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Abstract 

 
Biochar is a product of biomass pyrolysis, by which bioenergy is produced. It has 

been suggested that biochar can be used as a soil amendment agent to improve soil 

physical (e.g. particle size distribution, bulk density and water retention), chemical (e.g. 

pH and cation exchange capacity) and biological (e.g. microbial community and enzyme 

activities) properties. Biochar can also increase soil carbon (C) inventory as a means of 

carbon storage and nitrogen (N) retention, improve plant growth, and reduce greenhouse 

gas emissions. Meanwhile, nitrous oxide (N2O) is a potent greenhouse gas with ca. 310 

times that of carbon dioxide (CO2) and also a serious ozone depleting compound, 

contributing greatly to the global warming. To meet the challenges associated with 

climate change, greenhouse gas (particularly, N2O) emissions have to be reduced. Hence, 

studies on how biochar incorporation into soil affects N2O emission are of great 

significance. An increasing number of studies have shown that biochar amendment 

decreased the soil N2O emissions, while some other studies indicated no change or an 

increase in the N2O emission in biochar-amended soils. Various physical, chemical and 

molecular mechanisms have been proposed to describe the processes responsible for soil 

N2O emission, such as reduced N availability, decreased abundance of some denitrifying 

genes, accelerated the electron transfer to facilitate the last step of denitrification (N2O to 

N2), and increased adsorption of N2O. However, little direct evidence has been presented 

to support these mechanisms as biochar effect varies with soil type, biochar type 

(feedstock, pyrolysis temperature), plant species as well as environmental conditions. 

The overall aim of this PhD thesis study was to identify the key properties of 

biochar that control its performance in soil with respect to soil physicochemical 

properties, C and N availability and microbial functional genes, in order to understand 
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the key mechanisms regulating soil N2O emissions from biochar-amended soils. 

Accordingly, combined approaches of soil chemistry and molecular microbiology were 

used to elucidate the chemical and molecular mechanisms and evaluate the role of biochar 

in governing N2O emissions. The specific objectives of this PhD project were to: a) 

evaluate the key drivers of N2O emissions and associated chemical and molecular 

mechanisms in biochar-amended soils; b) investigate the impact of biochar addition 

(feedstock, pyrolysis temperature, application rate) on plant growth, soil N dynamics and 

N2O emissions; c) investigate the links between soil N2O emissions and biochemical 

properties; and d) examine microbial factors by quantifying key microbial functional 

genes involved in the nitrification and denitrification processes in the biochar-amended 

soils. Three major sets of experiments, including laboratory incubation, pot trial and field 

trial, were designed and carried out to achieve the above research goals. 

The incubation experimentation was carried out to investigate the effects of seven 

different biochars on the dynamics of N and N2O emissions in two contrasting soils 

(Ferrosol and Tenosol). Results from this incubation study indicated that the amendment 

of all biochars significantly reduced N2O emissions in Tenosol, by as much as 61–72%. 

However, in Ferrosol, biochar showed variable effects on the N2O emissions, with only 

peanut shell, green waste and radiata pine bicohars significantly reducing N2O emission, 

by 17–23%. A decrease in the NO3
- availability was also observed in most biochar- 

amended soils compared with the control. The N2O fluxes were mainly regulated by the 

shift in the availability and stoichiometry of DOC and NO3
- induced by the biochar 

amendments in Ferrosol. The DOC derived from biochars increased DOC: NO3
- ratio in 

Ferrosol at the beginning of the experiment. However, these effects disappeared 7 days 

after incubation. Overall, the N2O fluxes were C-limited due to the presence of high 

concentrations  of  NO3
-  in  Ferrosol.  However,  in  Tenosol,  the  relationships between 
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stoichiometry of DOC: NO3
- and N2O fluxes were much weaker than that in Ferrosol and 

the N2O fluxes were mainly limited by the concentration of NO3
−. This study has 

demonstrated that the mechanisms responsible for the effect of biochar amendment on 

soil N2O fluxes are soil and biochar specific. 

A 90-days pot trial was performed to examine the effect of thermo-sequence 

(600oC, 700oC , 850oC and 950oC) woody biochars on plant growth and N uptake, soil N 

dynamics, microbial gene abundance and N2O emissions with (+N) and without N (-N) 

fertilization in a sandy loam soil. Results indicated that all four thermo-sequence biochars 

with high pyrolysis temperature significantly and consistently reduced the N2O emission 

in both unfertilized and fertilized regimes. However, the impact of thermo-sequence (high 

pyrolysis temperature) biochars on the reduction in the N2O emission was not significant. 

Overall, biochar amendments significantly decreased the concentration of soil NH4 and 

lower levels of soil NO3
- were observed at the later stage of experimentation. In the –N 

treatments, the impact of thermo-sequence biochars on soil NH4
+ concentration was not 

significant, while concentration of soil NH4
+ in the treatment of biochar produced at 

600oC was significantly higher than that of other biochar treatments in the +N treatments. 

The results also showed that in the absence of N fertilizer, biochar amendments 

significantly reduced plant biomass and N uptake, while in the presence of N fertilizer, 

plant biomass and N uptake were increased by the biochar amendment, with only pine 

biochar produced at 700oC showing a significant difference with the control. This 

suggests that the application of biochar could limit soil mineral N availability, and further 

affect plant growth and N uptake in the plant-soil system. Additionally, biochar 

amendments increased nosZ gene abundance in both –N and +N treatments although only 

biochar produced at 950oC showed a significant difference with the control in the +N 

treatments. The results demonstrated that the increase in nosZ gene abundance and lower 
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NH4
+ and NO3

- concentrations in the biochar-treated soil were likely to be responsible for 

the reduction in the N2O emissions. 

A one-year field trial was conducted to study the impact of different biochar 

feedstock (pine chip and peanut shell) and application rate (10 t ha-1 and 30 t ha-1) along 

with (-N) and without N (+N) fertilization on soil physicochemical properties, plant 

productivity, microbial gene abundances and N2O emissions. The results indicated that 

cumulative N2O emissions varied with biochar feedstock and application rate, and N 

fertilization. High application rate of pine biochar (30 t ha-1) significantly increased N2O 

emissions in absence of N fertilizer, while peanut shell biochar applied at the high rate 

(30 t ha-1) significantly increased N2O emissions in the presence of N fertilizer. All other 

biochar treatments did not significantly affect N2O emissions in both –N and +N 

fertilization schemes. Pine biochar amendment rather than peanut shell biochar greatly 

improved soil water retention, irrespective of application rate and fertilization regime. 

Overall, no significant differences in the dynamics of soil NH4
+ and NO3

- were observed 

among the biochar treatments, regardless of feedstock type and application rate. This 

indicates that N loss via leaching and runoff likely occurred in the sandy loam soil as 

indicated by low ammonia volatilization. No significant impact on grass yield was 

observed for biochar amendments in the absence of N fertilizer, whereas grass yield was 

significantly increased after pine biochar amendment in combination with N fertilizer. 

Only low application rate of pine biochar significantly increased plant N uptake in 

combination with N fertilizer, but none of the applied biochars had a significant impact 

in the unfertilized regime. Peanut shell biochar applied at the high rate (30 t ha-1) in 

combination with N fertilizer significantly enhanced the abundance of microbial 

functional genes (AOB, narG, nirS and nosZ). The findings of this study suggest that 

significant increases in N2O emissions after the amendment of peanut shell biochar (30 t 
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ha-1) under the fertilized regime, could be driven by its intrinsic properties with large 

amounts of labile C and N substrates (e.g., higher NH4
+ and DOC) as well as significant 

higher abundance of narG, nirS and AOB genes. 

In summary, the performance of biochar varied with biochar type (derived from 

different feedstock and at different pyrolysis temperature), soil type and N fertilization. 

Different sources of biochar may modify the availability of C and N, leading to the shift 

in stoichiometry of C and N, and then changes in N2O emission. Biochars produced at 

high pyrolysis temperature (600oC–950oC) significantly decreased N2O fluxes. However, 

there was no significant difference in the extent of N2O reduction among these thermo- 

sequence biochars. Biochars derived from different feedstock materials (peanut shell and 

pine chip produced at the same temperature, 550oC) behaved differently under N-limited 

and non-N-limited conditions in the field. Pine char (30 t ha-1) increased N2O emission in 

the absence of N fertilization while peanut shell biochar (30 t ha-1) increased N2O 

emission in the presence of N fertilization. The discrepancy among the biochar effects on 

soil N2O emission in the pot and field studies may have been ascribed to the differences 

in the biochar properties (e.g. N content), soil properties and environmental conditions. 

Therefore, the effect of biochars on soil N2O emission could be biochar-specific, soil- 

specific and greatly influenced by changes in environmental conditions. Therefore, 

among other, the future work should pay more specific attention to issues such as: a) using 

NMR and FTIR spectroscopies to characterise the surface and structural properties of 

different biochars and their contributions in regulating soil N2O fluxes; b) establishment 

of long-term field trials to appreciate the spatial and temporal variations of biochar effects 

of soil N2O emission; and c) measurements of diversity of microbial functional genes 

involved in N cycling using micro-array and gene chips technologies to improve the 

understanding of specific microbial groups in N2O production. 
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Chapter  1 

Introduction and Literature Review 

 

1.1 Background 

 

Nitrous oxide (N2O), one of the three major greenhouse gases, has a global warming 

potential about 310 times that of carbon dioxide (CO2) and is recognized as an important 

ozone depleting compound (Ravishankara et al., 2009; Montzka et al., 2011; Hartmann 

et al., 2013; Hu et al., 2016). Its atmospheric concentration has increased from 270 parts 

per billion by volume (ppbv) in 1750 to over 324 ppbv in 2011 (Stocker et al., 2013; 

Ussiri and Lal, 2013; Van Zwieten et al., 2015). The N2O emissions from natural soils 

(6–7Tg N2O–N yr−1) represent 56–70% of all global N2O sources, while agricultural 

emissions (4–6 Tg N2O–N yr−1) result from N fertilizer application and manure 

management (Syakila and Kroeze, 2011; Van Zwieten et al., 2015). It is reported that soil 

can act both as a source and a sink of N2O (Stocker et al., 2014). The balance of concurrent 

production and consumption mechanisms in soil determines the net N2O flux between 

soil and the atmosphere. Although the current concentration of N2O is relatively lower 

than other greenhouse gases in the atmosphere, it is annually increasing at a rate of 0.25% 

(Stocker et al., 2014). Thus, mitigation of the N2O formation and release from soils is an 

important challenge in tackling the greenhouse effect and consequently climate change. 

Biochar is a stable carbon (C)-rich material derived from biomass pyrolysis in an 

oxygen (O)-depleted environment, and can be used to enhance soil C sequestration due 

to its stability and long residence time ( > 100 years) in soil (Lehmann and Joseph, 2012; 

Chen et al., 2013). Biochar application and its storage in soils have been suggested as a 
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means of abating climate change (e.g. reduction of greenhouse gas emission), while at the 

same time improving water holding capacity (WHC) and nutrient retention, thus enhance 

soil fertility and crop productivity (Woolf et al., 2010; Lehmann and Joseph, 2012). The 

interaction between biochar and the soil N cycle is widely recognized (Clough and 

Condron, 2010; Biederman and Harpole, 2013; Clough et al., 2013). Application of 

biochar combined with N fertilizers has also been proposed for improving crop yield, 

enhancing N use efficiency and reducing N2O emissions (Zhang et al., 2012). Reduction 

of N2O emissions in a biochar-amended soil was firstly reported in a greenhouse 

experiment by Rondon et al. (2005). It was found that N2O emissions were significantly 

decreased by up to 50% for soybean and up to 80% for grass in a low fertile oxisol soil 

from the Colombian savanna. Since then, many studies have reported N2O reduction from 

biochar-amended soils (Cayuela et al., 2013; Nelissen et al., 2014; Case et al., 2015; Van 

Zwieten et al., 2015), while some other studies showed no significant impact or even 

increased N2O emissions (Spokas and Reicosky, 2009; Castaldi et al., 2011; Ameloot et 

al., 2013; Suddick and Six, 2013). These inconsistent results may be related to various 

biochar properties such as feedstock type, pyrolysis temperature and application rate, 

which greatly affect soil N2O emission and also alter soil physical, chemical and 

biological properties. The mechanisms involved in the observed variations of N2O 

emissions in biochar treated soils are still not clear, mainly due to lack of mechanistic 

studies. Therefore, the aim of this study is to investigate he key drivers responsible for 

N2O emissions in the biochar-amended soils. Clearly, there are some knowledge gaps as 

to how biochar alters soil physical, chemical and biological properties as well as the 

mechanisms responsible for N2O emissions. Thus, the main objectives of this study are 

to  explore and comprehensively evaluate the impacts  of biochar,  as  an amendment, on 
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soil biogeochemical and microbial properties and to elucidate the mechanisms regulating 

biohcar’s role in affecting N2O emissions from soil. 

1.2 Biochar production and properties 

 

1.2.1 Biochar production 

 
Biochar is normally produced by heating biomass between 350 and 1000oC in an 

oxygen depleted environment through a process called pyrolysis (Brown et al., 2006; Sohi 

et al., 2010). Pyrolysis refers to the process of thermochemical decomposition of organic 

material at elevated temperatures in the absence of oxygen (Bridgwater, 1994). Biochar 

can be made from a wide range of biomass feedstocks including wood-derived materials, 

agricultural residues and manures (Singh et al., 2010a). Its physical and chemical 

properties are similar to those of charcoal typified by its high C content, low N content, 

high surface area and cation exchange capacity (CEC) compared to unheated biomass 

(Singh et al., 2010b). Various production techniques and their impacts on the biochar 

product yields are found in the associated references in Table 1.1. Slow pyrolysis is the 

conversion technique that maximizes biochar yield, but the other variants of hydrothermal 

carbonization and microwave-assisted pyrolysis are also appealing due to their ability to 

handle wetter biomass sources, which reduces biomass drying costs (Table 1.1). 

Torrefaction had been established in the forestry industry for fuel upgrading of woody 

biomass, primarily for densification, reducing transportation costs due to moisture 

removal and increasing heating values (Bourgois and Guyonnet, 1988). This process 

generates an energy product amenable to coal-blending and subsequent co-combustion 

(Bridgeman et al., 2010). Torrefaction is a mild form of pyrolysis, with production 

temperatures ranging between 200 and 300°C (Prins et al., 2006). However, torrefaction 

and hydrothermal carbonization are not optimal choices for biochar production due to the 
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high O to C ratio (between 0.4 and 0.6) of the resulting charred material (Bridgeman et 

al., 2010), indicating lower aromatic characteristics in the biochar (Fuertes et al., 2010). 

When biochar is produced at higher pyrolysis temperatures (400-700°C), C components 

are distributed in more polycondensed aromatic structures (Keiluweit et al., 2010). These 

polycondensed aromatic structures have low O to C ratios that are resistant to microbial 

degradation (Glaser et al., 2002). These properties are important as biochars with higher 

resistance to microbial mineralization may be more suitable for long-term soil C 

sequestration. 

Table 1.1 Biochar or char thermal conversion processes (Spokas et al., 2012) 

 
 

Conversion type 
Temp. range 

(°C) 

Residence 

time 

Heating rate 

(°C S-1) 

Biochar recovery rate (% of 

feedstock mass) 

Torrefaction 200-320 Hours ˂ 1 40-90 

Slow pyrolysis 350-700 Hours 1-100 15-40 

Fast pyrolysis 450-550 ˂ 1 minutes ˃ 1000 10-30 

Flash pyrolysis 330-800 ˂ 1second ˃ 1000 30-40 

 
Gasification 

 
˃ 800 

Seconds to 

minutes 

 
Variable 

 
0-10 

Hydrothermal 

carbonization 

 
150-400 

Minutes to 

hours 

 
N/A 

 
5-40 

Microwave-assisted 

pyrolysis 

 
300-500 

Minutes to 

hours 

 
N/A 

 
20-30 

 

 

1.2.2 Biochar physical properties 

 
Physical properties of biochar vary with different feedstock types, particle sizes and 

pyrolysis conditions (e.g., final pyrolysis temperature, heating rate, slow or fast pyrolysis, 
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residence time and pressures) (Guerrero et al., 2005). The impact of biochar as a soil 

amendment is mainly dependent on its properties such as having a large surface area and 

presence of micro-pores (Braida et al., 2003; Nguyen et al., 2004; Mukherjee et al., 2011). 

These characteristics contribute to the adsorptive properties of biochars and potentially 

alter soil pore structure, bulk density, water holding capacity (WHC) and penetration 

resistance. Surface area is typically measured by the BET-N2 sorption technique 

(Keiluweit et al., 2010). There is a strong relationship between the pyrolysis temperature 

and the BET surface area (Fig.1.1). BET surface area of biochar usually increases till an 

optimal pyrolysis temperature of around 700°C is reached, thereafter it drops. The surface 

area of biochar determines the adsorption capacity of the biochar and affect 

 
Fig. 1.1 Relationship between pyrolysis temperature and BET surface area (pitch pine 

char) (Brown et al., 2006) 

 
 

the retention of water, nutrients and organic compounds by biochar, when added to the 

soil (Brown et al., 2006). However, biochars may not possess similar surface area even 

when derived from the same feedstock type, due to differences in production conditions 
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and the final pyrolysis temperature. Lower temperature biochars contain volatile 

compounds which can block pore spaces, resulting in lower surface area. This effect is 

diminished when biochar production temperature is high enough (> 650°C) as the volatile 

matter is burnt off at higher temperatures (Mukherjee et al., 2011). 

Bulk density is also an important physical feature of biochars (Lehmann and Joseph, 

2009). Biochar application can change soil bulk density, with possible effects on soil 

water retention, rooting patterns and soil fauna (Major et al., 2010). This occurs due to 

both lower density of biochar than that of soil minerals, and the presence of more macro- 

and micro-pores in biochar (Downie et al., 2009), which can hold air or water and 

consequently reduce soil bulk density after biochar addition. Pastor-Villegas et al. (2006) 

found that the bulk densities of biochars made from different types of woods processed 

in traditional kilns ranged from 0.30 g cm–3 to 0.43 g cm–3, being much lower than those 

of soils. 

Another important physical property of biochar is its stability in the environment 

(Mašek et al., 2013). Due to its long-term stability (>150 yrs), biochar C will remain 

sequestered in soil and contribute to the mitigation of climate change by influencing the 

emissions of greenhouse gases from the soil. In addition, the stability of biochar also 

means that it can provide long-term benefits to soil and water quality (Lehmann and 

Joseph, 2009). Besides, the conversion of organic matter to biochar by pyrolysis 

significantly increases the recalcitrance of C in the biomass. In the meanwhile, the OC 

composition changes through destruction of cellulose and lignin and the appearance of 

aromatic structures (Paris et al., 2005). It is generally accepted that biochar is highly 

recalcitrant and it takes long time to decompose in the soil. However, degradation of at 

least some components (such as volatile matter or labile organic matter)  of biochar may 
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occur in a short period of time (Zimmerman, 2010). One important uncertainty is to find 

out how ageing will affect the stability of biochar, as aged biochar is highly oxidized and 

contains large amounts of negatively charged functional groups (Cheng et al., 2006; Liang 

et al., 2006). Aged biochars have shown to be less prone to enzymatic degradation than 

relatively new deposited biochars, which could be the result of either biochar-organic or 

biochar-mineral interactions (Hockaday et al., 2007). These factors not only enhance the 

stability of soil organic matter in the soil profile but also improve availability of water 

and nutrient to crops and decrease erosion risks. 

 
 

1.2.3 Biochar chemical and biological properties 

 

Wood biochars generally have higher total C, lower ash content and lower total N, 

P, K, S, Ca, Mg, Al, Na and Cu contents than the manure-based biochars, while the leaf 

biochars are in-between (Singh et al., 2010a). Biochars derived from manure and sewage 

sludge usually have more abundance of N functional groups than lignocellulosic (e.g. 

wood or herbaceous biomass) biochars (Lehmann and Joseph, 2009). Biochar properties 

and their effects on soil vary widely with biochar’s feedstock and processing conditions 

(Brewer et al., 2011). Cation exchange capacity (CEC) and pH of a biochar are 

inseparably linked to each other. The CEC of biochar is defined as the amount of 

exchangeable cations adsorbed to its surface. The higher pH the biochar has, the higher 

its CEC is (Glaser et al., 2002). The CEC and pH of biochar are to a larger extent 

influenced by its feedstock. The presence of potassium (K), sodium (Na), magnesium 

(Mg) and phosphorus (P) in the biomass may form O-groups at the surface of biochar, 

which consequentially increases the CEC values (Glaser, 2007). With increasing 

pyrolysis  temperature  to  an  optimum  temperature  of  450-550°C,  the  CEC  and  pH 
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increases (Lehmann, 2007). Due to hydrolysis of Ca, K and Mg salts in the feedstock, the 

increases in biochar pH are closely related to the ash content of the biochar (Lehmann et 

al., 2011). Since the majority of mineral compounds will remain in the biochar during 

pyrolysis, the ash content is highly dependent on the type of feedstock used for biochar 

production (Lehmann et al., 2011). High pH of the biochar can be attributed to the 

presence of ash, basic functional groups, carbonates and oxides (e.g. CaO) or through a 

negative charge on its surface. However, oxidation of applied biochar over time could 

lower soil pH around the vicinity of biochar particles (Cheng et al., 2006). The driving 

force behind a pH decrease is oxidation of C to form acidic carboxyl groups (Cheng et 

al., 2006), whereas the increase in pH is likely related to the dissolution of alkaline 

minerals. 

The other important chemical characteristic of biochar is the O:C ratio (Spokas, 

2010). The higher this ratio, the higher the amount of hydroxyl, carboxyl and carbonyl 

compounds in the biochar (Spokas, 2010). Cellulose, lignin and, to a lesser extent, 

hemicellulose compounds in the biomass decompose during pyrolysis and volatile 

compounds are formed by the breakdown or rearrangement of original biomass 

compounds (Spokas et al., 2011) and then released through de-volatilization process. The 

ratio of H:C has also been proposed as an index of aromaticity and resistance of char to 

microbial and chemical degradation (Kuhlbusch, 1995). Similar to O:C quantification, 

pre-treatment steps (acid and thermal treatment) can be applied to remove inorganic and 

organic C prior to total H and C determination (Crombie et al., 2013). Kuhlbusch (1995) 

also investigated the use of a correction factor to exclude H bound to elements other than 

C, most likely silicate and therefore generating an H:C ratio only for the stable fraction 

of char. However, Enders et al. (2012) showed that their results ranked poultry manure, 
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based on H:C ratio, to have equal stability to woody biochars which were found to be 

much more stable. This may create doubts over the suitability of H:C as a method of 

stability determination. Therefore, the chemical stability of a large fraction of a given 

biochar means that microorganisms would not be able to readily utilize the most of the C 

as an energy source or the N and possibly other nutrients contained in the biochar C 

structure (Lehmann et al., 2011). 

Biochar has also been shown to alter soil microbial activities and their biological 

community composition and abundance (Liang et al., 2006; Kim et al., 2007; Grossman 

et al., 2010). These changes may in turn have impacts on soil nutrient cycles (Steiner et 

al., 2008). The observed stimulation or increase in microbial population and growth 

within weeks or months after biochar application may be attributed to the small labile C 

fraction in biochar that can be utilized by microbes in the short-term (Deenik et al., 2010). 

There is also some evidence that the addition of biochar to soil increases N2 fixation by 

both free-living and symbiotic N-fixing bacteria (Rondon et al., 2007). Other than habitat 

provided by biochar, this might also be attributed to the alteration of soil physiochemical 

properties, i.e. more nutrient absorption, leading to higher nutrient availability for 

microbial activities. Some biochars contain high concentration of nutrients such as N and 

P (Singh et al., 2010a) which may also explain this microbial reaction in the soil. Due to 

direct or indirect changes in soil biological properties after biochar amendment, alteration 

in soil N cycle could be likely mediated by soil microorganisms. 

