes on biochar-C mineralisation in soil at different 

temperatures. 

The light fraction of the soil amended with the higher-temperature biochar 

(550 °C) showed a greater proportion of the aromatic C than the light fraction from 

the soil amended with the lower-temperature biochar (450 °C). After one year of 

ageing (oxidation) in the soils, NEXAFS and XPS analyses did not consistent change 

in the C functional group of the light fraction separated from biochar amended soils. 

This could be due to the mixing of native soil C with the biochar-C in the light 

fraction, masking any difference in the aromatic C between the fresh and aged 

biochar samples. However, the XPS analysis of hand-picked biochar samples showed 

increased oxidation with increasing ageing time and the increasing incubation 

temperature. These data suggest that the mixed biochar and native soil C light 

fractions may mask the detection of small amounts of carboxylic functional groups 

on biochar surfaces that may develop during 1-year ageing. Due to similarities in the 

spectral features of the biochar and native C it is difficult to determine the changes in 

biochar-C in the light fraction of biochar amended soils. In the future studies, hand-

picked biochar samples representing a range of particle sizes should be analysed, 

using both NEXAFS and XPS, to determine their C functional groups. There were 

substantial overlaps between the peaks of various C groups in the spectra of both 

NEXAFS and XPS, and thus there are limitations in the quantitative analysis of the C 

functional groups using these techniques.  Another spectroscopic techniques, such as 

nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) 

spectroscopy, should be used in the characterisation of aged biochar samples. 

In an extended (2.1-year) incubation experiment (Chapter 7), the results 

showed that the MRT of biochars (450 and 550 °C) in the Vertisol were in the range 

of 314−978 years, which was greater than the estimates for the same biochars from a 

shorter-term study (Keith et al., 2011). The MRT of biochars decreased with the 

addition of LOM at 1% rate (sugarcane residues), but did not change with further 

increase in the LOM application rates (i.e. 2 and 4%). Biochar showed a positive 
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priming effect on native or added LOM-C mineralisation at low LOM application 

rates (1%). However, negative priming effect of biochar on LOM-C mineralisation 

was observed at 2 and 4% LOM application rates, suggesting a further enhancement 

in C sequestration in the Vertisol with high LOM input. The presence of aged biochar 

(to 2.1 year) did not influence microbial community structure in the Vertisol, 

possibly due to the depletion of labile C components in the biochars over time. The 

presence of aged LOM, however, resulted in changes in the structure of microbial 

communities in the Vertisol; these changes in the microbial community may have 

contributed to the interactive priming effect of biochar and LOM-C mineralisation. 

Further research evaluating specific bacterial and fungal community structures and 

their impact on the interactive biochar and LOM-C mineralisation processes is 

warranted. 

This research on biochar and soil C stability in a variety of soils has shown 

that wood biochar application to soil is a promising approach for a relatively long-

term C storage, possibly achieving a maximum C sequestration benefit in the Oxisol. 

However, the laboratory-based studies are generally carried out under controlled 

conditions (constant temperature and moisture), and these controlled conditions and 

their influence on biochar and soil C stability may differ, relative to those observed 

under natural conditions in the field. Future research should focus on in situ studies 

examining biochar and soil C stability and stabilisation processes in contrasting soils 

and environments, over a relatively longer period of at least two years or more. More 

importantly, future experiments on biochar stability should be conducted in the 

presence of plants. The effects of rhizosphere processes under field conditions will 

determine the real potential of biochar for long-term C storage in soils. 
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Appendices 

 

Appendix 1: Nutrient Solution recipe (Chapter 3). 

In each soil-biochar mixture or control soil container, 18 ml of nutrient solution was 

added when we set up the incubation studies. 

Table A1. Nutrient Solution added to the soil-biochar mixtures or the control soils 
(for 5 L solution). 

 

 

 

 

  

Salts g/5L 

KNO3 45.1 

Ca(H2PO4)2 7.1 

MgSO47H2O 2.125 

K2SO4 4.2 

NH4NO3 25.7 

mg/5L 

Na2EDTA 2H2O 375 

ZnSO4 2H2O 163.35 

MnCl2 4H2O 37.5 

FeCl3 6H2O 35 

CoSO4 6H2O 14.175 

Cu(NO3)2 2H2O 10.9 

Na2MoO4 2 H2O 11.25 

ml/5L 

Soil Solution* 40 ml 
 *Soil Solution: prepared by gently shaking 50 g of air-dried 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 experiment (Chapter 3) 
 