Biochar might also perform as a habitat for soil microorganisms and a substrate for 

the soil biota as well (Lehmann and Joseph, 2009). The porous structure of biochar, its 

large internal surface area and the ability to adsorb different kinds of nutrients, including 

organic and inorganic components, are likely to provide a highly suitable habitat for soil 
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microbes to colonize, grow and reproduce, particularly for bacteria, actinomycetes and 

mycorrhizal fungi (Lehmann and Joseph, 2009). Some worms, termites, larvae, and other 

insects appear to ingest or live inside biochar breaking it up and/or coating it with organic 

compounds (Joseph et al., 2010). The breakdown of biochar can result in exposed surfaces 

being oxidized and then reacting with mineral or organic matter (Joseph et al., 2010), 

which might further affect soil microorganisms. Using a behavioural experiment, Van 

Zwieten et al. (2010b) showed that in an Australian Ferrosol earthworms preferred to live 

around biochar-amended soil relative to the control. In contrast, Gomez-Eyles et al. 

(2011) observed a significant weight loss of earthworms that had been given hardwood 

biochar in a soil contaminated with polycyclic aromatic hydrogens (PAHs) relative to the 

soil without biochar. This indicated that the impact of biochar on the behaviours of soil 

fauna might vary with investigated soil properties and biochar type. 

 
 

1.3 Soil N cycling and nitrous oxide emission 

 

Generally, nitrous oxide emission is primarily produced in soil through three 

biological processes (Wrage et al., 2005): 1) Nitrification: in the first stage of nitrification, 

N2O is produced as a by-product during the oxidation of ammonium to nitrite; 2) Nitrifier 

denitrification: in the second stage of nitrification, nitrite is converted to nitrate; however, 

under low O conditions, specialised nitrifying bacteria (denitrifying nitrifiers) use nitrite 

as an alternative electron acceptor and produce N2O; and 3) Denitrification: heterotrophic 

denitrifying aerobic bacteria cause respiratory reduction of nitrate or nitrite to N2O and 

N2 under anerobic conditions. These processes are thought to occur simultaneously in 

soil, with nitrification taking place in aerobic micro-sites and the latter two processes 

confined to sub-oxic and anoxic micro-sites (Wrage et al., 2005). A typical soil N cycle 
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is shown in Fig. 1.2 (Canfield et al., 2010). There are several key processes in the N cycle, 

including N2 fixation, mineralization, ammonia (NH4
+) oxidation, nitrification and 

denitrification. Soil microorganisms and fauna, especially bacteria play very important 

roles in all of these N transformations (Robertson and Groffman, 2007). As a result, 

factors such as temperature, moisture and microbial activity also affect the soil N cycle 

(Doran et al., 1998). Nitrogen fixation is the process that converts N2 to NH4
+. This occurs 

either through biological N2 fixation which is carried out by N2 fixing bacteria, or from 

anthropogenic activities like lightning, fossil fuel combustion, and synthetic N fertilizer 

production (Tripathi et al., 2007). Another source of NH4
+ is from N mineralization, the 

transformation of organic N to NH4
+ by soil decomposing organisms (primarily 

microorganisms). The produced NH4
+ binds to soil particles or remains in the soil solution 

and undergoes ammonia oxidation by soil bacteria and archaea to form hydroxylamine 

(NH2OH). After that, certain soil bacteria, archaea or fungi carry out the nitrification, 

which converts NH2OH to nitrite (NO2
-) and finally NO3

-. While NO3
- can be converted 

back to NH4
+ through a process called dissimilatory reduction of NO3

- to ammonium, 

most of the NO3
- in aerated soils will be immobilized by plants and living organisms. 

When they die, the decomposers in soil consume the organic N and convert them to NH4 

or NO3
- again. Any NO3

- that is not assimilated by plants can be utilized by denitrifiers 

under anaerobic conditions; the denitrificaiton process eventually converts NO3
- into N2, 

which reverts back to the atmospheric N pool. The denitrification reaction intermediate 

nitric oxide (NO and N2O) are of interest because they are the reactive N forms lost from 

soil into the atmosphere. Other than denitrification, anammox acts as an alternative route 

whereby NH4
+ and NO are converted to N2 but N2O is not produced. The process involves 

four enzymes: nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide 

reductases (Wang et al., 2013). N2O is an obligate intermediate, and some ultimately 
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escapes to the atmosphere, making denitrification another important source of this 

greenhouse gas from terrestrial environments (Codispoti, 2010). 

 
Fig. 1.2 Key biological nitrogen transformation pathways are linked by their associated 

enzymes. Genes encoding enzymes that conduct the important transformations including 

those nitrate reductase (narG), nitrite reductases (nirK and nirS), nitric oxide reductase 

(norB), nitrous oxide reductase (nosZ), nitrogenase (nif), ammonium monooxygenase 

(amoA) (Canfield et al., 2010) 

 

On the other hand, many studies have proposed denitrification as the major 

contributor to soil N2O emissions, especially when O is limited in soil – for example, 

when water-filled pore space (WFPS) exceeds 60 to 70% (Dalal et al., 2003). However, 

under aerobic conditions (e.g. at 50% WFPS or less), nitrification can be the major source 

of soil N2O emissions (Van Zwieten et al., 2009b). It has been suggested that biochar 

application may decrease soil N2O emissions by affecting the denitrification process (i.e. 

by encouraging the activity of enzymes involved in reduction of N2O to N2) (Yanai et al., 

2007). For example, increases in soil pH due to the addition of alkalinity through ash 

content in biochar could potentially encourage the activity of N2O-reducing organisms 
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(Yanai et al., 2007). Alternatively, NO2
–, NO and N2O formed in soil through the 

denitrification process could be chemically adsorbed on biochar surfaces and 

electrochemically reduced to N2 (Van Zwieten et al., 2009b). Likewise, as N2O is 

produced by N-transforming microorganisms in the soil, its emissions increase with the 

use of N fertilizers (Tian et al., 2014). On the other hand, biochar’s surface properties 

prevent nutrients from being washed out of soil profile (Pensulo, 2012). Biochar also 

positively influences the abundance, composition and activity of microorganisms in the 

soil, which form complex biological communities involving plants and animals 

(Lehmann et al., 2011). Soil biochar amendment helps to raise water storage capacity and 

decrease soil nutrient leaching, which in turn increases soil fertility and can help to reduce 

greenhouse gas emissions. It is important to understand which component(s) of the N 

cycles and associated enzymes within N-cycling processes (i.e. mineralization, 

nitrification, denitrification) are most affected by biochar applications, so that biochar is 

better managed for mitigation of soil N2O emissions and reduction of nitrate leaching. 

It also has been stated that all organisms require energy and nutrient status in typical 

stoichiometric ratios, which might couple the global N cycle to other biogeochemical 

cycle from ecosystem in predictable ways (Elser et al., 2000; Hungate et al., 2003; 

McGroddy et al., 2004). Soil microbial functional groups (e.g., denitrifying 

microorganism) require organic C as an energy source for the reductive reductions and 

microbial growth (Harter et al., 2014; Zechmeister-Boltenstern et al., 2015), while soil 

nitrate is the essential N resource for the denitrification process (Parton et al., 1996; 

Strong and Fillery, 2002). It has shown that the denitrification process is regulated by the 

stoichiometric control of organic C to nitrate in aquatic system (Barnard et al., 2005; 

Konohira and Yoshioka, 2005; Taylor and Townsend, 2010).   However, little work  has 

been done on the stoichiometric control (e.g., the ratio of dissolved organic C to nitrate) 
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of denitrification in the soil system, and how this stoichiometric ratio affects N2O 

emission from soil is largely unknown. Hence, a potential link of stoichiometry in 

nutritional resources (e.g., C and N substrates) with N2O emission in the soil needs to be 

investigated in a certain scale. 

 
 

1.4 Effects of biochar on N2O emission 

 

Effects of biochar application on N2O emissions from soil have been studied 

extensively in recent years. There are contradictory findings regarding changes in N2O 

emissions with biochar application, as N2O production is found to decrease in some 

biochar-amended studies but not in all (Yanai et al., 2007; Clough and Condron, 2010; 

Singh et al., 2010b). If biochar applications to soil result in the increase of N2O and CO2 

emissions, the positive effect of biochar on long-term C sequestration might be in part 

impaired. On the other hand, if biochar application does not increase N2O and CO2 

production in soil, it can provide double benefits through the increased C storage and 

reduced greenhouse gas emissions. 

Biochar has been shown to significantly affect soil physical and chemical 

characteristics such as water holding capacity, percent of organic matter, soil structure, 

pH and nutrient status (Lehmann and Joseph, 2009). It may also directly or indirectly 

affect soil N concentration through changes in microbial N cycling, inorganic N 

adsorption, plant N uptake and water retention (Clough et al., 2013) and consequently 

affect the major drivers of soil N2O emissions. Since biochar is generally a high C:N ratio 

material (Rondon et al., 2007), with highly porous structure, it may provide a suitable 

habitat for soil microorganisms (Jindo et al., 2012). These characteristics are suitable for 

supporting microbial growth and activity and may induce N immobilization in soil as the 
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microorganisms utilize C from the volatile or labile components within biochar (Van 

Zwieten et al., 2010a). These effects may vary with feedstock type and production 

conditions, which can influence the pore structure (Downie et al., 2009) and the charge 

characteristics of biochars (Singh et al., 2010a). Particularly the electrostatic adsorption 

of NH4
+ on biochar may increase as negatively-charged functional groups develop on 

biochar surfaces during oxidation in soil (Cheng et al., 2006; Liang et al., 2006). A recent 

study by Cayuela et al. (2013) suggested that biochar facilitated the transfer of electrons, 

produces localised liming (aiding the functionality of microbial denitrification proteins) 

and altered reactive surface areas. To date, the exact mechanisms of how biochar 

influences N2O-fluxes and transformations remain largely unclear (Clough et al., 2013). 

Many studies reported that incorporation of biochar effectively reduced N2O 

emissions from different soils with or without N fertilizer additions. For example, Rondon 

et al. (2005) reported that biochar decreased N2O emissions by 50% and 80% under 

soybean and grass systems, respectively. It was also reported by Zhang et al. (2010) that 

total N2O emissions decreased by 40-51% and 21-28% in biochar-amended soils with or 

without N fertilization, respectively. Case et al. (2012) reported a decrease in N2O 

emissions as well, which they attributed to soil NO3
− immobilization. These findings 

indicate that biochar application has the potential to reduce N2O emissions. However, its 

suppression effect is not always consistent, with N2O being found to be increased or not 

altered in some biochar treated soils. Clough et al. (2010) reported that fluxes of N2O 

from the biochar plus urine treatment were generally higher than from urine alone during 

the first 30 day of the experiment, but after 50 days there was no significant difference 

between treatments. Singh et al. (2010b) and Van Zwieten et al. (2010b) observed 

elevated N2O emissions in biochar amended treatments, due to high initial biochar N 
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content. Scheer et al. (2011) also documented that the cattle feedlot waste biochar had no 

significant effect on N2O emission from a red Ferrosol. To some extent, biochar 

amendment studies to date have indicated positive effects on N2O reduction, but results 

have failed to identify its major mechanisms which are highly dependent on soil type, 

biochar type and rate as well as soil moisture and fertilization strategies. Biochar has been 

shown to sorb NH4
+and decrease soil NH4

+ pools for nitrification (Taghizadeh-Toosi et 

al., 2012), which might reduce N2O emissions. Singh et al. (2010b) found a significant 

decrease in the leaching of NH4
+-N following the ageing of biochar in soil, while 

Taghizadeh-Toosi et al. (2012) showed that biochar adsorbed NH3 is bioavailable. Other 

studies also reported that biochar produced at high temperature can adsorb NO3
- 

(Dempster et al., 2012; Yao et al., 2012). Similarly, Knowles et al. (2011) found a 

significant reduction in NO3
- leaching when wood biochar produced at 600°C was applied 

to soil. Therefore, these evidence indicate that biochar would limit the availability of N 

in soil via adsorption of NH4
+ and NO3

-, leading to a decrease in substrate availability for 

N2O emission (Cayuela et al., 2014; Shen et al., 2014). However, the effect of electrostatic 

adsorption of mineral N to biochars on their bioavailability to microorganisms is largely 

unknown. Furthermore, biochar induced organo-mineral associations may stabilize or 

decrease mineralization of native or added organic matter (Liang et al., 2010; Keith et al., 

2011; Singh and Cowie, 2014), which may reduce bioavailability of organic N in soil and 

further affect N2O emission. 

Biochar amendment can improve soil aeration via increasing soil porosity, which 

can reduce anaerobic microsite and consequently may result in decreases in N2O 

emissions by minimizing denitrification (Van Zwieten et al., 2010b; Zhang et al., 2010). 

However, Case et al. (2012) reported that increasing soil aeration by biochar amendment 
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had a minimal contribution to the reduction of N2O emissions in a sandy loam soil. Soil 

pH is a key variable affecting N2O production and consumption. Oxygen-containing 

functional groups and ash content are the major forms of alkalinity in biochars (Yuan et 

al., 2011). An increase in pH following biochar amendment may promote the complete 

reduction of NO3
− during denitrification thereby reducing the N2O:N2 ratio (Cayuela et 

al., 2013). Nevertheless, previous studies have failed to validate pH increases as a 

mechanism behind reduced emissions (Yanai et al., 2007). 

Biological denitrification is often considered to be the main process of N2O 

emissions (Butterbach-Bahl et al., 2013). During denitrification, NO3
- is step wise 

reduction to dinitrogen gas (N2) via a suite of four reductases; nitrate reductase (nar), 

nitrite reductase (nir), nitric oxide reductase (nor) and nitrous oxide reductase (nos). The 

specific denitrification coding enzymes and N transformation pathways can be seen in 

Fig. 1. Briefly, narG is frequently used gene marker for NO3
- reduction to NO2

-; nirK 

and nirS genes are widely used for the reduction of NO2
- to NO; the reduction of N2O to 

N2 is catalysed by nosZ gene. These reduction processes usually occur at anaerobic 

conditions (Robertson and Groffman, 2007). Recently, a few laboratory studies have been 

carried out regarding the effects of biochar application to soil on microbial community 

composition and functional gene abundance involved in the formation and production of 

N2O (Anderson et al., 2011; Harter et al., 2014; Van Zwieten et al., 2014a; Xu et al., 

2014; Bai et al., 2015). Harter et al. (2014) performed a microcosm study on a water 

saturated (95% WFPS) soil amended with different rates of biochar and found that 10% 

biochar addition improved nosZ gene abundance and increased the abundance of 

microorganisms capable of N2-fixation. Van Zwieten et al. (2014a) reported that biochar 

addition significantly increased nosZ gene abundance in one of four investigated soils, 
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which was proposed to be responsible for reduction of N2O emission through five cycles 

of wetting and drying. In addition, Xu et al. (2014) also indicated that biochar addition 

might enhance nosZ gene transcription and reduce N2O emission. However, more studies 

are required to clarify the effects of biochar on soil microorganisms and N-cycling 

functional genes and link these microbial properties to the production of N2O. 

The biotic and abiotic mechanisms responsible for the reduction of N2O emission 

from biochar-amended soils still remain ambiguous and vary with soil type, biochar type, 

N fertilizer type and biochar application rate (Van Zwieten et al, 2009; Cayuela et al, 

2013; Clough et al, 2013). These mechanisms are most likely to be associated with soil 

and biochar types and their interactions. Biochar application to soil may affect N2O 

emissions by altering: 1) soil physical properties (e.g. gas diffusivity, aggregation, water 

retention) (Quin et al., 2014), 2) soil chemical properties (e.g. pH, EC, availability of 

organic and mineral N and dissolved organic C, organo-mineral interactions), and 3) soil 

biological properties (e.g. microbial community structure, microbial biomass and 

activity, macro-fauna activity, N cycling enzymes) (Cayuela et al., 2013; Harter et al., 

2013; Van Zwieten et al., 2014b). These changes could affect N mineralization and 

immobilization as well as N turnover, nitrification and denitrification processes in the 

biochar-amended soils (Van Zwieten et al., 2015). Many of these potential effects on soil 

properties may be related to the chemical composition (low molecular weight organic 

compounds, aliphatic to aromatic C ratio, intrinsic N content and form, ash content, acid 

neutralising capacity) (Uchimiya et al., 2010) and physical characteristics of biochars 

(specific surface area, sorption properties, particle size). Over time, the developing of 

negative charge on biochar surfaces (Cheng et al., 2006) and subsequent interactions with 
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native soil organic matter and clay minerals (Joseph et al., 2010; Fang et al., 2014a,b) 

may further facilitate the reduction of soil N2O emissions. 

Overall, specific mechanisms responsible for decrease, no change or increase in 

N2O emissions following biochar application to soil are still largely unknown which may 

be caused by the combined utilization of a great variety of soils and biochars (Yoo and 

Kang, 2012). The mechanisms proposed in the current literatures related to biochar’s role 

in mitigating N2O emission have generally been hypothetical. Therefore, more systematic 

research should be focused on the effects of specific types of biochar on N2O emissions 

from specific soils to further elucidate the mechanisms underlying the response of N2O 

emission from biochar-amended soil. Despite the mechanistic contrasts and unknowns, 

the previous studies suggest that biochar affects the metabolic behaviour of N- 

transforming microorganisms and the physicochemical control of N bioavailability, 

thereby alters soil biogeochemistry. Clearly, there is still a lack of available knowledge 

about the influence of biochar on biological activity and biogeochemical cycles. 

Furthermore, a better understanding of biochar's nutrient retention and release properties 

is strongly needed for optimum application of biochars to each particular soil type, in 

order to improve soil fertility, enhance crop productivity and mitigate N2O emissions. 

 
 

1.5 Research questions, knowledge gaps and hypotheses 

 

1.5.1 Knowledge gaps 

 

Through the thorough literature review, the following knowledge gaps are 

identified: 
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1) Different factors have been proposed by previous studies to regulate N2O 

emissions from biochar-amended soils, but little work has been done on stoichiometric 

control of denitrification in soil after biochar applications. 

2) There is a lack of mechanistic understanding of the complex interactions between 

biochar type (different feedstock, pyrolysis temperature), soil type and N fertilization on 

N2O production and emission rates. 

3) Little is known about the chemical and microbial mechanisms/processes 

involved in the N2O production and formation, in particular, the role of soil nitrification 

and denitrification genes. 

 
 

1.5.2 Research questions 

 

In this PhD study, the following research questions are proposed: 

 

a) How do different biochars behave in soils with distinctive physicochemical 

characteristics and how do biochar amendments modify C and N stoichiometry and N 

dynamics, and then regulate N2O fluxes? (Chapter 3) 

b) Do biochars produced under different pyrolysis temperature affect plant growth, 

soil N dynamics and N2O emissions differently? And what key processes involved in soil- 

biochar-plant system are responsible for the different effects? (Chapters 4) 

c) Do biochars derived from different feedstock materials affect soil N2O fluxes 

differently? And what chemical and biological mechanisms are involved? (Chapter 5) 

This study aims to address the above research questions by examining the effects 

of different biochars on N2O fluxes and associated chemical and microbial processes/ 
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mechanisms. As a general overview, the experimental design and thesis structure is 

presented in Fig.1.3. 

 

Fig. 1.3 Experimental design and thesis structure 
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1.5.3 Hypotheses 

 
Biochar application may modify the soil biogeochemical properties and alter 

microbial functional gene abundances due to its particular and uncertain properties, and 

consequently affect N2O emission from soil. Therefore the main hypotheses of this thesis 

are summarised as below: 

a) Biochars would have the capacity to adsorb mineral N (e.g., NH4
+ and NO3

-) due 

to their large surface area and distinct surface structure, which might reduce the C and N 

substrate availability in soil for nitrifying and denitrifying microorganisms resulting in a 

reduction in N2O emission. 

b) Biochars produced at high pyrolysis temperature may have a higher NO3
-
 

adsorption potential, which might greatly reduce N2O emission in biochar amended soil. 

c) Considering that DOC acts as energy source for soil microorganisms and NO3
- acts 

as the substrate for denitrification (N2O emission), biochar amendments to soil might 

modify the stoichiometric ratio of DOC and NO3
- and thus regulate the denitrification 

process and N2O emissions in soil. 

d) Biochar amendment may lead to the shifts in abundance of microbial functional 

genes involved in nitrification and denitrification processed via changing soil pH, C and 

N availability, and further affect N2O production. 
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Chapter 2 

Materials and methods 

 
Three major experiments have been carried out in this PhD study. The field research 

site and the key methods/ procedures commonly used across different experiments were 

described in this chapter while other specific procedures used in the different experiments 

were described in their specific chapters (Chapters 3, 4 and 5) 

 
 

2.1 Materials 

 

2.1.1 Experimental site 

 

The field experiment (Chapter 5) was conducted in a grazing grassland (27°43'26" 

S, 153°1'15" E; 39 m above sea level) with sandy loam soil (clay 18.1%, silt 10.1% and 

sand 71.8%) at Park Ridge South, Brisbane, Queensland (Fig. 2.1) from 1st September 

2015 to 6th September 2016. The soil was classified as a Kurosol (Australian Soil 

Classification). The mean annual precipitation of the area was 776 mm and the mean 

annual minimum and maximum temperatures were 15°C and 26°C, respectively 

(Greenbank Station, Queensland). Before start of the experiment, the top 5 cm of the soil 

along with native grass was mechanically scalped by a POSI TRACK and then the soil 

was mixed well with a lawn rotary hoe (Fig. 2.2). The layout of the field site was shown 

in Fig. 2.3. Pre-planting soil samples were collected on 1st September 2015 before biochar 

application, from 0-10 cm depths of nine randomly picked locations across the trial site. 

These samples were bulked as a composite sample. The basic physicochemical properties 

of soil were shown in Table 2.1. 
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Fig. 2.1 Location of grazing grassland in southeast Queensland 

 

Table 2.1 Selected physicochemical properties of soil in the field experiment. 

 
 

pH 

(1:5H2O) 

 

EC 

(dS m-1) 

 

Total C 

(%) 

 

Total N 

(%) 

 

C/N 

ratio 

Bulk 

density 

(g cm-3) 

 
+ 

NH4  -N 
 

(μg g-1) 

 
- 

NO3 -N 
 

(μg g-1) 

 

DOC 

 

(μg g-1) 

4.48 0.02 0.54 0.04 13.5 1.4 8.7±0.3 0.5±0.1 41.6 
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Fig. 2.2 POSI TRACK (left) and lawn rotary hoe (right) 
 
 

 
Fig. 2.3 Field site layout before planting 
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2.2 Methods 

 

2.2.1 Soil and plant processing 

 

All soil samples collected from incubation (chapter 3), pot trial (chapter 4) and field 

trial (chapter 5) were mixed thoroughly and then passed through a 2 mm sieve to avoid 

plant roots, stones and charcoal. Soil samples were then separated into three portions: air- 

dry soil, fresh soil and frozen soil. The air-dried soil samples were placed in tin trays to 

dry at room temperature (approximately two weeks to reach constant moisture level) and 

finely ground (<150 µm) prior to analysis of soil total C and N contents. Fresh soils were 

kept in plastic bags at 4°C prior to chemical and biological analysis. Frozen soils were 

stored in plastic bags at -80°C prior to molecular analysis. At the end of pot and field 

trials, plant samples were harvested for biomass and placed in an oven (60°C) to dry for 

two weeks to reach constant weight. The dried samples then finely ground (<150 µm) 

prior to analysing plant total C and total N contents. The detailed soil sampling of each 

experiment is described in Chapters 3, 4 and 5. 