Property Inceptisol Entisol Oxisol Vertisol 

pH (1:5 H2O) 5.70±0.01 8.77±0.01 7.89±0.01 5.65±0.01 

pH (1:5 CaCl2) 4.87±0.01 8.06±0.01 7.16±0.01 5.05±0.01 

Nitrate nitrogen (NO3), mg kg-1 5.1 11.0 69.0 22.0 

Phosphorus (Colwell), mg kg-1 11 32 34 81 

Available potassium, mg kg-1 38 650 72 220 

Sulphate sulphur (KCl), mg kg-1 6.3 11.0 7.7 6.6 

Chloride, mg kg-1 48.0 120.0 22.0 44.0 

CEC -NH4OAc, mmolc /kg 20.4 308.0 79.7 421.0 

Aluminium (KCl), mmolc /kg 1.0 - 1.0 - 

Calcium (Amm-acet.), mmolc /kg 15.0 250.0 65.0 270.0 

Magnesium (Amm-acet.), mmolc /kg 2.6 36.0 9.9 140.0 

Sodium (Amm-acet.), mmolc /kg 0.9 5.2 1.9 5.7 

Potassium (Amm-acet.), mmolc /kg 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-ray diffraction (XRD) of oriented 

specimen (Mg saturated and glycerated, K-saturated and heated at 330° and 550°) 

and random powder using a GBC MMA diffractometer. The generator was set at 35 

kV and 28.5 mA, and monochromatic Cu-Kα radiation (λ = 1.54056 Å) was used. 

After adequately dispersing the clay using an ultrasonic probe, the clay fraction was 

deposited on ceramic slides using a Pasteur pipette. Clays were saturated in K or Mg 

and air dried. X-ray diffraction pattern were obtained for Mg air-dried, Mg saturated-

elrylene glycolated, K-air dried and K saturated and heated to 335°C and 550°C, 

oriented clamp. The samples were scanned for 3-30° 2θ for Mg air-dried and 3-15° 

2θ for oriented with a step size of 0.02° at speed 1° min-1. Random powder scans 

were also analysed over a 2-θ range from 4° to 65° with a step size of 0.02° at speed 

1° min-1. Clay minerals in the Entisol were determined before and after removing 

carbonates with sodium acetate (see below), and the Oxisol was treated with a 

solution of sodium citrate, sodium bicarbonate and Sodium hydrosulfite (see below) 

to remove of free ion oxides before the XRD analysis. The clay mineral contents 

were estimated from their peak areas and comparisons with the standard mixtures.  

Removal of carbonates with sodium acetate from Entisol: A suitable amount of 

sample (< 2 mm) was put into a dialysis membrane. One end of which is tied with a 

rubber band. Several hundred millilitres of 0.5 M Na-acetate buffer solution (pH 7) 

were added to the dialysis membrane. The top of the dialysis membrane was tied to a 

glass “breather” tube (approximately 10 cm long), which was hanged and dipped in a 

reservoir of the Na-acetate buffer solution. Sodium acetate was changed repeatedly 

until there was no air bubble coming out. The dialysis membrane was then desalted 

against a deionised tap water flowing continuously through the container.  

Removal of free ion oxides from Oxisol: In 1 g Oxisol soil, 40 ml of Na-citrate 

solution (0.3 M) and 5 ml NaHCO3 solution (0.5M) was added. The suspension was 

heated to 80°C in a water bath, and 1 g of solid Na2S2O4 was added. The suspension 

was constantly stirred for 1 min and occasionally for 15 min. It is important to avoid 

heating above 80°C because FeS can form. About 10 ml of saturated NaCl solution 

was added to settle the clay. The above treatment procedure was repeated several 

times until the soil colour became grey. 
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Appendix 4: An example of calculation Q10a (20−40 °C) (Chapter 5). 

 

Fitting the real data of biochar-C mineralised at Tref (20 °C) to the following two-

pool exponential model to obtain C1, C2, k1 and k2 values. 

CABC �t� � C' � �1 � e
�(�� � C+ � �1 � e
�*��  

The observed proportion of added biochar-C mineralised over 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 exponential model. 

Parameters WA_B450 

C1 0.435 

C2 99.565 

k1 0.029 

k2 6.97×10-6 

R2 0.992 
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Fitting the observed biochar-C mineralised at 40 °C to the following temperature-

incorporated two-pool exponential model. The C1, C2, k1 and k2 values were obtained 

from 20 °C. Then Q10a was determined by the common exponential Q10 model. The 

calculated r(T) and Q10a values were 4.59 and 2.14.  