 
 

2.2.2 Soil and plant analysis 

 

2.2.2.1 Soil texture, pH, electrical conductivity (EC), moisture and water holding 

capacity (WHC) 

Particle size distribution (soil texture) was determined using the hydrometer method 

described by Day (1965). Soil pH and electrical conductivity (EC) were determined in 

1:5 (w/v) soil/water extracts using a glass electrode. Briefly, soil samples were weighed, 

put into falcon tubes and placed into an end-to-end shaker for one hour after adding 

distilled water. After shaking, the soil slurry was allowed to stand for 30 mins and then 

pH and EC were read by a pH/EC meter. With respect to soil moisture, at each sampling 
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time fresh and air dried soil samples were weighed into tin trays and dried at an oven 

(temperature was set at 105°C) for 48 hours. In terms of measuring water holding capacity 

(WHC) approximately 50 g of each soil sample was soaked in distilled water overnight, 

by using a PVC tube which the bottom was covered by a mesh to avoid soil loss, and then 

let it drain freely for around 6 hours. The moist soils were then weighed again before 

drying at 105°C for 48 hours. Soil moisture and WHC were expressed on an oven-dry 

basis. 

 
 

2.2.2.2 Soil/plant Total C and N 

 

Soil and plant total C and N were determined by dry combustion under 1200°C 

using Leco TruMac CN analyser (Leco Corporation, USA) (Fig. 2.4). 

 

 
Fig. 2.4 Leco TruMac CN analyser 
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2.2.2.3 Soil mineral N (NH4
+-N and NO3

--N) 

 
Soil NH4 -N and NO3 -N were extracted by 2M KCl at 1:10 (soil : solution ratio) 

and shaken at 70 RPM on an end to end shaker for 1 h (Keeney and Nelson, 1982). The 

extracts were filtered through Whatman 42 paper after being spun at 4000 rpm for 5 mins. 

Concentrations of NH4
+-N and NO3

--N in the extracts were determined by 

SmartChem®200 Discrete Chemistry Analyser (WESTCO Scientific Instruments Inc.) 

(Fig. 2.5). 

 

 
Fig. 2.5 SmartChem®200 Discrete Chemistry Analyser 

 

2.2.2.4 Microbial biomass C and N 

 

Microbial biomass C (MBC) and N (MBN) were determined by the chloroform 

fumigation-extraction method using an EC factor of 2.64 (Vance et al., 1987) and an EN 

factor of 2.22  (Brookes  et al., 1985).  Briefly, 10 g fresh weight of fumigated and  non- 
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fumigated soils were extracted by 40 mL of 0.5 M K2SO4 (soil/extractant ratio of 1: 4). 

Soil samples were shaken at 70 rpm on an end to end shaker for 30 mins and filtered 

through Whatman 42 paper. The MBC and MBN were measured by a TOC-VCPH/CPN 

analyzer fitted with a TN unit (Shimadzu Scientific Instruments, Japan) (Fig. 2.6). 

 

 
Fig. 2.6 Shimadzu TOC-VCPH/CPN  analyzer fitted with a TN unit 

 

2.2.3 Biochar cold and hot extract for NH4
+-N and NO3

--N 

 
The biochar NH4

+-N and NO3
--N were extracted by 2M KCl at 1:10 (biochar: 

solution ratio) in room temperature and shaken at 70 rpm on an end to end shaker for 1 

hour. The samples then filtered through Whatman 42 paper after being spun at 4000 rpm 

for 5 mins. The biochar samples were recovered for further extraction using hot 2M KCl 

for 16 hours (Rayment and Lyons, 2011). Briefly, the biochar samples (after adding 2M 

KCl) were placed into an oven at 95oC for 16 hours before extraction. Both cold and hot 

2M KCl extracts were analysed for NH4
+-N and NO3

--N. Concentrations of NH4
+-N and 

NO3
--N were determined by SmartChem®200 Discrete Chemistry Analyser  (WESTCO 

Scientific Instruments Inc.). 
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2.2.4 Gas sampling and analysis 

 

Gas samples from incubation (chapters 3), pot trial (chapter 4) and field trial 

(chapter 5) were collected from glass jars or PVC chambers, approximately 1 hour after 

their closure using a 25-mL gas tight syringe, and immediately transferred to pre- 

evacuated 12-mL glass vials (Labco, UK). The concentration of N2O was measured via 

gas chromatograph (Shimadzu GC-2010 Plus) equipped with an electron capture detector 

(ECD) (Fig. 2.7). The fluxes of N2O-N were calculated using the ideal gas law and 

molecular weight of the gases. Linearity tests on gas concentration increases were 

performed on all treatments over a subset of sampling times during the incubation 

(Rezaei Rashti et al., 2016). These samples were taken initially after closure of the glass 

jars or PVC chambers and then every 15 mins for 2 hours. Nitrous oxide emissions 

showed a linear trend over the measurement period. Cumulative N2O emissions during 

incubation, pot trial and field trial period were calculated by linear integration of daily 

fluxes. 

 

 
Fig. 2.7 Shimadzu GC 2010-plus used for gas analysis 
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2.2.5 DNA extraction and real-time PCR analysis adapted from Liu et al. (2013) 

 

DNA was extracted from 0.5 g of soil sample using the MoBio Powersoil DNA 

Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the 

manufacturer’s instruction with the final elution step in deionised water instead of Tris- 

EDTA (TE) buffer. The DNA quality and quantity were determined using a Nanodrop 

spectrophotometer (Thermo Fisher scientific, Massachusetts, USA) at 260 nm and the 

ratios of A260/280 ranged from 1.8 to 2.0. The extracted DNA was stored at -80°C. 

The PCR fragments of microbial functional genes were amplified using primers and 

thermal conditions described in Table 2.2 and the purified PCR products were cloned into 

the TOPO TA cloning vector (invitrogen, Carlsbad, CA, USA). Plasmids, as standard 

curves used for quantification analysis, were extracted from the positive clones by using 

a Qiagen Miniprep kit (Qiagen, Germantown, MD, USA). The abundance of investigated 

microbial genes were amoA gene for ammonia-oxidizing archaea (AOA) and ammonia- 

oxidizing bacteria (AOB), nitrate reductase gene (narG), nitrite reductase gene (nirS) and 

nitrous oxide reductase (nosZ). Standard curves were obtained using 10-fold serial 

dilutions of plasmid DNA containing cloned AOA, AOB, narG, nirS, nosZ genes and 

spanned seven orders of magnitude. Each standard curve was run in duplicate. Reactions 

were carried out on the Mastercycler® ep realplex real-time PCR system (Effendorf, 

Hamburg, Germany) in triplicate (Fig. 2.8). The 20 mL PCR mixture contained 10 mL of 

SYBR green PCR Master Mix (Takara SYBR Premix Ex Taq), 0.4 ml of each primer (10 

µM) and 12.5 ng of DNA. Melting curves and agarose gel running of PCR products at 

the end of each quantitative real-time PCR were used to check amplification specificity. 

No template controls gave null or negligible values. The presence of PCR inhibitors in 
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DNA extracted from soil was estimated by a 1:10 soil DNA dilution and no inhibition 

was detected. 

Fig. 2.8 Eppendorf Mastercycler® ep realplex real-time PCR 

 

Table 2.2 Reaction compositions, thermal conditions and primer references of qPCR 

reactions used in this study. 

 

Reaction conditions 

Target 

gene 

F- and R- 

primer 

Denaturation 

time 

Annealing 

time and 

temperature 

Elongation 

time and 

temperature 

Number 

of cycles 

qPCR Primer name 

 (pmol·µl-1) at 95˚C (s)  efficiency  

amoA 

(AOA) 
0.2 15 55˚C, 30s 72˚C, 45s 40 0.84 

CrenamoA23F, 

CrenamoA616R 

amoA 

(AOB) 

 

0.2 

 

15 

 

55˚C, 30s 

 

72˚C, 45s 

 

40 

 

0.92 
amoA1F, 

amoA2R 

 

narGa 

 

0.4 
 

15 
 

58˚C, 30s 
 

80˚C, 30s 
 

35 
 

0.85 
narGG-R, 

narGG-F 

 

nirSa 

 

0.4 

 

15 

 

58˚C, 30s 

 

80˚C, 30s 

 

35 

 

0.91 
nirS4QF, 

nirS6QR 

 

nosZb 

 

0.2 

 

15 

 

60˚C,30s 

 

80˚C,30s 

 

35 

 

0.77 
nosZ2F, 

nosZ2R 

All target genes were amplified using Takara SYBR® Premix Ex Taq™ (Perfect Real Time). 

aTouch down starting at 63˚C temperature decrease of 1˚C per cycle for 6 cycle. 

bTouch down starting at 65˚C temperature decrease of 1˚C per cycle for 6 cycle 

 
 

 
 



Chapter 2 

47 

 

 

 

2.3 References 

 

Brookes, P.C., Landman, A., Pruden, G., Jenkinson, D., 1985. Chloroform fumigation and 

the release of soil nitrogen: a rapid direct extraction method to measure microbial 

biomass nitrogen in soil. Soil Biology and Biochemistry 17, 837-842. 

Day, P.R., 1965. Particle fractionation and particle-size analysis. Methods of soil analysis. 

Part 1. Physical and mineralogical properties, including statistics of measurement 

and sampling, 545-567. 

Keeney, D.R., Nelson, D., 1982. Nitrogen—inorganic forms. Methods of soil analysis. 

 

Part 2. Chemical and microbiological properties, 643-698. 

 

Liu, X., Chen, C., Wang, W., Hughes, J., Lewis, T., Hou, E., Shen, J., 2013. Soil 

environmental factors rather than denitrification gene abundance control N2O 

fluxes in a wet sclerophyll forest with different burning frequency. Soil Biology and 

Biochemistry 57, 292-300. 

Rayment, G.E., Lyons, D.J., 2011. Soil chemical methods: Australasia. CSIRO publishing 

3, 93-139. 

Rezaei Rashti, M., Wang, W.J., Reeves, S.H., Harper, S.M., Moody, P.W., Chen, C.R., 

2016. Linking chemical and biochemical composition of plant materials to their 

effects on N2O emissions from a vegetable soil. Soil Biology and Biochemistry 103, 

502-511. 

Vance, E., Brookes, P., Jenkinson, D., 1987. An extraction method for measuring soil 

microbial biomass C. Soil Biology and Biochemistry 19, 703-707. 



48 

Chapter 3 
 

 

 

Chapter 3 

 

Stoichiometric ratio of dissolved organic carbon to nitrate regulates 

nitrous oxide emission from the biochar-amended soils 

 
3.1 Introduction 

 

Biochar, a carbon (C)-rich solid product from biomass pyrolysis under oxygen- 

depleted conditions, has a wide range of inherent physical and chemical properties which 

are highly dependent on its feedstock and pyrolysis temperature, heating rate and 

residence time (Kloss et al., 2012). Application of biochar to croplands have been 

suggested as a means of abating climate change (e.g. reduction of greenhouse gas 

emission), while at the same time improving soil fertility and increasing crop productivity 

(Woolf et al., 2010). The interaction between biochar and soil nitrogen (N) cycle is widely 

recognized (Biederman and Harpole, 2013; Clough and Condron, 2010; Clough et al., 

2013). It has been suggested that combined applications of biochar and N fertilizers may 

increase crop yield, enhance N use efficiency and reduce nitrous oxide (N2O) emission 

(Zhang et al., 2012). 

Nitrous oxide is one of the major greenhouse gases with a global warming potential 

about 310 times that of carbon dioxide (CO2) over a 100 years horizon, and is recognised 

as an important ozone depleting compound (Hartmann et al., 2013; Hu et al., 2016; 

Montzka et al., 2011). However, mitigating N2O formation and release from soils is a 

great challenge due to various mechanisms involved. Suppression of N2O emission from 

soils by biochar application has been observed in several studies (Case et al., 2015; 

Cayuela et al., 2013; Harter et al., 2014; Mukherjee et al., 2014), while some other studies 
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showed no significant effect or even increased N2O emissions (Ameloot et al., 2013; 

Castaldi et al., 2011; Singh et al., 2010; Suddick and Six, 2013). The reasons for such 

discrepancy in soil N2O emissions in response to biochar application are still unclear, 

mainly due to the lack of mechanistic studies. 

Nitrous oxide is mostly formed in soil through three primary biological mechanisms 

of nitrification, nitrifier denitrification and denitrification (Wrage et al., 2005). Bateman 

and Baggs (2005) reported that nitrification was the primary process of N2O production 

at 35-60% water-filled pore space (WFPS). However, denitrification has been proposed 

as the major contributor to soil N2O emissions, particularly when WFPS exceeds 60% 

and oxygen (O2) is deficient in soil (Dalal et al., 2003). Denitrification is the reduction of 

nitrate (NO3
-) to dinitrogen (N2) via the intermediates of nitric oxide (NO) and N2O 

(Harter et al., 2014). A suite of soil denitrifying communities are involved in the reduction 

of NO3
- to N2. These microbial functional groups require organic C as an energy source 

for these reductive reactions and their growth (Harter et al., 2014; Zechmeister- 

Boltenstern et al., 2015), while NO3
- is the essential N substrates for denitrification 

processes (Parton et al., 1996; Strong and Fillery, 2002). It has been suggested that N2O 

fluxes are highly related to the concentration of NO3
- (Bouwman et al., 2002; Pelster et 

al., 2011). Increasing soil NO3
- concentration may stimulate soil denitrifying 

communities to use the mineral N and consequently produce more N2O (Bouwman et al., 

2002). Under less anaerobic conditions, the availability of organic C becomes critical for 

the NO3
--denitrification function (Strong and Fillery, 2002). 

Any biological system has to be operated within the fundamental stoichiometric 

constraints of energy (C) and nutrients (Davidson et al., 2007; Elser et al., 2000). The 

stoichiometric control of denitrification and movement of NO3
- have been well studied in 
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aquatic systems (Barnes et al., 2012; Konohira and Yoshioka, 2005; Taylor and 

Townsend, 2010). It has been proposed that about 1.25 moles of C is required by 

denitrifiers for the complete denitrification of 1 mole of NO3
- (Saggar et al., 2013). 

However, little work has been done on the stoichiometric control of denitrification in soil. 

Biochar contains substantial amounts of C and N with large surface areas and negative 

charges, but the chemical composition and nature of its surface properties vary with 

biochar feedstock and pyrolysis condition. Furthermore, how these biochar properties 

modify the availability of organic C and NO3
- in soil is largely unknown (Van Zwieten et 

al., 2015). 

The specific objectives of this incubation study were to: (i) evaluate the interactive 

effect of different biochars and soil types on soil biochemical properties (ii) assess the 

effect of different biochars on N2O emissions under N fertilizer application, and (iii) 

quantify how the stoichiometric shifts in DOC and NO3
- regulate the N2O fluxes and 

affect the total N2O emissions. Seven different biochars produced from woody and crop 

residue biomass and two contrasting types of soil were used. It was hypothesized that 

biochar amendment would alter the availability of DOC and NO3
- in soil and then further 

modify the stoichiometric ratio of DOC to NO3
-, which regulated denitrification and the 

N2O fluxes. It was further hypothesized that the mechanisms responsible for N2O 

emission were soil and biochar specific and this study would shed light on such 

mechanisms. 

 
 

3.2 Materials and methods 

 

3.2.1 Soil and biochar 
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Two surface soils (0-10 cm) were collected from Yarraman (forestland, Ferrosol, 

26° 50' 16" S, 151° 56' 51" E) in Queensland and Newman (agricultural land, Tenosol, 

22°44'28" S, 120°21'28" E) in Western Australia, which are equivalent to Oxisol and 

Inceptisol in USDA soil classification, respectively. Soils were air-dried and passed 

through 2 mm sieve prior to the incubation experiment. Overall, Ferrosol was more fertile 

than Tenosol due to the higher contents of clay, total C and N and higher concentrations 

of inorganic N (NH4
+ and NO3

-), microbial biomass C and dissolved organic C (DOC) in 

the former than in the latter (Table 3.1). 

Table 3.1 Selected properties of two soils used in the experiment. 

 
Parametersa Ferrosolb Tenosolb 

pH (1:5 H2O) 5.6 6.0 

EC (dS m-1) 1.3 0.3 

Total C (%) 5.3 0.4 

Total N (%) 0.46 0.01 

C:N ratio 11.5 40 

Bulk density (g cm-3) 1.0 1.4 
+ -1 

NH4  -N (μg g  ) 71 10 
- -1 

NO3 -N (μg g  ) 417 3 

MBC (μg g-1) 289 59 

DOC (μg g-1) 488 29 

Texture Loam Sandy loam 

Sand (%) 42.8 77.5 

Silt (%) 39.6 6.1 

Clay (%) 17.6 16.4 

aEC, electrical conductivity; MBC, microbial biomass carbon; DOC, dissolved organic carbon 

bFerrosol was collected from Yarraman, Queensland, while Tenosol collected from Newman, Western 

Australia. 

 
The biochars used for the incubation experiment were produced from different 

feedstocks namely eucalyptus (Eucalyptus globu, E), softwood mixture (Pseudotsuga 

menziesii  and  Araucaria  cunninghamia,  SM),  mallee  (Eucalyptus Genus,  M), jarrah 
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(Eucalyptus marginata, J), peanut shell (Arachis hypogaea, PS), green waste (GW) and 

radiata pine (Pinus radiata, RP), at different pyrolysis temperatures (e.g. 450-700°C). 

Relevant properties of the biochars are shown in Table 3.2. Eucalyptus biochar used in 

this study was produced by a wildfire in the eucalyptus forest (Peachester, Queensland) 

in 1969. It has been subject to the aging process and was highly acidic (pH = 3.4), while 

other biochars were alkaline (pH 7.6-10.2). The total C in biochar materials ranged from 

53.1% (green waste) to 81.6% (softwood mixture), while total N from 0.12% (radiata 

pine) to 1.49% (peanut shell), with a range of C:N ratios from 45 (peanut shell) to 641 

(radiata pine) (Table 3.2). Soluble organic C of biochar materials ranged from 514 µg g- 

1 (radiata pine) to 1685 µg g-1 (eucalyptus). The concentration of NO3
- in all biochar 

materials was low (≤ 5 µg g-1) except for peanut shell (273 µg g-1). The concentrations of 

NH4
+ in all biochar materials were also low (≤ 0.3 µg g-1) except for eucalyptus (38.7 µg 

g-1) and peanut shell (24.8 µg g-1). Biochars were firstly air-dried, then ground to pass 

through 2 mm sieve and mixed thoroughly with soil to obtain consistency prior to the 

incubation experiment. 

 
 

3.2.2 Incubation experiment 

 

Soil microcosms were established using one liter glass jars with a screw-cap lid in 

which a septum was fitted for gas sampling. Each soil type received eight treatments, 

namely seven biochar treatments and a control (CK) with no biochar addition and all 

treatments performed with eight replicates. Biochars were applied at a rate of 2.5 percent 

(w/w, dry weight) and mixed with 200 g soil thoroughly, which was equivalent to 25 t ha- 

1 (Ferrosol) and 35 t ha-1 (Tenosol) based on a 10 cm incorporation depth in the field. 
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Table 3.2 Selected properties of seven biochars (aged eucalyptus, softwood mixture, mallee, jarrah, peanut shell, green waste and radiata 

pine) used in the experiment. 

 
Biochar 

Feedstock 

material 

 
Sourcea 

Pyrolysis 

temperature 

(oC) 

 
C% 

 
N% 

C:N 

ratio 

Soluble organic Cb 

(µg g-1) 

 NO --Nb 
3 

(µg g-1) 

 NH +-Nb 
4 

(µg g-1) 

 
pH 

BET Surface 

area (m2 g-1) 

1 Eucalyptus 

(aged) 

PEA Wild fire 58.5 0.18 325 1685 5.1 38.7 3.4 109 

2 Softwood 

mixture 

UWA 700 81.6 0.16 510 880 1.1 0.3 8.2 322 

3  

Mallee 
UWA 700 57.9 0.50 116 1158 1.7 0.3 9.5 233 

4  
Jarrah 

UWA 700 79.6 0.22 362 548 1.2 0.3 10.2 205 

5 Peanut 

shell 

Northern 

QLD 

550 66.6 1.49 45 1081 273.0 24.8 7.4 94 

6 Green 

waste 

NSW- 

DPI 

450 53.1 0.35 152 1061 5.1 0.3 10.0 271 

7 Radiata 

pine 

UWA 700 76.9 0.12 641 514 1.7 0.3 8.9 382 

aPEA, Peachester state forest, Qld; UWA, University of Western Australia; QLD, Queensland; NSW-DPI, New South Wales-Department of Primary Industry. 

bSoluble organic C or NO3 -N or NH4 -N were determined by the 2M KCl extraction followed by hot 2M KCl extraction, and the combined results from both 

extractions were presented. 

 

 

 

 

53 



Chapter 3 

54 

 

 

 

After biochar addition, the soil moisture was adjusted to 45% WFPS and pre- 

incubated at 22°C for one week. After pre-incubation, N was added as dissolved KNO3 

at a rate of equivalent to 150 kg N ha-1. The moisture of soil-biochar mixture was adjusted 

to 75% WFPS (using deionized water and dissolved KNO3 solution) and incubated at 

25°C for 60 days. During the incubation period, the soil moisture was adjusted every two 

days by weighing the jars and adding deionized water when needed. Four replicates of 

each treatment were used for gas sampling, while the remaining four replicates of each 

treatment were non-destructively sampled for soil biochemical analysis at days 1, 7, 21, 

42 and 60 of the experiment. 

 
 

3.2.3 Chemical analysis 

 

Soil pH and electrical conductivity (EC) were determined in 1:5 (w/v) soil/water 

extracts using a glass electrode. Soil texture was determined using the hydrometer method 

(Day, 1965). Soil and biochar total C and N were determined with Leco TruMac CN 

analyser (Leco Corporation, USA). Soil NH4
+-N and NO3

--N were extracted by 2M KCl 

at 1:10 (soil: solution ratio) after shaking at 70 rpm on an end to end shaker for 1 h 

(Keeney and Nelson, 1982). The biochar NH4
+-N and NO3

--N were extracted by 2M KCl 

at 1:10 (soil: solution ratio). The extracts were filtered through Whatman 42 paper after 

being spun at 4000 rpm for 5 mins and biochar samples were recovered for further 

extraction using hot 2M KCl (95oC) for 16 hours. Both cold and hot KCl extracts were 

analyzed for NH4
+-N and NO3

--N and the results were combined. Concentrations of 

NH4
+-N and NO3

--N in soil and biochar samples were determined by SmartChem®200 

Discrete Chemistry Analyser (WESTCO Scientific Instruments Inc.). Soluble organic C 

in  the cold  and hot  KCl extracts  was  also  determined by a Shimadzu  TOC-VCSH/CSN 
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TOC/N analyzer and the results combined. Soil microbial biomass C (MBC) was 

measured by chloroform fumigation-extraction method described by Vance et al. (1987). 

In brief, fumigated and non-fumigated soils were extracted with 40 mL of 0.5 M K2SO4 

(soil/extractant ratio of 1: 4). Soil samples were shaken at 70 rpm on an end to end shaker 

for 30 mins and filtered through Whatman 42 paper. Soluble organic C was extracted by 

0.5 M K2SO4 at 1:4 (soil: solution ratio) and then measured by a Shimadzu TOC-VCSH/CSN 

TOC/N analyzer. The MBC was calculated using a conversion factor for C (EC) of 2.64 

(Vance et al., 1987). The soluble organic C in non-fumigated soils was used as an 

indicator of dissolved organic C (DOC). Biochar surface areas were determined from 

adsorption isotherms using the Brunauer, Emmett, and Teller (BET) equation (Brunauer 

et al., 1938). Results for all analyses were reported on a dry weight basis. 

 
 

3.2.4 Gas sampling and analysis 

 

Gas samples were collected from four replicates of each treatment at days 1, 2, 3, 

5, 7, 9, 11, 15, 21, 28, 35, 42, 53 and 60 of the incubation, approximately 1 h after glass 

jars closure using a 25-mL gas tight syringe, and immediately transferred to pre-evacuated 

12-mL glass vials (Labco, UK). The N2O concentration in gas samples was measured via 

gas chromatograph (Shimadzu GC-2010 Plus) equipped with an electron capture detector 

(ECD). The fluxes of N2O-N µg kg-1 soil h-1 were calculated by using the ideal gas law 

and molecular weight of the gases. Linearity tests on gas concentration increases were 

performed on all treatments over a subset of sampling times during the incubation 

(Rezaei Rashti et al., 2016). These samples were taken initially after closure of the glass 

jars and then every 15 mins for 2 hrs. Nitrous oxide emissions showed a linear trend over 
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the measurement period. Cumulative N2O emissions during the 60-day incubation period 

were calculated by linear integration for daily fluxes. 

 
 

3.2.5 Statistical analysis 

 

Statistical analyses were conducted using Statistix 8.0 software package and figures 

were produced using Sigmaplot 11.0 (Systat Software, Inc). Before analysis, normality 

of all data was checked. Soil biochemical properties and N2O fluxes were analyzed by 

three-way repeated measures ANOVA with soil and biochar types as between subjects 

and sampling time as a within subject. Two-way repeated measures ANOVA was also 

performed for each soil type when the interaction between sampling time and biochar 

treatment was significant. One-way ANOVA was used to evaluate the 60-day cumulative 

N2O emission between different treatments for each soil type. For the one-way, two-way 

and three-way ANOVA analyses, the significance was set at the 0.05 level and when the 

significance was different (P < 0.05), multiple comparisons (all-pairwise comparisons) 

were carried out using least significance difference (LSD) test. The nonlinear regression 

function was used to fit the curves of N2O fluxes and DOC:NO3
- ratios with sampling 

day. For both Ferrosol and Tenosol, a dynamic Gaussian (3 parameters) peak fit curve 

‐0.5(
x‐xo)

2 

[y = ae b ] was used to establish the relationship of N2O fluxes and sampling day. 
 

From this equation, it is clearly seen that when x (sampling day) = x0, we can get the peak 

y (N2O flux). The curve fitting for DOC:NO3
- ratios with sampling day was performed 

by exponential decay (single 3 parameters) [y = yo + ae‐bx] in Ferrosol, but polynomial 

linear model was used in Tenosol. In addition, according to overall best-fit coefficient 

and the above x0 value, the threshold elemental ratio (TERDOC:NO3
-) of the DOC:NO3

- ratio 
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(namely, the cross point of the dash line and the curve of the DOC:NO3
- ratio with time) 

could be calculated. 

 
 

3.3 Results 

 

3.3.1 Soil pH and EC 

 

Soil pH and EC were significantly influenced by soil type, biochar type, sampling 

time and soil × biochar × time interaction (P ˂ 0.001) (Table 3.3). For an individual soil 

type, two-way repeated measures ANOVA showed that soil pH and EC were significantly 

affected by biochar type, sampling time, and their interactions in both soils (P ˂ 0.001) 

(Tables 3.4, 3.5). Soil pH for all treatments ranged from 5.23 to 6.47 in Ferrosol and from 

4.67 to 8.18 in Tenosol (Figs. 3.1a, b). Alkaline biochars (softwood mixture, mallee, 

jarrah, peanut shell, green waste and radiata pine) increased soil pH, while acidic biochar 

(eucalyptus) decreased pH in both soils (Figs. 3.1a, b). The extent of biochar effect on 

soil pH was greater in sandy loam (Tenosol) than loamy soil (Ferrosol). Soil pH in the 

mallee biochar treatments in both soils (6.09-6.47 in Ferrosol and 7.60-8.18 in Tenosol) 

was the highest among all of the biochar treatments. Soil EC was significantly higher in 

Ferrosol than in Tenosol (Figs. 3.1c, d). The EC values were the highest in the peanut 

shell biochar treatment (1.19-1.48 dS m-1) in Ferrosol, and green waste biochar treatment 

(0.35-0.37 dS m-1) in Tenosol. The EC values were the lowest in both soils treated with 

radiata pine biochar (0.89-1.15 dS m-1 in Ferrosol and 0.11-0.16 dS m-1 in Tenosol) (Figs. 

3.1c, d). Soil EC in all treatments increased during the first 21 days of experiment and 
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Table 3.3 The p values from the three-way repeated measures of ANOVA for the effects of soil type, biochar type, sampling time, and 

their interactions on soil biochemical parameters. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC 
- 

DOC:NO3  ratio MBC 

Between subjects 

 
Soil type (S) 

 

 
1 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
0.006** 

 

 
˂ 0.001*** 

Biochar type (B) 7 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.002** 

S × B 7 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.02* 

Within subjects 

 
Sampling time (T) 

 

 

4 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

S × T 4 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

B × T 28 ˂ 0.001*** ˂ 0.001*** 0.006** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

S × B × T 28 ˂ 0.001*** ˂ 0.001*** 0.002** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001 
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Table 3.4 The p values from the two-way repeated measures of ANOVA for the effect of biochar type, sampling time and their interactions 

on soil biochemical properties in Ferrosol. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC 
- 

DOC:NO3  ratio MBC 

Between subject         

 

Biochar type (B) 
 

7 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

0.002** 

 

˂ 0.001*** 

 

0.172ns 

 

˂ 0.001*** 

 

0.023* 

 

Within subject 

 

Sampling time (T) 

 

 

 
4 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

B × T 
 

28 
 

˂ 0.001*** 

 

˂ 0.001*** 

 

0.174ns 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 
 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001, ns, not significant 
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Table 3.5 The p values from the two-way repeated measures of ANOVA for the effect of biochar type, sampling time, and their 

interactions on soil biochemical properties in Tenosol. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC 
- 

DOC:NO3  ratio MBC 

Between subject         

 

Biochar type (B) 
 

7 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

Within subject 

 

Sampling time (T) 

 

 

 
4 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

 

 
˂ 0.001*** 

 

B × T 
 

28 
 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 
 

Symbols indicate the P value significance of the term: ***P ˂ 0.001 
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declined afterwards in Ferrosol, while in Tenosol it tended to decrease slightly over 

time in all biochar treatments although there were some fluctuations (Figs. 3.1c, d). 
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Fig. 3.1 Dynamics of pH and EC in Ferrosol (a, c) and Tenosol (b, d) amended with 2.5% 

biochar compared with the control (CK) under 75% WFPS over the 60 days of incubation. 

The least significance difference (LSD) values of all pairwise comparisons for the 

treatments and sampling time using two-way ANOVA were shown in each figure. 

Vertical bars represent standard error (n = 4). E, eucalyptus (aged); SM, softwood 

mixture; M, mallee; J, jarrah; PS, peanut shell; GW, green waste; RP, radiata pine 

biochars. 
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3.3.2 Dynamics of soil NH4
+-N and NO3

--N 

 
Soil NH4

+ was significantly influenced by soil type, biochar type, sampling time (P 

 

˂ 0.01) and soil × biochar × time interaction (P ˂ 0.01) (Table 3.3). In Ferrosol, two-way 

repeated measures ANOVA showed soil NH4
+ was significantly (P ˂ 0.01) affected by 

biochar type and sampling time, whereas there was no significant (P ˃ 0.05) interaction 

between biochar type and sampling time (Table 3.4). However, in Tenosol, soil NH4
+ was 

significantly affected by biochar type, sampling time and their interactions (P ˂ 0.001) 

(Table 3.5). In Ferrosol, soil NH4
+ ranged from 85 to 113 µg g-1 at the beginning of the 

incubation after application of biochars. Concentrations of extractable NH4
+ consistently 

decreased over time in all treatments, particularly during the first 3 weeks (Fig. 3.2a). Soil 

NH4
+ in the eucalyptus biochar treatment was significantly higher than all other biochar 

treatments, but no significant difference observed in comparison with the control (Fig. 

3.2a). At the end of experiment soil NH4
+ concentration was low in all treatments, ranging 

from 5.3 to 6.5 µg g-1. However, in Tenosol, concentrations of NH4
+ were significantly 

higher in the acidic eucalyptus biochar treatment than in other treatments and the 

difference increased with incubation time (ranging from 5.4 to 12.8 µg g-1) (Fig. 3.2b). 

Concentrations of NH4
+ in all treatments except for the eucalyptus biochar treatment 

decreased with time during the first 3 weeks, but increased slightly thereafter (Fig. 3.2b). 

Soil NO3
- was significantly influenced by soil type, biochar type and sampling time 

(P ˂ 0.001). Three-way repeated measures ANOVA showed that there were significant 

interactions among soil type, biochar type and sampling time (P ˂ 0.001) (Table 3.3). 

Two-way repeated measures ANOVA showed soil NO3
- was significantly affected by 

biochar type, sampling time and their interactions in both soils (P ˂ 0.001) (Tables 3.4 

and 3.5).  In comparison to NH4
+, soil NO3

-  contents were 5-120 folds higher in Ferrosol 
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Fig. 3.2 Dynamics of NH4
+-N and NO3

--N in Ferrosol (a, c) and Tenosol (b, d) amended 

with 2.5% biochar and without biochar addition (control, CK) under 75% WFPS over the 

60 days of incubation. The least significance difference (LSD) values of all pairwise 

comparisons for the treatments and sampling time using two-way ANOVA were shown 

in each figure. Vertical bars represent standard error (n = 4). See Fig. 3.1 for abbreviations 

of biochar treatments. 

and 8-28 folds higher in Tenosol (Figs. 3.2c, d). The concentration of NO3
- was 

significantly higher in Ferrosol (482-798 µg g-1) than in Tenosol (1-127 µg g-1) (Figs. 

3.2c, d). In general, concentrations of NO3
- increased significantly with incubation time 

in Ferrosol. However, in Tenosol, the trend in NO3
- concentration was inconsistent among 

the biochar treatments.  Concentrations  of NO3
-  in  the radiata pine  and jarrah   biochar 
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treatments decreased significantly during the incubation period from 76 to 36 µg g-1 and 

from 66 to 1 µg g-1, respectively. Additionally, it should be noted that NO3
- in the control 

was greater than all biochar treatments, while concentration of NO3
- in the jarrah biochar 

treatment was the lowest in both soils (Figs. 3.2c, d). 

 
 

3.3.3 Soil microbial biomass C and dissolved organic C 

 

Soil MBC was significantly influenced by soil type, biochar type, sampling time 

and soil × biochar × time interaction (P ˂ 0.01) (Table 3.3). Within each soil type studied, 

two-way repeated measures ANOVA showed that soil MBC was significantly affected 

by biochar type, sampling time and their interactions (P ˂ 0.001) (Tables 3.4, 3.5). The 

concentration of MBC was significantly higher in Ferrosol than in Tenosol (Figs. 3.3a, 

b). Overall, soil MBC for most treatments decreased with time in Ferrosol, although there 

were some fluctuations (Fig. 3.3a), while in Tenosol MBC increased till day 21 for most 

biochar treatments and declined rapidly towards the end of incubation (Fig. 3.3b). The 

concentration of MBC was significantly higher in the mallee biochar treatment compared 

to other treatments in Ferrosol after day 21, whereas in Tenosol MBC in the green waste 

was the highest among the biochar treatments (P ˂ 0.05). The acidic eucalyptus biochar 

treatment had the lowest MBC in most sampling times in both soils (Figs. 3.3a, b). 

Soil DOC was significantly influenced by soil type, biochar type, sampling time 

and soil × biochar × time interaction (P ˂ 0.001) (Table 3.3). For Ferrosol, two-way 

repeated measures ANOVA showed that soil DOC was significantly affected by sampling 

time (P ˂ 0.001) but not by biochar type (P ˃ 0.05), whereas their interactions were 

significant (P ˂ 0.001) (Table 3.4). For Tenosol, soil DOC was significantly affected by 
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Fig. 3.3 Dynamics of soil microbial biomass carbon (MBC) and dissolved organic carbon 

(DOC) in Ferrosol (a, c) and Tenosol (b, d) amended with 2.5% biochar compared with 

the control (CK, without biochar) under 75% WFPS over the 60 days of incubation. The 

least significance difference (LSD) values of all pairwise comparisons for the treatments 

and sampling time using two-way ANOVA were shown in each figure. Vertical bars 

represent standard error (n = 4). See Fig. 3.1 for abbreviations of biochar treatments. 

biochar type, sampling time and their interactions (P ˂ 0.001) (Table 3.5). The 

concentration of DOC was significantly higher in Ferrosol than in Tenosol (Figs. 3.3c, 

d). At day 1, DOC ranged from 403 to 474 µg g-1 in Ferrosol and from 33 to 86 µg g-1 in 

Tenosol. The concentration of DOC generally decreased in both soils from day 1 to  day 

M
B

C
 (

μ
g
 g

-1
  so

il
) 

D
O

C
 (

μ
g
 g

-1
  so

il
) 



Chapter 3 

66 

 

 

 

42 whereas its concentration consistently increased afterwards. Additionally, in Ferrosol, 

concentrations of DOC tended to be lower in the biochar treatments (days 21, 42 and 60) 

than in the control, but not significant (Fig. 3.3c; Table 3.4). However, in Tenosol all 

biochar treatments showed higher DOC concentrations than that of the control, 

particularly for mallee and green waste biochar treatments (Fig. 3.3d). 

 

 

3.3.4 Nitrous oxide fluxes 

 

Soil N2O fluxes were significantly influenced by soil type, biochar type, sampling 

time and soil × biochar × time interaction (P ˂ 0.001) (Table 3.6). The N2O fluxes were 

fluctuated over the incubation period in two soils, with higher fluxes in Ferrosol than in 

Tenosol (Figs. 3.4a, b). In Ferrosol, N2O fluxes peaked at day 9 in the mallee biochar 

treatment (1.17 µg kg-1 h-1), but the other treatments showed a peak at day 11 except for 

the control and eucalyptus biochar treatments in which N2O fluxes peaked at day 15 (Fig. 

3.4a). In Tenosol, the N2O flux in the control peaked at day 9 (0.30 µg kg-1 h-1), while all 

biochar treatments peaked at day 21 except for the mallee and jarrah biochar treatments 

which peaked at day 3 and 1, respectively (Fig. 3.4b). In addition, all treatments for both 

soils had low N2O fluxes after day 28. From day 28 to day 60, in Ferrosol, there was no 

significant difference among the treatments, while in Tenosol N2O fluxes in the control 

treatment were significantly higher than all biochar treatments (Figs. 3.4a, b). 

In Ferrosol, the cumulative N2O emissions over the 60-day incubation were 

significantly lower than control in the peanut shell, green waste and radiata pine biochar 

treatments by 17-23% (P ˂ 0.05), while no significant differences were found for 

eucalyptus  and  jarrah  biochar  treatments  in  comparison  to  the  control  (P  ˃  0.05). 

However, the mallee biochar treatment significantly (P ˂ 0.05) enhanced N2O emissions 
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by 22% compared to the control (Fig. 3.4c; Fig. 3.5), and softwood biochar also slightly 

increased N2O emission. In Tenosol, the highest cumulative N2O emission was measured 

in the control, where 144 µg kg-1 of N2O-N was emitted over the incubation period (Fig. 

3.4d; Fig. 3.5). All biochar treatments significantly decreased N2O emissions by 61-72% 

compared to the control (P ˂ 0.05), but they were not significantly different from each 

other (Fig. 3.4d; Fig. 3.5). 

Table 3.6 The p values from the three-way repeated measures of ANOVA for the effects 

of soil type, biochar type, sampling time and their interactions on N2O fluxes. 

Source factor df N2O 

Between subjects 

 
Soil type (S) 

 

 
1 

 

 
˂ 0.001*** 

Biochar type (B) 7 ˂ 0.001*** 

S × B 7 ˂ 0.001*** 

Within subjects 

 
Sampling time (T) 

 

 

13 

 

 

˂ 0.001*** 

S × T 13 ˂ 0.001*** 

B × T 91 ˂ 0.001*** 

S × B × T 91 ˂ 0.001*** 

Symbols indicate the P value significance of the term: ***P ˂ 0.001 
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Fig. 3.4 N2O fluxes and cumulative N2O emissions in Ferrosol (a, c) and Tenosol (b, d) 

amended with 2.5% biochar compared with the control (CK, without biochar) under 75% 

WFPS over the 60 days of incubation. Bars with different letters indicate significant 

differences between the treatments at P ˂ 0.05. Vertical bars represent standard error (n 

= 4). See Fig. 3.1 for abbreviations of biochar treatments. 
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Fig. 3.5 Cumulative N2O emissions (μg N g-1 soil) from different treatments in two soils 

over the 60 days of incubation. Vertical bars represent standard errors (n = 4). E, 

eucalyptus (aged); SM, softwood mixture; M, mallee; J, jarrah; PS, peanut shell; GW, 

green waste; RP, radiata pine biochars. 

 
3.3.5 Stoichiometry of DOC, NO3

-  and N2O fluxes 

 
In Ferrosol, DOC was significantly and negatively correlated with NO3

-, while the 

DOC:NO3
- ratio was positively related to DOC but negatively to NO3

- (Figs. 3.6a, b and 

c). However, these relationships were much weaker in Tenosol (Figs. 3.6d, e and f). 

Regression analysis of data from all sampling times showed that in Ferrosol, overall, N2O 

fluxes were positively and significantly correlated with soil DOC (Fig. 3.7a) and DOC: 

NO3
- ratio (Fig. 3.7b), but negatively and significantly with soil NO3

- (Fig. 3.7c). 

However, in Tenosol, the relationships were opposite and weaker (Figs. 3.7d, e and f). 

The relationships of N2O fluxes and the DOC:NO3
- ratio during the incubation from 

representative biochar and control treatments in both soils were illustrated in Fig. 3.8 and 

the curve fitting parameters of the regression analysis were presented in Table 3.7. N2O 

fluxes with time during the incubation in Ferrosol can be described by a dynamic 
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Fig.3.6 Relationships of dissolved organic carbon (DOC) and nitrate (NO3
-) and their 

stoichiometric ratios in two contrasting soils amended with seven different biochars. In 

Tenosol, jarrah biochar treatment was plotted separately and inserted into the figure since 

it had a very high DOC:NO3
- ratio. 
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the point where the limitation of denitrification (N2O flux) switches from one element (C 

or N) to another (C or N) (Table 3.8). 
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Fig. 3.7 Relationships of N2O fluxes and dissolved organic carbon (DOC) and nitrate 

(NO3
-) and stoichiometric ratios of DOC to NO3

- in two contrasting soils amended with 

seven different biochars. In Tenosol, jarrah biochar treatment was plotted separately and 

inserted into the figure since it had a very high DOC:NO3
- ratio. 
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Fig. 3.8 Illustrations of relationships of the dynamics N2O fluxes and the stoichiometric 

DOC:NO3
- ratio during the incubation from representative biochar and control treatments 

in two contrasting soils. The dash line (paralleled to y axis) indicated the day after the 

commencement of incubation when the N2O flux peaked. The cross point of the dash line 

and the curve of the DOC:NO3
- ratio indicates the threshold elemental ratio (TERDOC:NO3

- 

) of the DOC:NO3
- ratio. When the DOC:NO3

- ratio was lower than the TERDOC:NO3
-, the 

N2O production was limited by the concentration of DOC, while when the DOC:NO3
- 

ratio was higher than the TER, the N2O production was limited by the concentration of 

NO3
-. In Ferrosol, all three representative biochar and control treatments had a 

TERDOC:NO3
- of 0.61-0.70, while the TERDOC:NO3

- was not observed in Tenosol since the 

curve DOC:NO3
- ratio with incubation time was almost a flat line (paralleled to x axis). 

In both soils, the N2O flux was fitted by using the Gaussian distribution model (Equation: 

) 
-1

  
 -

1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

  
h

 
h

  

) 

-1
  

 -
1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

 
) 

-1
  
 -

1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

  
h

 

     
DOC limiting 
   (a) 

Nitrate limiting Control 

TER
DOC:NO 

-      (0.61) 
3 

Mallee (b) 

TER
DOC:NO 

-      (0.67) 
3 

   

   

Radiata pine (c) 

 
TER

DOC:NO 
-      (0.70) 

3 

   

D
O

C
:N

O
3

  
 r

at
io

 

-1
  

 -
1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

  
h

 
) 

- 
D

O
C

:N
O

3
  

 r
at

io
 

-1
  

 -
1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

  
h

 
) 

- 
D

O
C

:N
O

3
  

 r
at

io
 

-1
  
 -

1
 

N
2
O

 f
lu

x
 (

μ
g

 k
g

  
h

 
) 

- 

(d) 

Control 

N
2
O 

DOC:NO 
- 
ratio 

3 

           

D
O

C
 :

 N
O

3
  

 r
at

io
 

- 

Mallee (e) 

D
O

C
:N

O
3

  
 r

at
io

 
- 

Radiata pine (f) 

   

D
O

C
:N

O
3

  
 r

at
io

 
- 



Chapter 3 

73 

 

 

Peak, Gaussian, 3 parameters in the Sigma plot version 11.0), while the curve DOC:NO3
- 

ratio is fitted using exponential decay model in Ferrosol, but the liner model in Tenosol. 

 
Table 3.7 Regression analysis of N2O fluxes with sampling day during the incubation in 

‐0.5(
x‐xo)

2 

Ferrosol. A dynamic Gaussian (3 parameters) peak fit curve y = ae b was used to 

establish the relationship of the N2O fluxes and sampling day. From the above equation, 

it can be clearly seen that when x (sampling day) = x0, we can get the peak y (N2O flux). 

 

 

 
Treatments 

Overall best-fit 

coefficient 

 
p value 

 
R2 

Days after 

incubation at N2O 

flux peak (x) 

Control a = 0.6259, b = 8.1187, 

x0 = 10.4052 
P < 0.001 0.927 10.41 

Eucalyptus (aged) a = 0.4813, b = 12.5239, 

x0 =13.6063 

 

P < 0.001 
 

0.844 
 

13.61 

Softwood mixture a = 0.6786, b = 9.5726, 

x0 =11.7691 

 

P < 0.001 
 

0.958 
 

11.77 

Mallee a = 1.0365 b = 5.7742, 

x0 = 7.7719 

 

P < 0.001 
 

0.898 
 

7.77 

Jarrah a = 0.6292 b = 10.8789 

x0 = 11.1453 

 

P < 0.001 

 

0.862 

 

11.15 

Peanut shell a = 0.5025 b = 9.0381, 

x0 =10.9852 

 

P < 0.001 
 

0.915 
 

10.99 

Green waste a = 0.6994 b = 5.6885, 

x0 =8.7665 

 

P < 0.001 

 

0.876 

 

8.77 

Radiata pine a = 0.6260, b = 5.4490, 

x0 =8.6767 

 

P < 0.001 
 

0.903 
 

8.68 



Chapter 3 

74 

 

 

- 

- - 

Table 3.8 Regression analysis of DOC:NO3
- ratio with sampling day during the 

incubation in Ferrosol. Exponential decay (single, 3 parameters) [y = yo + ae‐bx] was 

used to establish the relationship of the DOC:NO3
-  ratio and sampling day. 

 

Treatments Overall best-fit coefficient p value R2 -a 
TERDOC:NO3 

Control a = 0.3379, b = 0.0652, 

y0 = 0.4418 

P = 0.02 0.961 0.61 

Eucalyptus (aged) a = 0.3926, b = 0.0339, 

y0 =0.3872 

P = 0.03 0.936 0.63 

Softwood mixture a = 0.3721, b = 0.0792, 

y0 =0.4464 

P = 0.04 0.900 0.59 

Mallee a = 0.4819, b = 0.0817, 

y0 =0.4183 

P = 0.03 0.923 0.67 

Jarrah a = 0.4292, b = 0.0774, 

y0 =0.4963 

P = 0.09 0.808 0.69 

Peanut shell a = 0.3608, b = 0.0727, 

y0 =0.4342 

P = 0.15 0.687 0.60 

Green waste a = 0.4710, b = 0.0546, 

y0 =0.4286 

P = 0.09 0.820 0.72 

Radiata pine a = 0.3369, b = 0.0608, 

y0 =0.5012 

P = 0.06 0.862 0.70 

aThreshold elemental ratio of DOC:NO3 (TERDOC:NO3 ) was calculated according to best-fit coefficient 

(a, b, and y0) of exponential decay curve and the DOC:NO3 ratio at the cross point of day after incubation 

at the N2O flux peak (from Table 3.7) (x0) when using the above equation. 