CABC �t, T� � C' � �1 � e
G�7��(�� � C+ � �1 � e
G�7��*��     (1) 

Q'�V � r�T�
(#

<=<IJK        (2)
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Appendix 5: δ13C signatures (‰) of CO2-C evolved from soil-biochar 
mixtures and control soils (Chapter 4 and 5) 
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Figure A5.1. δ13C signatures (‰) of CO2-C evolved from control (B0), 450 °C 
(B450) and 550 °C (B550) biochar amended soil incubated at 20 °C (empty symbols) 
40 °C (grey filled symbols) and 60 °C (black filled symbols) over the 2-year 
incubation period. Square, triangle and circle symbols represent B0, B450 and B550 
treatments, respectively. Error bars represent ± standard errors of the mean (n=4). 
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Appendix 6: Soil, biochar and LOM in the 2.1-year incubation study 

Surface sample (0-10 cm) of a Vertisol was collected from an experimental plot that 

has been grown with C4 tussock Mitchell grass (Astrebla spp.) for over 100 years. 

Sugarcane residue (C4 biomass) was used as the source of LOM. Two wood biochars 

were produced at 450 and 550 °C using slow pyrolysis (5−10 °C per minute heating 

rate, 40 minutes residence time) by Pacific Pyrolysis (Somersby, Australia) from 13C-

depleted woody biomass of Eucalyptus saligna Sm. trees that had been grown for 

two years under an elevated CO2 environment (Barton et al., 2010). The soil, 

sugarcane residue and biochars were ground to < 2 mm fraction. Important properties 

of the soil, biochars and sugarcane residue are shown in Table A6.1. 

 

References 

Keith, A., Singh, B., Singh, B.P., 2011. Interactive priming of biochar and labile 

organic matter mineralization in a smectite-rich soil. Environmental Science & 

Technology 45, 9611-9618. 

 

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

Property Soil 450 °C 
biochar 

550 °C 
biochar 

Sugarcane 
residue 

Total C (%) 0.45 67.8 74.9 39.6 

Total N (%) 0.04 0.5 0.6 0.4 

δ13C -14.3 -36.3 -36.4 -12.7 

pH (1:5 H2O) 8.10 8.60 9.90 - 

Electrical conductivity (1:5, dS 
m-1) 

0.11 0.90 1.10 - 

CECa (mmolc kg-1) 347 11.4 54.0 - 

Clay (%) 53 - - - 

Silt (%) 14 - - - 

Sand (%) 33 - - - 

Specific surface areab (m2 g-1) - 191.0 228.3 - 

Pore volume (%) - 57.2 67.5 - 

Clay minerals S****, K*, 
I* 

- - - 

 aCation exchange capacity measured by the silver thiorurea method; bCO2 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 recalcitrant pools of biochar 
carbon (C) estimated using a two-pool exponential model fitted to the biochar-C 
mineralisation data over the 4-month incubation period. 

Treatments Mean residence time 
Labile C pool (%) 

Biochar (2%) 
LOM 
(%) 

Labile (days) 
Resistant 
(years) 

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 LOM and soil δ13C values in contributing the variation 
of the proportion of CO2 derived from biochar.  

 
δ

13C 
(biochar) 

δ
13C 

(soil+LOM) 
δ

13C 
(mixture) 

Contribution 
from LOM 

(%) 

Contribution 
from soil 

(%) 

Biochar-C 
(%) 

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-year incubation period. 

Treatments 
pH 

LOM (%) Biochar (%) 

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_D07.fsa) 

Average T-RF richness  213.54 

Sample Heterogeneity  1.61 

Percent of empty cells in data matrix  61.73 

 

 

 

 

Figure A7.1. Screenshot of bacterial sample details page in T-REX. 
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Table A7.1. Summary of fungal T-RFs 

Minimum number of T-RFs  82 in sample 33226_10 (YF16_H03.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 

 

 

Figure A7.2. Screenshot of fungal sample details page in T-REX. 
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(a)         

(b) 

 

Figure A7.3. Clustering of bacterial (a) and fungal (b) T-RFs peak height. In the 
labelling, L0, L1, L2 and L4 represent sugarcane addition rates at 0, 1, 2 and 4%; B0, 
B1 and B2 represent control, 450 °C and 550 °C biochar treatments; 1, 2 and 3 
represent three replications. 
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(a)         

(b) 

 

Figure A7.4. Clustering of bacterial (a) and fungal (b) peak appearance and absence. 
In the labelling, L0, L1, L2 and L4 represent sugarcane addition rates at 0, 1, 2 and 
4%; B0, B1 and B2 represent control, 450 °C and 550 °C biochar treatments; 1, 2 
and 3 represent three replications; S1, S2 and S3 are original soils. 
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Figure A7.5. Non-metric MDS analysis of the bacterial community structure using 
peak presence/absence and relativised peak height and peak area.  
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Figure A8.6. Non-metric MDS analysis of the fungal community structure using 
peak presence/absence and relativised peak height and peak area. 
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