The stoichiometric TERDOC:NO3
-  values varied with biochar type, ranging  from 

 

0.59 to 0.72 (mass ratio, equivalent to 0.69 to 0.84 molar ratio) (Table 3.8). When the 

DOC:NO3
- ratio was lower than the TERDOC:NO3

-, the N2O production was limited by 

the concentration of DOC, while when the DOC:NO3
- ratio was higher than the 

TERDOC:NO3
-, the N2O production was limited by the concentration of NO3

- (Fig. 3.8). 

In Ferrosol, the amendments of different biochars altered the availability of C and N 

differently and thus the stoichiometry of DOC and NO3
-. Shifts in stoichiometric ratio of 

DOC  and  NO3
-   affected  the  N2O  fluxes  in  different  biochar  treatments  during the 

incubation. The DOC:NO3
- ratio declined exponentially with the incubation time (Figs. 
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3.8a, b and c). In addition, the biochar treatments also modified the shape of the peak of 

N2O fluxes and then affected the total emission of N2O. However, in Tenosol, there were 

no clear stoichiometric TERDOC:NO3
- observed for all biochar treatments since the 

curves of the DOC:NO3
- ratio were almost paralleled to x axis for the first 21-42 days 

(when the majority of N2O fluxes occurred) of the incubation (Figs. 3.8d, e and f). 

 
 

3.4 Discussion 

 

Previous studies have shown that different biochars may impact N2O emission 

differently in different soils (Ameloot et al., 2013; Castaldi et al., 2011; Singh et al., 2010; 

Spokas and Reicosky, 2009; Stewart et al., 2013; Zheng et al., 2012). Various possible 

mechanisms have been proposed to elucidate why biochar could offset soil N2O emission. 

These include the following: a) Biochar improves soil aeration and consequently reduce 

denitrification potential (Yanai et al., 2007); b) Biochar increases soil pH, which might 

enhance the activity of N2O reductase within denitrifier microorganisms and thus reduce 

the ratio of N2O/N2  (Clough et al., 2004); c) Biochar adsorbs mineral N (NH4
+  and NO3

- 

) and thus reduces the availability of the N substrates for denitrification (Singh et al., 

2010); d) Biochar has high absorption capacity for N2O due to its high concentration of 

functional groups and large surface area, which depends on pyrolysis temperature and 

residence time (Van Zwieten et al., 2009b); e) Biochar increases nosZ gene abundance 

and transcription and thus favours the complete denitrification to N2 (Harter et al., 2014; 

Van Zwieten et al., 2014) and f) Biochar functions as an electron shuttle to facilitate the 

transfer of electrons to soil denitrifying microorganisms (Harter et al., 2014). These 

potential mechanisms have been assessed in isolation in most studies. It has been shown 

in  the  current  study  that  different  biochars  modified  soil  biogeochemical properties 
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differently in two contrasting soils (Figs. 3.1-3.3). The changes in N2O emission in 

different soils in response to the amendment of different biochars likely reflect the result 

of interactions of biochar properties (pH, ash content, surface area, physical structure and 

charges, C and N contents and chemical composition, water absorption etc.) and soil 

properties (soil clay content, gas diffusivity, aggregation, water retention, pH, EC, C and 

nutrient availability, microbial activity, community and composition, N-cycling 

functional genes etc.) (Harter et al., 2014; Singh et al., 2010; Van Zwieten et al., 2015). 

Therefore, the mechanisms or processes involved in the alteration of N2O emission upon 

biochar amendments are highly complicated and may occur at multiple levels. 

 
 

3.4.1 The magnitude of N2O emission varied with soil and biochar types 

 

Biochar amendments significantly influenced soil N2O emission in the present 

incubation study. However, the magnitude of N2O emission varied greatly with soil and 

biochar types. The greater N2O fluxes were observed in Ferrosol than those in Tenosol 

(Fig. 3.4). This might be attributed to their inherent soil properties, such as the availability 

of mineral N (NH4
+ and NO3

-) and labile C (e.g. DOC) (Table 3.1). Singh et al. (2010) 

and Wang et al. (2011) also reported that soils with greater C and N contents would have 

higher N2O emissions. In this study, all biochar treatments decreased N2O fluxes in 

Tenosol, while only three amended biochars (peanut shell, green waste and radiata pine 

biochars) significantly decreased N2O fluxes in Ferrosol (Fig. 3.4). Further, the extent of 

N2O reduction after biochar application was smaller in Ferrosol (17 - 23%) than that of 

Tenosol (61-72%). Decreased soil N2O emissions by biochar amendment have been 

observed in several studies (Agegnehu et al., 2016; Case et al., 2015; Khan et al., 2013; 

Nelissen et al., 2014), while some other studies showed no effect or even an increase 
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effects under biochar amendment (Ameloot et al., 2013; Pereira et al., 2015; Shen et al., 

2014; Suddick and Six, 2013). Similarly, the current study showed that the application of 

mallee and softwood mixture biochars significantly increased N2O emission in Ferrosol, 

whereas their incorporation to Tenosol significantly reduced N2O emission compared to 

untreated soil (control) (Fig. 3.4). This suggests that the application of same biochar to 

different soils might have distinctive effects on N2O emissions (Spokas and Reicosky, 

2009; Stewart et al., 2013; Zheng et al., 2012). Therefore, the N2O fluxes from biochar- 

amended soils are a result of interaction of specific soil and biochar types. 

 
 

3.4.2 Biochar amendments modify soil pH and affect N2O fluxes 

 

Changes in soil biogeochemical properties after biochar amendments depend upon 

biochar feedstock and pyrolysis conditions, soil type and environmental conditions 

(Cayuela et al., 2013; Joseph et al., 2010; Lehmann and Joseph, 2012; Singh et al., 2010; 

Spokas and Reicosky, 2009; Van Zwieten et al., 2010). In the current study, consistent 

increases in soil pH in alkaline biochar treatments (softwood mixture, mallee, jarrah, 

peanut shell, green waste, radiata pine) and decreases in the acidic and aged biochar 

(eucalyptus) treatment (Fig. 3.1) in two contrasting soils were consistent with previous 

studies (Lehmann et al., 2003). Greater changes in soil pH in response to biochar 

treatments in Tenosol than in Ferrosol (Fig. 3.1) were due to the lower contents of clay 

and organic C and thus lower buffering capacity in the former than in the latter (Table 

3.1). 

Zheng et al. (2012) reported that N2O emissions were negatively related to pH in 

two temperate soils. In this study, correlation analysis also showed that soil pH was 

significantly and negatively correlated with N2O fluxes at most sampling times in both 
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soils (r = -0.43 ~ -0.79, P < 0.01, n = 32) (data not shown). The reduction of N2O may be 

related to the liming effect of alkaline biochars which favoured the N2 emission 

(Rochester, 2003; Stevens and Laughlin, 1998; Van Zwieten et al., 2015). However, in 

the acidic biochar (eucalyptus) treatment, there may be different mechanisms responsible 

for reduction of N2O emission. Lower pH (4.7-5.7) induced by the acidic biochar may 

promote N2O-reductase and reduce the N2O fluxes (Weier and Gilliam, 1986). In 

addition, acidic biochar (eucalyptus) has a large amount of O-containing functional 

groups (see below Section 4.3), enhancing adsorption of NH4
+ on biochar and reducing 

N availability for nitrification and denitrification (Van Zwieten et al., 2015). 

 
 

3.4.3 Biochar amendments alter the availability of N substrates for N2O emission 

 

Biochar contains certain amounts of N and may directly contribute to soil N 

availability. It was reported that application of high-N biochars (e.g., poultry and swine 

manure, with a large amount of labile N) could increase soil N2O emission (Singh et al., 

2010; Yoo and Kang, 2012), probably due to the high rate of labile N released from 

manure biochars (Singh et al., 2010). In this study, biochars’ total N content were variable 

ranging from 0.12% (radiata pine) to 1.49% (peanut shell) (Table 3.2). All biochar 

treatments decreased N2O emission in Tenosol, but softwood mixture (0.16% N) and 

mallee (0.50% N) biochar treatments significantly stimulated N2O emission in Ferrosol 

(Fig. 3.4). There was no significant correlation observed between the biochar N content 

and N2O emission in both soils (P > 0.05; data not shown). In addition, the concentration 

of soil NO3
- or NH4

+ in Ferrosol was not significantly related to the total concentration of 

biochar NO3
-  or NH4

+  in 2M KCl extraction (combined cold and hot KCl extractions) (P 
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> 0.05; data not shown). This indicates that wood biochar’s N may not have directly 

contributed to the supply of available N for denitrification due to its recalcitrant nature. 

However, biochar amendments may indirectly modify the availability of NH4
+ and 

NO3
-. Overall, the greater concentrations of NH4

+ observed in the acidic biochar 

(Eucalyptus) treatment compared with the control and alkaline biochar treatments in both 

soils may be due to the reduced loss of N through NH3 volatilization as a result of 

decreased soil pH (< 5.9 in Ferrosol and < 4.8 in Tenosol) (Fig. 3.1). Doydora et al. (2011) 

also found that NH3 volatilization from poultry litter decreased by more than 55% when 

applied to soil in combination with acidified biochars (pH = 2.5). In addition, as revealed 

by the FTIR spectroscopy, the presence of greater amounts of O-containing functional 

groups and stronger adsorption capacity of NH4
+ on the surface of acidic biochar 

(eucalyptus) compared with other alkaline biochars may also contribute to the greater 

concentrations of soil extractable NH4
+ (Esfandbod et al. 2017). This is consistent with 

the greatest concentration of NH4
+ present in the eucalyptus biochar (39 µg g-1) (Table 

3.2). 

The coupling of decreases in NH4 to increases in NO3 during the incubation was 

clearly observed in Ferrosol, showing a strong nitrification in this soil. However, this was 

not observed in Tenosol (Fig. 3.2), indicating that biochar effects varied with soil type. 

Overall, all biochar treatments had lower concentrations of soil NO3
- compared with the 

control in both soils (Fig. 3.1). This may be due to the fact that biochars have higher C:N 

ratios (Table 3.2) and may inhibit denitrifying activity through microbial immobilization 

of N (Andersen and Petersen, 2009; Van Zwieten et al., 2014). In addition, biochar may 

increase the adsorption of NO3
- which may result in a decrease in the availability of NO3

- 

in soil (Van Zwieten et al., 2010). Lower concentrations of NO3
-  in the biochar amended 



Chapter 3 

80 

 

 

 

treatments compared with the control, possibly due to enhanced surface adsorption and 

microbial immobilization of NO3
-, contributed to the reduced N2O fluxes in most biochar 

treatments in both soils (Fig. 3.4) (Cayuela et al., 2014; Cayuela et al., 2010; Lehmann et 

al., 2003; Singh et al., 2010; Van Zwieten et al., 2010). This is in agreement with previous 

findings (Bruun et al., 2011; Case et al., 2012; Kameyama et al., 2012; Nelissen et al., 

2014; Van Zwieten et al., 2014). 

 
 

3.4.4 Biochar amendments change the availability of C substrates for denitrification 

 

It is well established that denitrification and N2O emission are microbially mediated 

(Harter et al., 2014). The labile C is essential in providing the energy source for 

denitrifying community to carry out the nitrate reduction processes (Van Zwieten et al., 

2015). Organic C acts as an electron donor during denitrification, while NO3
- as an 

electron acceptor (Van Zwieten et al., 2009b). In addition to a large proportion of aromatic 

C, biochar also has a fraction of labile or leachable C (Lehmann et al., 2011). The amount 

and chemical nature of C in biochar highly depend upon its feedstock type and pyrolysis 

conditions (Van Zwieten et al., 2015). Moreover, the amendments of different biochars 

will potentially change the supply of C for microbial functional groups involved in 

denitrification. In this study, significant and positive relationships of soluble organic C in 

biochar materials and soil DOC at day 1 of the incubation (except for the eucalyptus 

biochar) were observed in both Ferrosol and Tenosol (Fig. 3.9), indicating that biochars 

did modify soil labile organic C pools. The biochar amendments had greater impacts on 

soil DOC in Tenosol compared with in Ferrosol due to the lower organic C content in the 

former than in the latter (Figs. 3.3c, d). However, the relationships between soluble 

organic C in biochar materials and soil DOC disappeared after day 7 during the incubation 



Chapter 3 

81 

 

 

 

(data not shown), indicating that DOC might have been consumed by microorganisms 

within a short period and the biochar impacts on soil DOC were likely to be transient. In 

addition, It has been suggseted that amendments of different biochars may lead to either 

negative or positive or no priming effects on soil organic C (Fang et al., 2015; Van 

Zwieten et al., 2015). This may also partly explain diverse levels of DOC in soil at later 

stages of incubation. 

Decreases in concentrations of DOC during first 42 days of the incubation in both 

soils have clearly demostrated the consumption of labile organic C for microbial activity 

(including nitrification and denitrification) (Figs. 3.3c, d). The enhanced N2O emission in 

the mallee and softwood mixture biochar treatments relative to the control in Ferrosol 

might have been related to the highest amount of DOC present at the early stage of 

incubation (Fig. 3.3c), favoring the peak of N2O fluxes at day 7 (Fig. 3.4a), contributing 

to increased N2O emission in Ferrosol. It has been reported that biochar amendments 

increase, decrease or have no effects on soil MBC (Ameloot et al., 2013; Dempster et al., 

2012; Yoo and Kang, 2012). In this study, effects of biochars on MBC varied with biochar 

type, soil types and sampling time (Figs. 3.3a, b). The application of acidic biochar 

(eucalyptus) reduced soil MBC due to the acidic inhibition of microbial growth. In 

addition, MBC was significantly correlated with DOC in Ferrosol (r = 0.571, P < 0.01), 

indicating MBC was C-limiting. But this relationship was not found in Tenosol (r = 0.152, 

P > 0.05). The dynamics of DOC also varied with soil type and biochar type (Figs. 3.3c, 

d). Concentrations of DOC were much higher in Ferrosol than in Tenosol (Figs. 3.3c, d) 

due to greater amounts of total C in the former (5.3%) than in the latter (0.4%) (Table 

3.1). 
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Fig. 3.9 Dynamics of the stoichiometric ratios of dissolved organic C (DOC) to nitrate 

(NO3
-) over the 60 days of incubation. Vertical bars represent standard errors (n = 4). See 

Fig. 3.1 for abbreviations of the biochar treatments. The jarah biochar treatment of 

Tenosol was ploted separately since it had an unusually high DOC:NO3
-  ratio at day 60. 
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3.4.5 Stoichiometric regulation of nitrous oxide from biochar-amended soils 

 

Stoichiometric balance (relative proportion of chemical elements) is conserved in 

ecological interactions, while C and N interact in regular and predictable ways in their 

biogeochemical cycles in ecosystems and the processes (Davidson et al., 2007; Sterner 

and Elser, 2002). Links between the availability of labile organic C and N cycling have 

been known for a long time (Cleveland and Liptzin, 2007). Concetrations of NO3
- and 

DOC have been used as indexes of C and N availability, and also inverse relationships 

between these two parameters have been observed in both aquatic and terrestrial 

ecosystems (Konohira and Yoshioka, 2005; Magill and Aber, 2000; Taylor and 

Townsend, 2010). In this study, in Ferrosol, the increased concentrations of NO3
- 

accompanied by the decreased DOC over the incubation period (Figs. 3.2 and 3.3) and 

the overall inverse relationships (R2 = 0.203, P < 0.01) between NO3
- and DOC (Fig. 

3.6a) have clearly shown that microbial immobilization of inorganic N (NO3
-) was limited 

by the availability of organic C, leading to the accumulation of NO3
-. This was also 

supported by decreasing MBC during the incubation (Fig. 3.3a). On the other hand, in 

Tenosol, this inverse relationship was much weaker (R2 = 0.087, P < 0.01). since this soil 

had much lower C and clay contents, the labile organic C and N could be easily but 

inconsistently influenced by the amendments of different biochars. 

It has been shown that denitrifcation is regulated by stoichiometry of C and N 

availability in wetland and marine systems (Barnes et al., 2012; Taylor and Townsend, 

2010). However, little is known whether the microbial denitrification is stoichiometrically 

regulated in terrestrial ecosystems. Taylor and Townsend (2010) clearly showed the 

stoichiometric control of organic C-NO3
- relationships across terrestrial, wetland and 

marine systems. In Ferrosol, the regression analysis using the data collected from all 
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sampling times have shown that N2O fluxes were positively correlated with DOC (R2 = 

0.316, P < 0.01) (Fig. 3.7a), but negatively with the concentration of NO3
- (R2 = 0.164, P 

< 0.01) (Fig. 3.7b). This, together with positive relationship observed between N2O fluxes 

and DOC:NO3
-ratio (R2 = 0.302, P < 0.01) (Fig. 3.7c), indicated that overall, 

denitrification (N2O fluxes) was C-limiting in this soil. In addition, the N2O fluxes were 

positively correlated with the CO2 fluxes during the incubation in Ferrosol (R2 = 0.095,  

P < 0.01; Fig. 3.10), also supporting that the N2O flux might be limited by microbial C 

availability. Morover, the evidence of relationships between N2O fluxes and the 

DOC:NO3
- ratio for the individual biochar or control treatments during the incubation 

further supported that the N2O flux was limited by the availability of organic C in Ferrosol 

(Fig. 3.8a, b and c). In this soil, as predicted, the N2O fluxes peaked within 14 days for 

most biochar amendments (Fig. 3.4a; Figs. 3.8a, b and c; Table 3.7). The values for 

TERDOC:NO3
- were 0.69-0.84 (DOC: NO3

- molar ratio) for N2O fluxes in all biochar 

treatments in Ferrosol (Table 3.8), which was slightly lower than the theoretic value of 

1:1 (DOC:NO3
- ratio, when biomass synthesis is ignored) for denitrification (Taylor and 

Townsend 2010). This may be related to different chemical composition of labile organic 

C pools measured and their availability to microorganisms. The N2O fluxes was limited 

by the concentration of NO3
- when soil DOC:NO3

- ratio was higher than the 

TERDOC:NO3
- (prior to the N2O peak), while the N2O production was limited by the 

concentration of DOC when the DOC:NO3
- ratio was lower than the TERDOC:NO3

- (Fig. 

3.8). Increased dissolved organic C inputs in most biochar amendments compared with 

the control and NO3
- adsorption (Case et al., 2012; Kameyama et al., 2012) at the early 

stage of the incubation (< 7 days) and consequently higher DOC:NO3
- ratios in most 

biochar treatments may contribute to the NO3
- limitation of the N2O fluxes (prior to the 

N2O Peak). However, increasing concentrations of NO3
- due to strong nitrification during 
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the incubation might have been responsible for denitrification becoming C limited at the 

later stages (Barnes et al., 2012). On the other hand, in Tenosol, the above stoichiometric 

TERDOC:NO3
- was not observed for all biochar treatments (Figs. 3.8d, e and f), 

indicating that the N2O fluxes may not clearly be regulated by the stoichiometry of DOC 

and NO3
-. 

However, weak positive relationships between N2O fluxes and NO3
-, negative 

relationships between N2O fluxes and DOC and between N2O fluxes and DOC:NO3
- ratio 

(Figs. 3.7d, e and f) demonstrated that the N2O fluxes may be weakly limited by the 

concentration of NO3
- in Tenosol. In addition, as discussed above (Section 4.1), soil pH 

negatively regulated the N2O fluxes in this soil, indicating that other environmental soil 

factors may play a predominant role in controlling the denitrification processes and N2O 

fluxes in addition to stoichiometric control (Taylor and Townsend, 2010). Moreover, 

nitrifying and denitrifying organisms play a vital role in nitrification and denitrification 

and N2O emission, but the abundance of microbial N-cycling genes and further studies 

are warranted with respect to their responses to C and N dynamics and stoichiometric 

shifts and their relationships with N2O emission. 

 
 

3.5 Conclusions 

 

Results obtained from this study have shown that the applications of biochars 

significantly modified soil biochemical properties and N2O fluxes and their effects varied 

with soil type, biochar feedstock type, pyrolysis conditions and sampling time. All seven 

biochar treatments significantly reduced N2O emission from Tenosol. However, in 

Ferrosol, only three biochars (peanut shell, green waste and radiata pine biochars) 

significantly reduced N2O emission, while the mallee and softwood biochar treatments 
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enhanced N2O emissions. It has been demonstrated that in Ferrosol the N2O flux was 

mainly regulated by shifts in the availability and stoichiometry of DOC and NO3
- induced 

by biochar amendments, while the overall N2O fluxes were C-limiting. However, in 

Tenosol, the relationship between stoichiometry of DOC and NO3
- and N2O fluxes was 

weaker and the N2O fluxes were weakly limited by the concentration of NO3
-. A decrease 

in the availability of NO3
- in most biochar amendments in both soils was mainly 

responsible for the reduced N2O emission while other environmental factors (e.g. soil pH) 

might also constrain the denitrification and then affected the N2O fluxes. Therefore, the 

mechanisms responsible for biochar effects on soil N2O fluxes are complicated and are 

likely to be soil and biochar specific. Future research should include the abundance and 

composition of microbial N-cycling functional genes and their interaction of 

stoichiometry of C and N in controlling the N2O fluxes in biochar-amended soils. 
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Chapter 4 

 

Biochars with high pyrolysis temperature limit nitrogen availability 

and decrease nitrous oxide emissions from a sandy loam soil – Pot trial 

 
 
4.1 Introduction 

 

Nitrous oxide (N2O) is responsible for 8% of global greenhouse gas emissions, 

while agricultural sources represent about 60% of total anthropogenic N2O emissions 

(Harter et al., 2014). Nitrous oxide is naturally produced in soils through nitrification and 

denitrification (Davidson et al., 1986), which are significantly influenced by nitrogen (N) 

fertilization (Ali et al., 2015). The increase in the atmospheric N2O concentration in the 

past decades was mainly due to increased N fertilizer inputs (Park et al., 2012). The 

biochar amendment to soil has been recently proposed as a promising strategy to mitigate 

soil N loss and N2O emissions from fertilized systems (Van Zwieten et al., 2009b; Singh 

et al., 2010; Venterea et al., 2012; Cayuela et al., 2013). 

Biochar is a by-product of biomass pyrolysis (Lehmann and Joseph, 2012). It has 

been reported that biochar application would improve plant growth and increase biomass 

production (Major et al., 2010; Zhang et al., 2010; Jeffery et al., 2011; Saarnio et al., 

2013). However, incorporation of biochar to soil does not always result in consistent yield 

increases (Van Zwieten et al., 2010a) and plant responses to biochar amendment might 

vary considerably with feedstock and pyrolysis temperature (Clough et al., 2013). The 

yield increases after biochar application were generally associated with high N content 

biochars, such as manure biochars (Chan et al., 2008; Enders et al., 2012; Rajkovich et 

al., 2012). Prendergast-Miller et al.  (2011)  and  O’Toole et al.  (2013)  found that wood 
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biochars had no impact on plant biomass and their N uptake. In contrast, a field trial which 

was conducted by Lentz and Ippolito (2012) found that wood biochar decreased plant 

yield and N uptake after two years due to lowering N mineralization. On the other hand, 

the biochar induced-shifts in the microbial community composition and functional gene 

abundance, have also been documented in previous studies (Anderson et al., 2011; Ducey 

et al., 2013; Harter et al., 2014; Bai et al., 2015). However, the link between the shifts in 

microbial gene abundance and N2O emission has not well been established. 

Inherent properties of biochars vary with their feedstock and pyrolysis temperature. 

Pyrolysis temperature may affect biochars physicochemical properties such as pH, 

bioavailable carbon (C) and N, functional group composition and porosity and pore size 

distribution, which in turn can affect soil and plant nutrient status after their incorporation 

to agroecosystems (Lehmann et al., 2011; Lehmann and Joseph, 2012). Several studies 

have examined the impact of biochar, with relatively low pyrolysis temperature (< 

600oC), on N availability and N2O emission (Cayuela et al., 2013; Van Zwieten et al., 

2014; Xu et al., 2014; Case et al., 2015). However, the effect of thermo-sequence biochars 

at high temperatures (between 600 and 950oC) on N2O emissions has rarely been studied. 

High pyrolysis temperatures (≥ 600oC) are usually used to produce bio-oil more 

efficiently from applied biomass in the bioenergy production. It has been reported that 

biochars produced at high pyrolysis temperatures may have a significant mitigation effect 

on soil N2O emissions due to their high NO3
- adsorption capacity and the reduction of 

substrate availability for N2O production (Clough et al., 2013). Hence, in this study these 

biochars as a by-product from high pyrolysis temperature were used to examine their 

performances in the soil. 
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This study aimed to investigate the influence of thermo-sequence biochars on plant 

growth, soil N dynamics, microbial functional gene abundance and N2O emissions, with 

and without N fertilizer application, in a sandy loam soil. The pine biochars produced at 

high pyrolysis temperatures of 600, 700, 850 and 950oC were used in this study. It was 

hypothesized that the amendment of biochars with high pyrolysis temperatures would: 1) 

enhance plant N uptake and biomass via changing soil biochemical properties; 2) alter 

microbial functional gene abundance involved in nitrification and denitrification 

processes; 3) reduce soil N2O emissions via limiting the availability of N substrates for 

soil nitrifiers and denitrifiers. 

 

 

 
4.2 Materials and methods 

 

4.2.1 Soil and biochar 

 

Surface soil (0-10cm) used for this study was collected from a grazing grassland, 

Park Ridge South, in South-East Queensland (27°43'28" S, 153°1'15" E), Australia. The 

soil contained 71.4% sand, 10.2% silt and 18.4% clay (sandy loam) with a bulk density 

of 1.4 g cm-3, and was classified as Kurosol (Isbell, 2016). The collected soil was air- 

dried, passed through a 2 mm sieve and properly mixed to ensure its homogeneity before 

carrying out the pot trial. The physicochemical properties of the investigated soil were 

shown in Table 4.1. 

The biochars were produced from pine chips (Pinus radiata) at four different 

pyrolysis temperatures (600oC, 700oC, 850oC and 950oC), while other factors involved in 

the production process (e.g., heating rate and residence time) were kept in a similar 

condition. The produced biochars then ground and passed through a 2mm sieve prior to 
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pot trial and further analysis. The basic physicochemical properties of biochars were 

shown in Table 4.2. The soil (3 kg dry weight) was mixed thoroughly with biochars (2.5% 

w/w dry weight) and N source (dissolved urea at a rate of 318 mg N per pot, equivalent 

to 150 kg N ha-1) prior to packing into the pots to a depth of 12 cm and bulk density of 

1.4 g cm-3  (field bulk density). 

 
Table 4.1 Selected soil properties in this study. 

 

 

pH 

(1:5H2O) 

EC 

(dS m-1) 

Total C 

(%) 

Total N 

(%) 

 
C/N ratio 

Bulk 

density 

(g cm-3) 

 

 NH +-N 4 

(μg g-1) 

 

 NO --N 3 

(μg g-1) 

DOC (μg 

g-1) 

3.8 0.1 0.84 0.06 14 1.4 15.9 1.4 56.3 

 

 

 

 

 

Table 4.2 Biochar characteristics prepared under different pyrolysis temperatures. 
 

 

Pyrolysis 

temperature 

(
oC) 

 

 
C% 

 

 
N% 

 
C/N 

ratio 

pH 

(1:20 

H2O) 

EC 

(μS 

cm- 

1) 

DOC 

(μg   g- 

1)a 

DON 

(μg 

g-1) 

 
+ 

NH4 

(μg 

g-1) 

 
- 

NO3 

(μg 

g-1) 

BET 

SA  (m2 

g-1)b 

600 63.7 0.09 724 6.88 82 1665 40.6 0.3 0.8 308 

700 62.4 0.07 870 8.15 144 500 22.1 0.3 1.0 322 

850 72.3 0.14 514 8.45 196 580 19.5 0.3 1.4 65 

950 70.1 0.12 565 8.48 224 560 28.6 0.3 2.1 58 

aDissolved organic C (DOC) and N (DON), NH4
+-N and NO3

−-N were determined by the 2M KCl 

extraction (cold) followed by hot 2M KCl extraction, and the combined results from both extractions were 

presented. bBET SA, Brunauer-Emmett-Teller surface area. 
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4.2.2 Pot trial setup 

 

The chamber units used in this experiment consisted of two identical cylindrical 

polyethylene chambers (15 cm in diameter and 22 cm in height). The lower part was 

designed as a water-tight pot and the detachable upper part was designed as a gas 

sampling chamber fitted with a three-way stopcock for gas sampling from the enclosed 

headspace. The two parts could be connected together using an elastic rubber band (10 

cm in width) and high vacuum silicon grease was applied to ensure an airtight seal 

between them during gas sampling. Annual ryegrass (Lolium rigidum) was grown (0.5g 

seeds per pot) in a controlled environment at 22 ± 1oC and a light intensity of 120W m-2 

provided by plant growth fluorescent (Sylvania Grolux) for the duration of 90 days. The 

moisture content of 60% water holding capacity (WHC) was selected as the desired water 

status for plant growth and microbial activities and the soil water content was maintained 

at this level throughout the experiment by weighing the pots every 2-3 days and adding 

distilled water to pots when required. The pot trial was conducted in a completely 

randomized design and consisted of 10 treatments: CK (nil biochar and nil N fertilizer), 

CKN (nil biochar plus N) and four different pyrolysis temperatures of pine biochar, with 

(+N) or without (-N) N fertilizer application, namely P600 (biochar produced at 600oC), 

P700 (biochar produced at 700oC), P850 (biochar produced at 850oC), P950 (biochar 

produced at 950oC), P600N (biochar produced at 600oC plus N), P700N (biochar 

produced at 700oC plus N), P850N (biochar produced at 850oC plus N) and P950N 

(biochar produced at 950oC plus N) with six replicates (three replicates for gas sampling, 

and three replicates for non-destructive soil sampling) for each treatment (Fig. 4.1). At 

the end of experiment, ryegrass plants were harvested and dried at 60oC for a week to 

determine their biomass content and then finely ground prior to chemical analysis. Non- 
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destructive soil samples were taken at 7 sampling events on days 1, 7, 14, 21, 42, 63 and 

90 of the experiment using a PVC pipe with sharpened head (2.5 cm in diameter and 10 

cm in height). After sampling, the PVC tube inserted back into the same point and left for 

the rest of experiment to avoid the disturbance of soil in the pot. 

 
 

 

 
Fig. 4.1 The snapshot of pot trial and gas sampling 
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F4.2.3 Soil analysis 

 

Soil physicochemical properties (pH, EC, NH4
+, NO3

-, MBC, MBN and DOC) were 

determined as described in Chapter 2. 

 

 

 
4.2.4 Plant analysis 

 

The total C and N contents of the plant were determined by Leco TruMac CN 

analyser, which was described in Chapter 2. 

4.2.5 Gas sampling and analysis 

 

Gas samples were collected from three replicates of each treatment at days 1, 2, 3, 

4, 5, 6, 7, 9, 11, 14, 17, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84 and 90 approximately 1 hour 

after closure of the gas chambers using a 25-mL gas tight syringe and samples 

immediately transferred to pre-evacuated 12-mL glass vials (Labco, UK). The N2O 

concentration in gas samples were measured via gas chromatograph (Shimadzu GC-2010 

Plus) equipped with an electron capture detector (ECD). The fluxes (N2O-N µg kg-1 soil 

h-1) were calculated by using the ideal gas law and molecular weight of the gases. 

Cumulative N2O emissions during the 90-day pot experiment were calculated by linear 

integration of daily fluxes. 

 

 

 
4.2.6 Soil functional gene abundance 

 

Soil microbial gene abundance (AOA, AOB, narG, nirS and nosZ) was measured 

using the primers and reactions which were described in Chapter 2. 
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4.2.7 Statistical analysis 

 

Statistical analysis was conducted using Statistix 8.0 software package and figures 

were produced using Sigmaplot 11.0 (Systat Software, Inc). Before analysis, normality 

of all data was checked, and log transformation was conducted when it was not met. Soil 

biochemical parameters and N2O fluxes were analyzed by three-way repeated measures 

ANOVA with biochar type (different pyrolysis temperature) and N fertilization as 

between subjects and sampling time as a within subject. Two-way repeated measures 

ANOVA was also performed between samples with and without N fertilization when the 

interaction between sampling time and biochar treatment was significant. One-way 

ANOVA was used to compare the 90-day cumulative N2O emission between different 

treatments. For the one-way, two-way and three-way ANOVA analyses, the significance 

was set at the 0.05 level and when the differences were significant (P < 0.05), multiple 

comparisons (all-pairwise comparisons) were carried out using least significance 

difference (LSD) test. The canonical correspondence analysis (CCA) was used to 

examine the relationship between soil biochemical properties and microbial functional 

gene abundance. The principal component analysis (PCA) was used to distinguish the 

effect of different treatments on soil biochemical properties and N2O fluxes and determine 

the key drivers of N2O emissions. Both CCA and PCA analyses use the package of 

CANOCO 4.5 for Windows (Microcomputer Power, USA). The data were log- 

transformed and centered when needed. Significance of the ordination axes was 

calculated by the Monte-Carlo permutation test (n = 499). 
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4.3 Results 

 

4.3.1 Soil pH and EC 

 

Soil pH and EC were significantly (P ˂ 0.001) affected by biochar type (pyrolysis 

temperature), N fertilization, sampling time and their interactions (Table 4.3). Two-way 

repeated measures ANOVA for –N and +N treatments also showed that soil pH and EC 

were significantly (P ˂ 0.01) influenced by biochar type (pyrolysis temperature), 

sampling time and their interactions (Tables 4.4, 4.5). In the -N treatments, soil pH ranged 

from 3.7 to 4.6 with minor fluctuations over time (Fig. 4.2a). All biochar treatments 

significantly (P < 0.05) increased soil pH compared to the control with highest pH 

observed in the P950 treatment (Fig. 4.2a). However, in the +N treatments, soil pH ranged 

from 3.5 to 5.3 and significantly (P < 0.05) decreased over time (Fig. 4.2b). The soil pH 

values in higher temperatures of biochar treatments (850 and 950oC) were significantly 

higher than lower ones regardless of N fertilization. In the first two weeks of experiment, 

soil pH in all +N treatments was generally higher than -N treatments, while by the end of 

experiment soil pH in all +N treatments became significantly (P < 0.05) lower than the 

ones in the –N treatments (Figs. 4.2a, b). 

Soil EC values in all biochar amended treatments were consistently lower than the 

control regardless of N fertilization (Figs. 4.2c, d). In the –N treatments, the impact of 

thermo-sequence biochars on soil EC values was not significant during the experimental 

period (Fig. 4.2c). However, in the +N treatments, the difference in soil EC values of 

P600N with P700N and P950N treatments were not statistically significant, whereas the 

P600N treatment showed significantly higher EC values than the P850N treatment. 

Overall, soil EC values in all +N treatments, ranging from 74 to 165 μS cm-1, were 

significantly higher than the ones in the -N treatments except CK (Figs. 4.2c, d). 
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Fig. 4.2 Dynamics of soil pH and EC in the –N (a, c) and +N (b, d) treatments amended 

with 2.5% biochar compared with the control (CK) under 60% WHC over the 90-day of 

pot trial. The least significance difference (LSD) values of all pairwise comparisons for 

the treatments and sampling time using two-way ANOVA were shown in each figure. 

The value of LSD0.05 = 0.10 for soil pH and LSD0.05 = 12.1 for soil EC while three-way 

ANOVA (biochar, fertilizer and sampling time) was conducted for multiple comparisons. 

Vertical bars represent standard error (n = 3). P600, pine biochar produced at 600oC; 

P700, pine biochar produced at 700oC; P850, pine biochar produced at 850oC; P950, pine 

biochar produced at 950oC. CKN, control plus N fertilizer; P600N, pine biochar produced 

at 600oC plus N fertilizer, P700N, pine biochar produced at 700oC plus N fertilizer; 

P850N, pine biochar produced at 850oC plus N fertilizer; P950N, pine biochar produced 

at 950oC plus N fertilizer. 
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Table 4.3 The p values from the three-way repeated measures of ANOVA for the effects of biochar type (pyrolysis temperature), N 

fertilization, sampling time, and their interactions on soil biochemical properties. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN 

Between subjects 

 
Biochar type (B) 

 

 
4 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

 

 
0.095ns 

N fertilization (N) 1 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.081ns 

N × B 4 ˂ 0.001*** 0.208ns ˂ 0.001*** 0.03* ˂ 0.001*** 0.027* 0.077ns 

Within subjects 

 
Time (T) 

 

 

6 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

B × T 24 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

N × T 6 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

B × N × T 24 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.038* 0.012* 

Symbols indicate the P value significance of the term: * P ˂ 0.05; ** P ˂ 0.01; ***P ˂ 0.001; ns, not significant 
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Table 4.4 The p values from the two-way repeated measures of ANOVA for the effect of biochar type, sampling time and their interactions 

on soil biochemical properties in the –N treatments. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN 

Between subject         

Biochar type (B) 4 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.005** 0.002** 

Within subject 

 
Time (T) 

 

 

6 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

< 0.001*** 

B × T 24 0.002** 0.03* 0.009** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.406ns 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001, ns, not significant 
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Table 4.5 The p values from the two-way repeated measures of ANOVA for the effect of biochar type, sampling time and their interactions 

on soil biochemical properties in the +N treatments. 

 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN 

Between subject         

Biochar type (B) 4 ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.002** 0.036* 

Within subject 

 
Sampling time (T) 

 

 

6 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

B × T 24 0.002** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001 
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4.3.2 Dynamics of soil NH4
+-N and NO3

--N 

 
The concentration of soil NH4

+ was significantly (P ˂ 0.001) affected by biochar 

type (pyrolysis temperature), N fertilization, sampling time and their interactions (Table 

4.3). In both –N and +N treatments, two-way ANOVA showed that soil NH4
+ was 

significantly (P ˂ 0.01) affected by biochar type, sampling time and their interactions 

(Tables 4.4, 4.5). In the –N treatments, soil NH4
+ ranged from 6.4 to 8.5 μg g-1 at the 

beginning of the experiment, and the concentrations decreased consistently overtime in 

all treatments, particularly in the first 42 days (Fig. 4.3a). After the first 6 weeks, changes 

in soil NH4
+ were not statistically significant (P > 0.05) for the remaining of the 

experimental period. Overall, the impact of biochars’ pyrolysis temperature on soil NH4 

concentration was not significant. The NH4
+ concentration in the CK treatment was 

significantly (P < 0.05) higher than all biochar amended treatments after the first 2 weeks 

of the experiment, while all the treatments showed very low NH4
+ concentration (0.1 to 

1.6 μg g-1) by the end of experiment (Fig. 4.3a). In the +N treatments, a similar trend was 
 

observed for the concentration of soil NH4
+ (Fig. 4.3b). However, in the first week, the 

differences in soil NH4
+ concentrations, ranging from 142 to 154 μg g-1, between all the 

treatments were not significant. Overall, the concentration of soil NH4 in biochar 

amended treatments was significantly lower than CKN treatment (Fig. 4.3b). 

Additionally, the concentration of NH4
+ in the P600N treatment was significantly higher 

than other biochar amended treatments. 

Soil NO3
- concentration was significantly (P ˂ 0.05) affected by biochar type, N 

fertilization and sampling time (Table 4.3). In both –N and +N treatments, two-way 

ANOVA showed that soil NO3
- was significantly (P ˂ 0.001) affected by biochar’s 

pyrolysis temperature, sampling time and their interactions (Tables 4.4, 4.5). The initial 



Chapter 4 

109 

 

 

CK 

P600 

P700 

P850 

P950 

(a) 

LSD0.05  = 1.09 

LSD0.05  = 0.93 (c) 

CK 

P600 

P700 

P850 

P950 

   

 

Nil nitrogen fertilization (-N) With N fertilization (+N) 

10 200 

 
8 160 

 
6 120 

 
4 80 

 
2 40 

 

0 

 
0 20 40 60 80 100 

Sampling days 

 

0 

0 20 40 60 80 100 

Sampling days 

 

16 100 

 
80 

12 
 

60 
 

8 

40 

 

4 
20 

 
 

0 

0 20 40 60 80 100 

Sampling days 

0 

 
0 20 40 60 80 100 

Sampling days 

 

 

Fig. 4.3 Dynamics of soil NH4
+-N and NO3

--N in the –N (a, c) and +N (b, d) treatments 

amended with 2.5% biochar compared with the control (CK) under 60% WHC over the 

90-day of pot trial. The least significance difference (LSD) values of all pairwise 

comparisons for the treatments and sampling time using two-way ANOVA were shown 

in each figure. The value of LSD0.05 = 10.4 for soil NH4
+ and LSD0.05 = 7.1 for soil NO3

- 

while three-way ANOVA (biochar, fertilizer and sampling time) was conducted for 

multiple comparisons. Vertical bars represent standard error (n = 3). See Fig. 4.2 for 

abbreviations of biochar treatments. 

concentrations of soil NO3
- in all of the treatments were low in both –N and +N 

treatments,ranging from  0.2  to  3.3  μg g-1  (Figs.  4.3c,  d).  In  the  –N  treatments,  the 
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concentration of soil NO3
- generally increased over time, particularly in the CK treatment 

with a sharp increase after the initial 4 weeks (Fig. 4.3c). However, by the end of 

experiment, soil NO3
- concentration in the CK treatment (13.6 μg g-1) was significantly 

higher than all biochar amended treatments (Fig. 4.3c). The NO3
- concentrations in the 

P700 and P950 treatments were generally higher than other biochar treatments, 

particularly by the end of experiment. In the +N treatments, soil NO3
- concentration 

sharply increased in the first 4 weeks, but slightly decreased thereafter (Fig. 4.3d). The 

NO3
- concentration in the CKN treatment was higher than all biochar treatments after the 

initial four weeks of the experiment (Fig. 4.3d). Overall, the NO3
- concentration in P700N 

treatment was higher than all other biochar treatments. 

 

 

 
4.3.3 Soil microbial biomass C and N 

 

Soil MBC was significantly (P ˂ 0.05) affected by biochar type (pyrolysis 

temperature), N fertilization and sampling time and their interactions (Table 4.3). Overall, 

soil MBC in all treatments decreased with time, especially in the first two weeks of the 

experiment, although there were some fluctuations (Figs. 4.4a, b). The impact of 

biochars’ pyrolysis temperature on soil MBC was not statistically significant in both –N 

and +N treatments. Soil MBC in the CK and CKN treatments were significantly (P ˂ 

0.05) lower than all biochar amended treatments by the end of experiment (Figs. 4.4a, b). 

Soil MBN was not significantly (P ˃ 0.05) affected by biochar type (pyrolysis 

temperature), N fertilization and their interaction, whereas it was significantly (P ˂ 0.05) 

influenced by the interaction of biochar, N fertilization and sampling time (Table 4.3). In 
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Fig. 4.4 Dynamics of soil MBC and MBN in the –N (a, c) and +N (b, d) treatments 

amended with 2.5% biochar compared with the control (CK) under 60% WHC over the 

90-day of pot trial. The least significance difference (LSD) values of all pairwise 

comparisons for the treatments and sampling time using two-way ANOVA were shown 

in each figure. The value of LSD0.05 = 35.6 for soil MBC and LSD0.05 = 14.8 for soil MBN 

while three-way ANOVA (biochar, fertilizer and sampling time) was conducted for 

multiple comparison. Vertical bars represent standard error (n = 3). See Fig. 4.2 for 

abbreviations of biochar treatments. 
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treatments was higher than in CK (Table 4.4; Fig. 4.4c). Soil MBN concentration in the 

P850 treatment was generally higher than other biochar amended treatments. However, 

in the +N treatments, the concentration of MBN generally decreased over time in all of 

treatments, although some large variations were observed (Fig. 4.4d). On average, the 

concentration of soil MBN in the CKN treatment tends to be higher than all biochar 

amended treatments. In addition, soil MBN in higher temperatures of biochars (P850N 

and P950N) was generally greater than lower ones. However, the impact of thermo- 

sequence biochars on soil MBN concentration was not statistically significant in both –N 

and +N treatments. 

 

 

 
4.3.4 Soil dissolved organic C (DOC) 

 

Soil DOC was significantly (P ˂ 0.001) influenced by biochar, N fertilizer and 

sampling time and their interactions (Table 4.3). Two-way repeated measures ANOVA 

also showed that soil DOC was significantly (P ˂ 0.001) influenced by biochar, sampling 

time and their interactions in both –N and +N treatments (Tables 4.4, 4.5). The 

concentration of soil DOC showed similar trends during the experiment in all biochar 

amended treatments (Figs. 4.5a, b). The concentration of soil DOC was radically 

decreased in the first week, and thereafter generally increased over time (Figs. 4.5a, b). 

In the –N treatments, the DOC concentration in P600 was significantly higher than other 

biochar treatments, while had no significant difference with CK treatment. The P950 

treatment showed the lowest DOC concentration among the investigated treatments 

throughout the entire experiment. In the +N treatments, soil DOC concentrations in 

P600N and P700N treatments was not significantly different with CKN, while they were 

significantly higher than P850N and P950N treatments. At the end of experiment, the 
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concentration of soil DOC in all biochar amended treatments were consistently lower than 

their control (CK, CKN) in both –N and +N treatments (Figs. 4.5a, b). 
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Fig. 4.5 Dynamics of soil DOC in the –N (a) and +N (b) treatments amended with 2.5% 

biochar compared with the control (CK) under 60% WHC over the 90-day of pot trial. 

The least significance difference (LSD) values of all pairwise comparisons for the 

treatments and sampling time using two-way ANOVA were shown in each figure. The 

value of LSD0.05 = 5.1 for soil DOC while three-way ANOVA (biochar, fertilizer and 

sampling time) was conducted for multiple comparison. Vertical bars represent standard 

error (n = 3). See Fig. 4.2 for abbreviations of biochar treatments. 

 

 

4.3.5 Nitrous oxide fluxes 

 

Soil N2O fluxes were significantly (P ˂ 0.001) affected by biochar, N fertilizer and 

sampling time and their interactions (Table 4.6). In the –N treatments, the N2O flux in the 

CK was peaked at day 3, while in the biochar treatments the N2O fluxes were peaked at 

day 21 (Fig. 4.6a). The daily N2O flux in the CK was significantly higher than all biochar 

treatments (P < 0.05), while the impact of thermo-sequence biochars on N2O fluxes was 

not statistically significant (P > 0.05). Overall low N2O fluxes were observed in all 
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unfertilized treatments. In the +N treatments, there were no significant differences 

between the control and biochar amended treatments in the first 3 weeks, whereas the 

CKN treatment had significantly higher N2O fluxes than all biochar treatments from day 

21 till the end of experiment (Fig. 4.6b). The N2O fluxes in the P700N, P850N and P950N 

were peaked at day 17 (150, 191 and 217 μg m-2 h-1, respectively), while the CKN was 

peaked at day 42 (491 μg m-2 h-1) and P600N was peaked at day 35 (191 μg m-2 h-1) of the 

experiment (Fig. 4.6b). From day 42 till the end of experiment, there were no significant 

differences between biochar treatments in the +N treatments, while soil N2O flux in the 

CKN decreased over time (Fig. 4.6b). Additionally, the impact of thermo-sequence 

biochars on daily N2O fluxes in all sampling times was not significant except at weeks 4 

and 5 that P600N treatment had significantly higher N2O fluxes than other biochar 

treatments. 

Cumulative N2O emissions over the 90 days experiment were significantly (P ˂ 

0.001) affected by biochar type, N fertilization and their interactions (Table 4.6). In both 

–N and +N treatments, cumulative N2O emissions in the biochar amended treatments (- 

N: 13-16 mg m-2, +N: 71-122 mg m-2) were significantly (P ˂ 0.05) lower than the CK 

(23 mg m-2) and CKN (481 mg m-2) treatments. In the –N treatments, biochar amendments 

significantly (P ˂ 0.01) reduced N2O emissions by 33-45%, while in the +N treatments, 

biochar amendment significantly (P ˂ 0.01) reduced N2O emissions by 75-85% (Figs. 

4.7a-d). The impact of biochars’ pyrolysis temperature on cumulative N2O emissions was 

not statistically significant (P > 0.05) in both –N and +N treatments (Figs. 4.7a-d), 

although cumulative N2O emissions in P600N was higher than other biochar treatments 

in the +N treatments (Figs. 4.7b, d). 
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Table 4.6 The p values from the three-way repeated measures of ANOVA for the effects 

of different temperatures’ biochar, N fertilization, sampling time and their interactions on 

N2O fluxes and cumulative N2O emission. 

 

Source factor df N2O fluxes Cumulative N2O emissions 

Between subjects 

 
Biochar (B) 

 

 
4 

 

 
˂ 0.001*** 

 

 
˂ 0.001*** 

N fertilizer (N) 1 ˂ 0.001*** ˂ 0.001*** 

B × N 4 ˂ 0.001*** ˂ 0.001*** 

Within subjects 

 
Time (T) 

 

 

21 

 

 

˂ 0.001*** 

 

 

˂ 0.001*** 

B × T 84 ˂ 0.001*** ˂ 0.001*** 

N × T 4 ˂ 0.001*** ˂ 0.001*** 

B × N × T 84 ˂ 0.001*** ˂ 0.001*** 

Symbols indicate the P value significance of the term: ***P ˂ 0.001 
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Fig. 4.6 Dynamics of soil N2O fluxes in the –N (a) and +N (b) treatments amended with 

2.5% biochar compared with the control (CK) under 60% WHC over the 90-day of pot 

trial. The least significance difference (LSD) values of all pairwise comparisons for the 
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treatments and sampling time using two-way ANOVA were shown in each figure. The 

value of LSD0.05 = 27.0 for soil N2O flux while three-way ANOVA (biochar, fertilizer 

and sampling time) was conducted for multiple comparisons. Vertical bars represent 

standard error (n = 3). See Fig. 4.2 for abbreviations of biochar treatments. 
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Fig. 4.7 Cumulative N2O emissions in the –N (a, c) and +N (b, d) treatments amended 

with 2.5% biochar compared with the control (CK) under 60% WHC over the 90-day of 

pot trial. Vertical bars represent standard error (n = 3). See Fig. 4.2 for abbreviations of 

biochar treatments. 
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4.3.6 Microbial functional gene abundance 

 

The abundance of microbial functional genes in biochar amended treatments is 

presented in Table 4.7. The abbreviations of these investigated genes were described in 

Section 2.2.5, Chapter 2. Two-way ANOVA showed that there was no significant (P ˃ 

0.05) interaction between biochar type and N fertilization for AOA and nirS genes, 

whereas there was significant (P ˂ 0.05) interaction between biochar type and N 

fertilization for AOB, narG and nosZ genes (Table 4.8). In the –N treatments, the impact 

of thermo-sequence biochars on the abundance of microbial functional genes (AOA, 

AOB, narG, nirS and nosZ) was not statistically significant, and biochar amended 

treatments had no significant difference with CK in the abundance of AOA, AOB, narG, 

nirS and nosZ genes. In the +N treatments, the copy numbers of AOA from biochar 

amendments had no significant difference with CKN, and no significant difference in the 

abundance of AOA was observed among biochar treatments as well. The copy numbers 

of AOB gene in the P950N (2.80 × 107 copies g-1 dry soil) and P850N (2.75 × 107 copies 

g-1 dry soil) treatments were significantly (P < 0.05) higher than lower temperature’s 

biochars, while the abundance of AOB gene was significantly (P < 0.05) lower in the 

CKN compared to the biochar amended treatments (Table 4.7). The results also indicated 

that, the copy numbers of narG gene in the P950N treatment (2.28 × 107 copies g-1 dry 

soil) was significantly (P < 0.05) higher than CKN and other biochar treatments, while 

the impact of thermo-sequence biochars on narG gene was not statistically significant 

except for P950N treatment (Table 4.7). No significant differences were observed among 

biochar treatments in the abundance of nirS gene. The abundance of nosZ gene in the 

P950N treatment (2.29 × 106 copies g-1 dry soil) was significantly higher than CKN and 
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Table 4.7 The abundance of microbial genes (AOA, AOB, narG, nirS and nosZ) (copies per g dry soil) at day 42 with (+N) and without N 

(-N) fertilization from biochar-amended soil. Standard errors are presented in the brackets. Lower case letters indicate significant differences 

between treatments at P < 0.05. Values in bold indicate significant differences between treatments. 

 

Fertilization Treatment AOA AOB narG nirS nosZ 

 CK 5.04 × 106 (1.3 × 106)a 0.03 × 107 (8.8 × 104)e 1.37 × 107 (1.5 × 106)bc 3.58 × 106 (1.5 × 106)a 1.49 × 106 (2.0 × 105)bcde 

 
P600 2.32 × 106 (4.6 × 105)abc 0.03 × 107 (3.2 × 104)e 1.42 × 107 (0.4 × 106)b 4.61 × 106 (0.4 × 106)a 1.81 × 106 (0.7 × 105)abc 

-N P700 4.39 × 106  (1.9 × 106)ab 0.04 × 107  (1.1 × 105)e 1.07 × 107  (0.4 × 106)bc 3.63 × 106  (3.9 × 105)a 1.50 × 106  (3.9 × 105)bcde 

 
P850 3.99 × 106  (1.2 × 106)abc 0.11 × 107  (2.8 × 105)e 1.17 × 107  (0.3 × 106)bc 4.02 × 106  (0.3 × 106)a 1.99 × 106  (0.3 × 105)ab 

 
P950 5.20 × 106 (1.6 × 106)a 0.05 × 107 (1.2 × 105)e 1.00 × 107 (0.5 × 106)bc 5.91× 106 (0.5 × 106)a 1.56 × 106 (2.2 × 105)bcd 

 
CKN 1.05 × 106 (4.5 × 104)c 0.43 × 107 (6.7 × 105)d 1.08 × 107 (1.5 × 106)bc 8.02 × 106 (1.5 × 106)a 0.89 × 106 (2.0 × 105)e 

 
P600N 1.32 × 106 (2.1 × 105)bc 0.69 × 107 (1.2 × 106)c 0.92 × 107 (0.7 × 106)c 3.89 × 106 (0.7 × 106)a 1.00 × 106 (1.3 × 105)de 

+N P700N 3.64 × 106 (1.3 × 106)abc 1.40 × 107 (1.2 × 106)b 1.03 × 107 (3.5 × 106)bc 9.01 × 106 (3.5 × 106)a 1.25 × 106 (2.1 × 105)cde 

 
P850N 3.65 × 106 (3.1 × 105)abc 2.75 × 107 (1.1 × 106)a 1.36 × 107 (1.1 × 106)bc 2.94 × 106 (1.1 × 106)a 1.26 × 106 (1.4 × 105)cde 

 
P950N 1.29 × 106 (1.5 × 105)bc 2.80 × 107 (4.4 × 105)a 2.28 × 107 (3.3 × 106)a 7.66 × 106 (3.3 × 106)a 2.29 × 106 (5.1 × 105)a 

 

The values in bold indicate the highest copy numbers for individual gene 
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Table 4.8 The p values from the two-way ANOVA for the effects of biochar type (B), 

and N fertilization (N) on the abundance of microbial functional genes. 

 

Source factor df AOA AOB narG nirS nosZ 

Biochar type (B) 4 0.314ns ˂ 0.001*** 0.02* 0.203ns 0.031* 

N fertilizer (N) 1 0.009** ˂ 0.001*** 0.245ns 0.586ns 0.027* 

B × N 4 0.277ns ˂ 0.001*** ˂ 0.001*** 0.549ns 0.014* 

Symbols indicate the P value significance of the term: ***P ˂ 0.001; *P < 0.05; ns, not significant 

 

other biochar treatments, while the impact of thermo-sequence biochars on nosZ gene 

was not statistically significant except for the P950N treatment (Table 4.7). 

4.3.7 Plant biomass, N uptake and soil C and N contents 

 

Two-way ANOVA showed that there were significant interactions between biochar 

type and N fertilization for plant dry matter, plant N content and plant N uptake, whereas 

no significant interactions were observed for soil total C and N (Table 4.9). The effect of 

biochar amendment on plant biomass was dependent on N fertilization (Table 4.10). In 

the –N treatments, biochar amendments had negative impact on plant biomass (Table 

4.10), with significantly lower biomass values observed in comparison with CK. The 

results showed no significant difference in biomass between CK and CKN, implying that 

applied N fertilizer had no major impact on ryegrass growth in the absence of biochar 

application. However, in the +N treatments, all biochar treatments increased plant 

biomass (17-39%) compared to the CKN, although only P700N showed a significant 

difference with CKN treatment (Table 4.10). The results also showed that biochar 

amendments significantly decreased plant N content compared to the individual control 

(CK, CKN) in both –N and +N treatments, but no significant difference between thermo- 

sequence biochars was observed. Biochar amendments significantly (P ˂ 0.05) decreased 
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plant N uptake compared to CK in the –N treatments. In the +N treatments, all biochar 

treatments also decreased plant N uptake compared to CKN except for the P700N 

treatment (80 mg pot-1) which significantly (P ˂ 0.05) increased plant N uptake (Table 

4.10). 

In this experiment, two-way ANOAVA showed that no significant interaction 

between biochar type and N fertilization was observed for soil total C and N (Table 4.9). 

Biochar amendments significantly increased C content in both –N and +N treatments 

(Table 4.10), which indicated that application of biochar could greatly improve soil C 

sequestration. Application of biochars with higher pyrolysis temperatures (850 and 

950oC) resulted in higher soil total C content than biochars with lower pyrolysis 

temperatures (600 and 700oC) (Table 4.10). In the –N treatments, biochar amendments 

tend to increase soil total N content, but no significant differences were observed between 

biochar treatments and control (Table 4.10). However, in the +N treatments, biochar 

amendments significantly increased soil total N content compared with CKN (Table 

4.10). Additionally, no significant differences in soil total N contents, at both –N and +N 

treatments, were observed after application of biochars produced under different 

temperatures. 
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Table 4.9 The p values from two-way ANOVA for the effects of biochar type, N 

fertilization and their interactions on soil total C and N, ryegrass dry matter and N uptake. 

 

Source df 
Plant dry 

matter 

Plant N 

content 

Plant N 

uptake 
Soil total C Soil total N 

Biochar (B) 4 0.162ns 0.000*** 0.000*** 0.000*** 0.003** 

 

N fertilization (N) 
 

1 

 

0.000*** 

 

0.000*** 

 

0.000*** 

 

0.036* 

 

0.000*** 

 

B × N 
 

4 

 

0.000*** 

 

0.013* 

 

0.000*** 

 

0.619ns 

 

0.513ns 

Symbols indicate the P value significance of the term: ns, not significant, * P˂0.05, ** P˂0.01, ***P˂0.001 

 

Table 4.10 Effect of different pyrolysis temperatures of biochar on ryegrass biomass and 

N uptake following with or without N fertilization. 

 

 
Fertilization 

 
Treatment 

Ryegrass dry 

biomass (g 

pot-1) 

 
Plant N (%) 

Plant N 

uptake (mg 

pot-1) 

Soil total C 

(g kg-1) 

Soil total N 

(g kg-1) 

 CK 1.03 ± 0.02c 4.64 ± 0.15c 47.6 ± 0.5c 8.1 ± 0.3d 0.59 ± 0.02c 

 
P600 0.66 ± 0.01d 2.70 ± 0.06d 21.3 ± 0.8d 29.1 ± 0.2bc 0.61 ± 0.01c 

-N P700 0.64 ± 0.02d 2.84 ± 0.04d 18.2 ± 0.3d 28.7 ± 0.8c 0.60 ± 0.02c 

 
P850 0.63 ± 0.03d 2.86 ± 0.19d 17.8 ± 0.5d 30.1 ± 1.0a 0.61 ± 0.03c 

 
P950 0.76 ± 0.02d 2.81 ± 0.05d 17.7 ± 0.7d 29.7 ± 0.8ab 0.61 ± 0.02c 

 CKN 1.07 ± 0.03c 6.52 ± 0.05a 69.5 ± 1.5b 8.1 ± 0.2d 0.68 ± 0.0b 

 
P600N 1.25 ± 0.12b 5.34 ± 0.09b 66.8 ± 5.3b 29.8 ± 0.5ab 0.72 ± 0.0a 

 
P700N 1.49 ± 0.12a 5.35 ± 0.06b 80.0 ± 7.0a 29.7 ± 0.1ab 0.72 ± 0.0a 

+N       

 P850N 1.25 ± 0.01b 5.14 ± 0.02b 64.1 ± 0.7b 30.4 ± 0.2a 0.72 ± 0.0a 

 
P950N 1.25 ± 0.05b 5.37 ± 0.04b 67.4 ± 3.0b 30.1 ± 0.9a 0.72 ± 0.0a 

 
LSD0.05 0.178 0.313 9.2 1.02 0.02 

Different letters in a single column indicate significant difference between treatments at P ˂ 0.05 
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4.3.8 Relationships between soil biochemical parameters and the abundance of 

microbial functional genes 

Canonical correspondence analysis (CCA) was used to examine the soil 

biochemical parameters that best explained the patterns in the microbial functional gene 

abundance. CCA axes 1 and 2 accounted for over 97% of the overall variances. 

Biochemical parameters and gene abundances correlations for the first two axes were 0.97 

and 0.98 respectively, indicating that the abundance of denitrification genes were highly 

affected by soil biochemical factors (Table 4.11, Fig. 4.8). The plot can be explained 

quantitatively using the length of arrow to show how much variance is explained by each 

individual parameter, while the direction of the arrow indicate the positive or negative 

effects of the parameters on the genes abundance. The soil EC and NO3
- concentrations 

accounted for the largest proportion of variance in the abundance of microbial functional 

genes, followed by soil MBC, MBN, DOC, TDN and NH4
+ concentrations, respectively. 

The soil EC and NO3
- concentrations were both positively correlated with the abundance 

of AOB, while MBN was negatively correlated with the abundance of AOB. The soil pH 

and MBN were positively correlated with the abundance of AOA, but soil EC, TDN and 

NH4
+ were negatively correlated with the abundance of AOA. The results also indicated 

that the abundance of narG, nirS and nosZ clustered close to the center of the plot, so the 

investigated biochemical parameters seems to have a weak or no correlation with the 

abundance of these genes (Fig. 4.8). 
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Table 4.11 Eigenvalues and variance decomposition for CCA. 

 
Axes 1 2 3 4 

Eigenvalues 0.003 0.000 0.000 0.000 

Species-environment correlations* 0.974 0.981 0.951 0.993 

Cumulative percentage variance 

 
of species data 

 

 

92 

 

 

97 

 

 

98.7 

 

 

99.2 

Cumulative percentage variance of 

 
species-environment relation 

 

 

92.7 

 

 

97.7 

 

 

99.5 

 

 

100 

Sum of all eigenvalues 0.003 
   

Sum of all canonical eigenvalues 0.003 
   

*Species refer to microbial functional genes, while environmental factors refer to biochemical properties 
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Fig. 4.8 Biplot of canonical correspondence analysis (CCA) of the relationships between 

soil biochemical parameters and microbial functional gene abundances. The green 

triangles indicate the different functional groups, while the red arrows and their lengths 

indicate the direction and extent of effects of different biochemical parameters. The first 

two dimensions CCA1 and CCA2 represent the relationship between gene abundances 

and biochemical factors. The CCA1 and CCA2 represent 92.7% and 5.0% of the variation 

for the entire data. TDN refers to total dissolved nitrogen. 
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4.3.9 Principal component analysis (PCA) of N2O fluxes, soil biochemical parameters 

and the abundance of functional genes 

The PCA was carried out to distinguish the effect of different treatments on soil 

biochemical parameters and N2O fluxes and determine the key drivers of N2O fluxes. The 

first two ordination axes (PC1 and PC2) explained 99% of the variance (Fig. 4.9). Soil 

samples in the CKN treatment were clearly separated from all other treatments with 

higher ordinate scores along PC1. All treatments with nil N fertilization were grouped in 

a separate cluster from the N fertilized treatments. In the +N treatments, all biochar 

amended treatments were in the same cluster, and clearly separated from CKN treatment, 

indicating that all biochar treatments had similar soil biochemical properties and N2O 

fluxes compared with CKN. Soil NH4
+, EC, TDN and N2O flux demonstrated high 

positive loading values (≥ 0.7) to PC1, while nosZ gene showed high negative loading 

value (≤ -0.7). The above variables together contributed 68.3% to PC1 (Table 4.12). The 

abundance of AOB gene and NO3
- concentration showed high positive loading values to 

PC2, while MBN showed high negative value. These three factors together contributed 

60.7% to PC2 (Table 4.12). In addition, it can be clearly observed that among all 

investigated biochemical parameters and microbial genes abundance, soil NH4
+ and total 

dissolved N (TDN) were highly and positively correlated with N2O flux, while nosZ 

abundance was highly and negatively correlated with N2O flux (Fig. 4.9). 
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Fig. 4.9 Ordination plot of principal component analysis (PCA) of loading values of all 

biochemical parameters including N2O flux and separation of different treatments over 

the entire 90 days of pot trial. Numbers in parentheses are percentage variance by each 

principal component (PC). The red circles represent soil and gas samples from 10 

treatments. 1, CK; 2, P600; 3, P700; 4, P850; 5, P950; 6, CKN; 7, P600N; 8, P700N; 9, 

P850N; 10, P950N. See Fig. 4.2 for abbreviations of biochar treatments. 
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Table 4.12 Contributions of all soil variables to PC1 and PC2 based on loading values 

from PCA at day 42. Values under PC1 and PC2 indicate the percentage of total variances 

each parameter accounts for. 

 

Loading coefficient value Contribution percentage (%) 

Parameters PC1 (92.3%) PC2 (6.7%) PC1 (92.3%) PC2 (6.7%) 

pH -0.48 -0.19 3.9% 1.1% 

EC 0.75 0.63 9.7% 11.0% 
+ 

NH4 0.99 -0.03 17.2% 0.1% 
- 

NO3 0.57 0.80 5.7% 18.0% 

MBC -0.58 0.74 5.8% 15.4% 

MBN 0.19 -0.81 0.8% 18.7% 

DOC 0.52 0.13 4.7% 0.5% 

TDN* 0.96 0.25 15.9% 1.8% 

AOA -0.62 -0.37 6.5% 3.9% 

AOB 0.21 0.93 0.7% 24.0% 

narG -0.21 0.26 0.7% 1.9% 

nirS -0.41 0.21 2.9% 1.3% 

nosZ -0.70 -0.28 8.3% 2.2% 

N2O 0.99 -0.04 17.2% 0.1% 

Subtotal NA NA 68.3% 60.7% 

*TDN refers to total dissolved nitrogen, NA indicates not applicable. Bold font indicates loading coefficient 

≥ 0.70, and the variable contribution > 8%; subtotal represents the sum of contributions from the variables 

above 8%. 

 
4.4 Discussion 

 

4.4.1 Effect of biochar on soil N dynamics, plant biomass and N uptake 

 

Results from this study showed that biochar amendment significantly decreased the 

concentration of soil NH4
+ and lower levels of soil NO3

- was observed in biochar amended 

treatments at the later stage of experiment (Figs. 4.3c, d). This behavior suggests that the 

application of biochar could limit mineral N availability either by increasing the mineral 

N fixation or facilitating N loss through non-N2O emissions A number of previous studies 

also reported that biochar addition to soils significantly altered N cycling by decreasing 
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mineral N availability through direct adsorption or through microbial immobilization 

(Lehmann et al., 2003; Clough and Condron, 2010; Ippolito et al., 2012). The findings of 

this study indicated that, biochar treatments had no significant impact on soil NH4
+ and 

NO3
-concentrations at the beginning of the experiment, but over time (after two weeks 

for NH4
+ and 4 weeks for NO3

-) biochar amendments reduced the concentration of soil 

mineral N (Figs. 4.3c, d). This indicates that the impact of biochar application on the 

availability of mineral N might be time-dependent since microorganisms gradually utilize 

C to support microbial growth and further result in N immobilization. 

Biochar amendments to soil have previously been shown to have positive, negative 

and no effect on plant growth and crop productivity (Chan et al., 2007, 2008; Major et 

al., 2010; Nguyen et al., 2016; Haider et al., 2017). The findings of this experiment also 

showed that biochar amendments significantly reduced plant biomass in the absence of N 

fertilizer, whereas combined application of biochar and N fertilizer increased plant 

biomass (Table 4.9). Given the low N contents and high C/N ratios (˃500) of the applied 

high thermo-sequence biochars, ryegrass growth in biochar amended soil at –N treatments 

was likely to be limited by the N supply (e.g., lower NH4
+ and NO3

-) in the N-deficient 

environment. This finding was similar to one study which reported a decrease in yield of 

upland rice following application of biochar without N fertilization to a N-deficient soil 

(Asai et al., 2009). However, the increases in plant biomass in the presence of N fertilizer 

indicated that biochar application had positive interaction with additional N supply, which 

might improve certain soil physiochemical properties and consequently enhancing plant 

growth. 

Biochar application significantly decreased plant N content in the unfertilized and 

fertilized treatments, which is most likely attributed to lower mineral N (NH4
+  and NO3) 
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bioavailability for plant uptake due to their adsorption by biochars in the biochar amended 

treatments (Figs. 4.3c, d).The decrease in plant N uptake observed at the biochar amended 

treatments, in the absence of N fertilizer, was in contrast with previous studies which 

reported that biochar application increased N uptake in maize cropping system with nil N 

fertilization (Zhang et al., 2012; Nguyen et al., 2016). This behavior possibly related to 

the different biochar feedstock and application rate as well as initial N content of the 

investigated soil. Biochar amendments (except for P700N) tend to lower plant N uptake 

in the presence of N fertilizer, although the difference was not statistically significant 

(Table 4.10). This may be related to the lower concentration of mineral N (NH4
+ and 

NO3
-) in the biochar amended treatments (Figs. 4.3c, d) as a result of biochar high C/N 

ratio and adsorption capacity. However, the higher plant N uptake in the P700N treatment 

compared with other N fertilizer treatments may be related to its higher biomass 

production which was likely to result from the improvement of soil growth conditions by 

the P700N treatment. Further structural investigation is warranted on how the biochar 

produced at this pyrolysis temperature would affect the soil properties. 

 
 

4.4.2 Effect of biochar on microbial functional gene abundance 

 

A number of studies have been carried out recently regarding the effects of biochar 

application on soil microbial community and the abundance of microbial functional genes 

(Anderson et al., 2011; Harter et al., 2014; Van Zwieten et al., 2014; Xu et al., 2014; Bai 

et al., 2015). However, the mechanisms behind these complicated processes are still not 

clear. In this experiment, effects of biochar on the abundance of N related microbial 

functional genes varied considerably with thermo-sequence biochars and N fertilization. 

In the –N treatments, biochar amendments did not have a significant impact on N related 
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functional genes (e.g., AOA, AOB, narG, nirS and nosZ), which is in consistence with 

the findings of Anderson et al. (2014) who reported that biochar did not influence soil N 

transformations or microbial community structure under ruminant urine patches. 

However, in the +N treatments, thermo-sequence biochars significantly affected the 

abundance of AOB, narG and nosZ genes. A significant increase in AOB abundance in 

the P850N and P950N treatments relative to the CKN was observed in the presence of N 

fertilizer (Table 4.7). This could be attributed to higher intrinsic total N and concentration 

of NO3
- in these two biochars compared to those biochars produced at lower temperatures 

(600 and 700oC; Table 4.2). It might also be related to very low surface areas of these two 

high pyrolysis temperature biochars (850 and 950oC; Table 4.2), which would lead to 

their low NH4
+ adsorption as a result of more available NH4

+, contributing high 

abundance of AOB. However, biochar amendments had no significant impact on the 

abundance of AOA which is in accordance with previous studies (Ducey et al., 2013; 

Harter et al., 2014). Ammonia oxidation is the first and rate-limiting step of nitrification 

in the N cycle (Song et al., 2014). It is recognized that ammonia-oxidizing bacteria (AOB) 

and ammonia-oxidizing archaea (AOA) play a vital role in the ammonia oxidation process 

in various environments (Kowalchuk and Stephen, 2001; Francis et al., 2007; Chen et al., 

2008). The AOB relies on the oxidation of NH4
+-N for energy production and growth 

(Arp et al., 2007), which could be responsible for lower concentration of NH4
+ in the 

biochar treatments in the presence of N fertilizer. Biochar addition also increased nosZ 

gene abundance in both unfertilized and fertilized treatments, although only P950N 

showed a significant difference with CKN in the +N treatments (Table 4.7). Previous 

studies also reported that biochar amendment could enhance the abundance of nosZ gene 

(Ducey et al., 2013; Harter et al., 2014; Van Zwieten et al., 2014). This suggests that the 

application of biochar to soil has a considerable potential to enhance the abundance of 
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nosZ, and may further affect denitrification processes (e.g., N2O–N2) in biochar amended 

soils. 

 
 

4.4.3 Effect of biochar on N2O emission 

 

Previous studies have shown that biochars with different characteristics may impact 

N2O emission differently (Spokas and Reicosky, 2009; Singh et al., 2010; Castaldi et al., 

2011; Zheng et al., 2012; Ameloot et al., 2013; Stewart et al., 2013). In this study, biochar 

amendments significantly reduced soil N2O emissions in both –N and +N treatments 

(Figs. 4.6, 4.7), while the magnitude of N2O reduction was higher in +N treatments (75- 

85%), in comparison with –N treatments (33-45%). This is similar to the findings of 

previous studies which reported that biochar amendments were able to suppress soil N2O 

emission from soils (Khan et al., 2013; Nelissen et al., 2014; Case et al., 2015; Agegnehu 

et al., 2016). However, biochars’ effect on N2O emissions did not significantly vary with 

pyrolysis temperature in the current study. This is in contrast with previous studies which 

reported a significant effect of pyrolysis temperature on N2O emissions with lower 

emissions at high pyrolysis temperature (> 600oC) compared to low pyrolysis temperature 

(< 500oC) (Ameloot et al., 2013; Nelissen et al., 2014). The reason for these discrepancies 

could be attributed to the very high biochar pyrolysis temperature and very low initial N 

substrate of the applied biochars in the current experiment, which resulted in a non- 

significant impact of pyrolysis temperature on N2O emissions. 

Different mechanisms have been suggested to be responsible for N2O emissions, at 

abiotic and biotic levels. The principle component analysis (PCA) showed that NH4
+ and 

total dissolved N (TDN) were highly and positively related to N2O emissions, while nosZ 

abundance had negative correlation with N2O emissions in the peak of daily N2O flux at 
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day 42 (Fig. 4.9). Furthermore, these three variables together with daily N2O flux 

contributed 58.6% to PC1 (Table 4.12). This indicates that a combination of both 

chemical and microbial factors such as NH4
+ and total dissolved N concentrations as well 

as nosZ gene abundance were the key drivers of N2O emissions in this study. It has also 

been reported that the availability of NH4
+ and NO3

- would decrease after biochar 

addition, probably due to the increase in N sorption by large surface areas of biochar and 

enhancing microbial immobilization (Singh et al., 2010; Van Zwieten et al., 2010b). This 

may lead to a decrease in N substrate availability for nitrification and denitrification 

processes and reduction of N2O emission. Andersen and Petersen (2009) found that 

immobilization of N typically occurred rapidly after incorporation of organic residues 

(e.g. biochar) with high C/N ratios. Lehmann et al. (2003) also suggest that the application 

of high C/N ratio biochars could increase the NO3
- immobilization by microorganisms 

and consequently reduce NO3
- concentration in comparison with untreated soil. The use 

of high pyrolysis temperature biochars (600-950oC) in this study, with extremely high 

C:N ratios ( ˃ 500), indirectly confirmed that biochar amendments have a great potential 

to immobilize soil mineral N (NH4
+ and NO3

-) and further cause N2O reduction (Table 

4.2). The result of a 123 days incubation experiment by Zheng et al. (2012) using wood 

biochar, indicated that cumulative N2O emissions were remarkably well explained by an 

increasing exponential relationship with soil total N contents across two temperate soils. 

Van Zwieten et al. (2010b) also found that a decrease in NH4
+ and NO3

- concentrations 

following green waste biochar application was likely to be responsible for the reduction 

of N2O emissions. Therefore, it can be concluded that the reduction of N2O emissions 

from biochar amended soil, in the current experiment, might be due to the adsorption of 

NH4
+ by biochar with a consistent decline in soil NH4

+ concentrations (Figs. 4.3a, b). 
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Recent studies have also reported that biochar addition can significantly increase 

nosZ gene abundance (or transcript), which suggests that nosZ gene is likely to be one of 

the key factors responsible for N2O reduction (Harter et al., 2014; Van Zwieten et al., 

2014; Xu et al., 2014). In the current study, biochar application enhanced nosZ gene 

abundance, although the increasing effect was only significant in higher pyrolysis 

temperatures (Table 4.7). The N2O reductase gene (nosZ) dominates the process that 

converts nitrous oxide to dinitrogen (N2) gas (Harter et al., 2014). Thus, the increase in 

nosZ gene abundance would result in lower N2O emissions. Although soil microbial 

analysis only occurred at the N2O emission peak (day 42) and the results of the soil 

microbial functional genes would be limited in explaining N2O emission during the whole 

90-day pot experiment, this sampling time could represent the larger variance over the 

whole experiment and the findings could partially explain the lower cumulative N2O 

emission from biochar-amended soils. However, further investigations are required with 

frequent sampling and a wide range of soil types to confirm the relationship between soil 

denitrifying functional genes and N2O emissions. 

 
 

4.5 Conclusions 

 

Results from this 90-day pot trial showed that all of applied high pyrolysis 

temperature biochars significantly reduced N2O emission in both unfertilized and 

fertilized regimes. However, the thermo-sequence biochars did not affect the suppression 

of N2O emission differently. This suggests that wood biochar produced at high 

temperatures (≥ 600oC) would be able to mitigate N2O emission, but thermo-sequence’s 

effect is minimal. Biochar amendment significantly decreased the concentration of NH4
+, 

and lower levels of soil NO3
- was observed in biochar amended treatments at the later 
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stage of experiment. This suggests that the application of biochar could limit mineral N 

availability for plant N content and further affect N uptake. Biochar amendment increased 

nosZ gene abundance in both –N and +N treatments, which could be responsible for the 

lower N2O emission. In the absence of N fertilizer, biochar amendment significantly 

reduced plant biomass. However, in the presence of N fertilizer, plant biomass was 

increased by biochar amendment, but only biochar produced at 700oC was significantly 

higher than the control. It can be concluded that single application of wood biochars to 

the soil may not be recommended due to negative impact on plant growth and N uptake, 

although they can mitigate N2O emissions. However, wood biochar produced at 700oC in 

combination with N fertilizer can be considered as the best field practice management 

since it can enhance plant yield and N uptake, and meanwhile decrease N loss via 

significant reduction of N2O emission. 
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Chapter 5 

 

Soil nitrogen dynamics and nitrous oxide emission in response to the 

amendment of biochars derived from different feedstocks-Field trial 

 
 
5.1 Introduction 

 

Nitrous oxide (N2O) is formed primarily in soils through the microbial processes of 

nitrification and denitrification, and can cause global warming and stratospheric ozone 

depletion (Zou et al., 2005). Agriculture is the main source of global anthropogenic N2O 

emissions (Smith et al., 2008). This anthropogenic source of N2O is regulated by multiple 

factors including the supply of mineral nitrogen (N), labile organic carbon (C) and soil 

moisture and temperature (Firestone and Davidson, 1989). In recent years, the increasing 

of N2O emissions has raised a serious concern in both developing and developed 

countries, while addressing this greenhouse effect has posed a fundamentally different 

challenge. Therefore, effective strategies are required to minimise soil N2O emissions and 

mitigate its harmful effects associated with climate change (Reay et al., 2012). 

Application of biochar to soil has been proposed as an effective way of increasing 

soil C sequestration and mitigating N2O emissions in a global scale (Woolf et al., 2010). 

However, several studies also showed an increase or non-significant impact of biochar 

amendment on N2O emissions (Singh et al., 2010; Castaldi et al., 2011; Ameloot et al., 

2013; Suddick and Six, 2013). Hence, more intensive studies, especially in field scale, 

are needed to find out whether biochar amendment has a consistent and long-term effect 

on soil N2O emissions (Jones et al., 2012; Spokas et al., 2012). On the other hand, it has 

been reported that biochar amendment would improve soil physicochemical properties 



143 

Chapter 5 
 

 

 

and consequently enhance plant productivity (Chan et al., 2007; Major et al., 2010; 

Agegnehu et al., 2016). The positive yield responses of biochar addition were ascribed to 

improved water retention (Iswaran et al., 1980), increased N uptake (Saarnio et al., 2013; 

Haider et al., 2017), liming effect (Van Zwieten et al., 2010a) and ameliorated soil 

physical properties (Major et al., 2010). However, a few studies also reported negative 

responses to plant growth due to lower nutrient availability in biochar amended soils 

(Chan et al., 2007, 2008; Van Zwieten et al., 2010a). 

The interaction between biochar and soil N cycle is widely acknowledged in the 

recent years (Clough and Condron, 2010; Clough et al., 2013). Incorporation of biochar 

to soil in combination with N fertilizers has been recommended as an effective way to 

improve temporal synchronisation between plant N demand and soil N availability, 

increase N use efficiency and reduce environmental impacts such as decreasing ammonia 

volatilization and N2O emission (Cayuela et al., 2014). Biochar may increase soil pH, 

improve water retention, cause N immobilization due to its high C/N ratio, interact with 

soil dissolved organic C and N substrates and modify soil microbial gene abundance and 

community composition (Andersen and Petersen, 2009; Anderson et al., 2011; Case et 

al., 2012; Ameloot et al., 2013; Clough et al., 2013; Cayuela et al., 2014; Van Zwieten et 

al., 2014). However, the potential mechanisms regulating biochar influences on these 

complicated processes are largely unknown and might vary greatly with biochar 

feedstock (characteristics) and application rates. 

The cultivation of pastoral fescue (Festuca arundinacea) is widely established in 

Australia and New Zealand and its use in pastoral agriculture has developed with the 

availability of suitable cultivars (Easton et al., 1994). Pastoral fescue is a coarse-textured 

grass which is able to tolerate low soil fertility and it is considered as a moderately 



144 

Chapter 5 
 

 

 

drought tolerant grazing grass due to its deep root system (Christians et al., 2004). In 

Australia, the summer cultivation of pastoral fescue is commonly used as hay or pasture 

for cow and sheep, in the areas with more than 650 to 700 mm rainfall (Easton et al., 

1994). Therefore, combined application of biochar and N fertilizer to these cropping 

systems may improve biomass production, maintain high quality pastures for grazing 

animals and simultaneously mitigate N2O emissions. 

A few studies have been recently carried out to investigate the effect of biochar 

amendment in combination with N fertilization on plant growth, soil properties and N2O 

emissions (Wang et al., 2012a; Khan et al., 2013; Agegnehu et al., 2016; Nguyen et al., 

2016). However, little is known about how the biochars derived from different feedstock 

materials affect the dynamics of soil N2O emission, soil biochemical properties, plant N 

uptake and microbial functional gene abundance, particularly at the field scale. Therefore, 

the main objective of this study was to evaluate the effect of two contrasting biochars 

(pine and peanut shell, produced under same temperature 550oC) at different application 

rate in combination with N (+N) and without N (-N) fertilization on N dynamics and 

related microbial gene abundance, plant productivity and N2O emissions. It was 

hypothesized that 1) different biochar feedstocks would affect plant growth, N uptake, 

soil N dynamics and N2O emissions differently; 2) high application rates of biochar would 

increase plant yield, improve N uptake and reduce N2O emissions due to more labile 

nutrient inputs, and limitation of N substrate availability for nitrification and 

denitrification; 3) biochar amendment to soil would increase the abundance of N- 

transforming functional genes due to biochar’s porous structure providing a suitable habit 

for microorganisms. 

5.2 Materials and methods 
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5.2.1 Site description 

 

The field site was located in a grazing grassland, Park Ridge, Southeast Queensland, 

Australia (27°43'26" S, 153°1'15" E). For detailed information refer to Chapter 2. 

5.2.2 Experimental design 

 

The one year field experiment was carried out on 1st September 2015, using a 

randomized block design including two factors of biochar (pine and peanut shell) with 

different rate and N fertilizer (urea). Two biochars were produced from pine woodchips 

and peanut shells in a slow pyrolysis kiln reactor under the same temperature of 550oC 

with the residence time of 30 mins. The heating rate of biochar production was 25oC min- 

1. The basic physicochemical properties of biochars were shown in Table 5.1. The total 

 

N content (2.18% N) in the peanut shell biochar were higher than that of pine biochar 

(0.09% N), while the C/N ratio in the pine biochar (722) was greater than that of peanut 

shell biochar (28). Biochars were applied to soil at two rates of 10 t ha-1 (0.7% w/w) and 

30 t ha-1 (2.1% w/w) with (+N) or without N (-N) fertilization. The N fertilizer was 

applied at a rate of 150 kg N ha-1 of which, 40% was applied as basal fertilizer on 1st 

September 2015 and the remaining 60% were split into two 30% top-dressings during the 

growing season (12th March 2016 and 2nd June 2016). The superphosphate and potash 

basal fertilizers were applied to all plots according to local application rates of 60 kg P 

ha-1 and 90 kg K ha-1, respectively. Prior to sowing, the applied biochars and fertilizers 

were thoroughly mixed with soil to a depth of 10 cm. 

The experiment consisted of 10 treatments with three replicates, including: control 

(CK); 0.7% w/w pine biochar (LP); 2.1% pine biochar (HP); 0.7% peanut shell biochar 

(LPS); 2.1% peanut shell biochar (HPS); control + urea 150 kg N ha-1 (CKN); 0.7% pine 
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biochar + urea (LPN); 2.1% pine biochar + urea (HPN); 0.7% peanut shell biochar + urea 

(LPSN) and 2.1% peanut shell biochar + urea (HPSN). Each plot was 2 m × 2 m in area 

with protection rows of 0.5 m and buffer zones of 1 m between blocks. The arrangement 

of experimental plots in the field can be seen in Fig. 5.1. In order to meet the requirement 

of growing plants at different stages of experiment, spray irrigation was carried out in low 

rainfall periods namely when soil moisture content was lower than 5%. 

Table 5.1 Basic physiochemical properties of two applied biochars in the field 

experiment. 

 

Parameters Pine biochar Peanut shell biochar 

pH (1:20 H2O) 6.95 7.52 

EC (dS m-1)a 0.09 1.32 

Total C (%) 65 60 

Total N (%) 0.09 2.18 

C/N ratio 722 28 

+ -1  b 
NH4  -N (μg g  ) 0.3 87.9 

- -1 
NO3 -N (μg g  ) 5.5 7.5 

DOC (μg g-1) 1169 3241 

DON (μg g-1) 356 256 

aEC, electrical conductivity; bNH4 -N, NO3 -N, DOC and DON were determined by the 2M KCl extraction 

followed by hot 2M KCl extraction, and the combined results from both extractions were presented. 

 

 

 

5.2.3 Soil and plant sampling 

 

Prior to biochar and fertilizer application, soil samples (0-10 cm) were collected 

(31st August 2015) to determine the basic physicochemical properties. During one year 

field experiment, eight soil samplings were conducted at days 15 (16/9/2015), 65 

(6/11/2015), 126 (7/1/2016), 192 (12/3/2016), 201 (21/3/2016), 271 (2/6/2016), 284 

(15/6/2016) and 370 (6/9/2016) after the start of the study to monitor seasonal changes in 
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Fig. 5.1 Schematic diagram of field trial plot 
 

Note: 1-CK1, 2-LP1, 3-HP1, 4-LPS1, 5-HPS1, 6-CKN1, 7-LPN1, 8-HPN1, 9-LPSN1, 10-HPSN1; 11-CK2, 12-LP1, 13-HP2, 14-LPS2, 15-HPS2, 16-CKN2, 17- 

LPN2, 18-HPN2, 19-LPSN2, 20-HPSN2; 21-CK3, 22-LP3, 23-HP3, 24-LPS3, 25-HPS3, 26-CKN3, 27-LPN3, 28-HPN3, 29-LPSN3, 30-HPS3 
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soil biochemical properties. Briefly, two weeks after each N fertilization event (1/9/2015, 

12/3/2016 and 2/6/2016), soil samples were collected and then followed by one sampling 

in the next two to three months. Pastoral fescue sowed at a rate of 25 kg ha-1 on 1st 

September 2015 and the grass aboveground biomass was harvested four times (1/12/2015, 

12/3/2016, 2/6/2016 and 6/9/2016) throughout the following year. The air and soil 

temperature and moisture were measured at every sampling time. Soil samples were 

passed through a 2 mm sieve and divided into three portions: a) kept at -80oC for 

molecular analyses; b) at 4oC for chemical analyses; and c) air-dried prior to pH, EC, total 

C and total N analyses. 

 
 

5.2.4 Gas sampling 

 

In-situ N2O fluxes were determined using non-vented static PVC chambers. The 

chambers were consisted of a permanent base (bottom part) and a removable lid with a 

rubber septum for gas sampling. Both the base and lid were 24 cm in diameter, with a 

height of 10 cm for the base and 20 cm for the lid. One gas chamber was installed in each 

plot to a 5 cm soil depth. The installed chambers were relocated within each plot, every 

three months, to minimise spatial variability in N2O emissions and minimise the effect of 

grass roots exclusion in the chambers during the experiment (Rashti et al., 2015). The gas 

samples were collected with three replicates for each treatment, approximately 1h after 

chamber closure using a 25 mL gas tight syringe, and then immediately transferred into 

pre-evacuated 12 mL vials (Labco, U.K.) fitted with rubber septa (Fig. 5.2). The gas 

samplings were collected between 9:00 to 11:00 am to minimize the effect of diurnal 

variation on flux patterns (Wang et al., 2011b; Rashti et al., 2015). This schedule has been 

reported to be the optimum timing for intermittent manual flux measurements in the field 
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with lowest deviation in the seasonal cumulative emissions (Wang et al., 2011b; Deng et 

al., 2012; Rashti et al., 2015). The N2O concentration was measured using a Shimadzu 

gas chromatograph (GC 2010-plus) equipped with an electron capture detector (ECD). 

Linearity tests on gas concentration increases were performed on all treatments over a 

subset of sampling times during the experiment (Rezaei Rashti et al., 2016). These 

samples were taken initially after closure of chamber and then every 15 mins for 2 hrs. 

Nitrous oxide emissions showed a linear trend over the measurement period. Cumulative 

N2O emissions during the experimental period were calculated by linear integration of 

daily fluxes. 

 

 

  

Fig. 5.2 Gas sampling in the field 

 

5.2.5 Measurement of ammonia volatilization 
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Ammonia (NH3) captured by the trapping sponges was extracted using the 2 M KCl 

extraction method for determining NH3 volatilization, modified by (Chen et al., 2010). 

Briefly, a chamber with 14.2 cm internal diameter and 9.5 cm height was used to measure 

NH3 loss. A 2 cm diameter hole was drilled on the top centre of the chamber and then a 

plastic container with 4.2 cm diameter and 5.4 cm height, with the similar hole on it, was 

attached to cover the hole. A hole on the lid of plastic container was drilled, and then a 

thick rubber vacuum tubing was inserted. A small sponge was inserted into this tubing 

(Fig. 5.3). This small sponge piece was moistened with 2 mL sulphuric acid/glycerol 

trapping solution, with the purpose of allowing air exchange while trapping and 

preventing any external ammonia from entering the system. Circular sponges of 4.2 cm 

in diameter were cut from a sheet of commercial sponge, then soaked and rinsed in reverse 

osmosis water and dried  prior to use. This circular sponge was evenly moistened with   

2 mL of the trapping solution by absorption in a Petri dish for use in the experiment. The 

trapping solution consisted of 167 mL concentrated sulphuric  acid,  60 ml  glycerol  

(6% v/v) and 773 mL distilled water. The applied amount of acid in each sponge trap was 

proved to be sufficient to absorb all volatile ammonia based on prelimilary experiment in 

this field area. 

 

5.2.6 Soil and plant analyses 

 

Soil physicochemical properties (pH, EC, NH4
+, NO3

-, MBC, MBN and DOC), soil 

total C and N, and plant N content were determined as described in Chapter 2. 

 

5.2.7 Soil functional gene abundance 

 

Soil microbial gene abundance (AOA, AOB, narG, nirS and nosZ) was measured 

using the primers and reactions as described in Chapter 2. 
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Fig. 5.3 Schematic of ammonia capture in the field 

 

5.2.8 Statistical analyses 
 

Statistical analyses were conducted using Statistix 8.0 software package and figures 

were produced using Sigmaplot 11.0 (Systat Software, Inc). Before analysis, the 

normality of data was checked using Shapiro-Wilk test and when it was not met log 

transformation  was  performed.  Soil  biochemical  parameters  and  N2O  fluxes  were 
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NH3 trap 
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analyzed by a three-way ANOVA with biochar type and N fertilizer as between subjects 

and sampling time as a within subject. Two-way ANOVA was also performed for both – 

N and +N treatments when the interactions between sampling time and biochar type were 

significant. One-way ANOVA was used to evaluate the effect of different biochar types 

on soil biochemical parameters at each sampling time when there was no significant 

interaction observed by two-way ANOVA. One-way ANOVA was also used to analyze 

the cumulative N2O emission throughout the whole year of field trial among different 

treatments for both –N and +N treatments. For the one-way, two-way and three-way 

ANOVA analyses, the significance was set at the 0.05 level and when the significance 

was different (P < 0.05), multiple comparisons (all-pairwise comparisons) were carried 

out using least significance difference (LSD) test. Redundancy analysis (RDA) was used 

to examine the relationship between soil biochemical parameters and microbial functional 

gene abundance, and a principal component analysis (PCA) was used to distinguish the 

effect of different treatments on soil biochemical parameters and N2O fluxes and 

determine the key drivers responsible for N2O fluxes using CANOCO 4.5 for Windows 

(Microcomputer Power, USA). Data for the copy numbers of the microbial functional 

genes were log-transformed and centered. Significance of the ordination axes was 

calculated by the Monte-Car lo permutation test (n = 499). 

 
 

5.3 Results 

 

5.3.1 Rainfall, irrigation, air temperature and soil moisture 

 

Total rainfall and irrigation were 855 mm and 376 mm during the one year 

experiment, respectively (Fig. 5.4). The irrigation was intensive during the first three 
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Fig. 5.4 Rainfall, irrigation and air temperature at the field site 
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Fig. 5.5 Temporal variations in soil moisture content during the experiment 

 

months of experiment, due to high temperature, low rainfall and extensive need of water 

for grass to establish. During sampling reasons, soil moisture contents ranged between 2 

and 26%, which was equivalent to water-filled pore space (WFPS) of between 6 and 81% 

(Figs. 5.5a, b). Overall, soil moisture content in high application rate of pine biochar 

treatment was the highest, followed by low application rate of pine biochar treatment. 

However, soil moisture content in peanut shell treatments had no significant difference 

with the control and remained in lower levels compared to pine biochar treatments 
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throughout the experiment, regardless of N fertilization (Figs. 5.5a, b). The average yearly 

maximum and minimum air temperatures were 26.7oC and 15.6oC, respectively. 

 

5.3.2 Soil pH and EC 

 

Three-way ANOVA showed that soil pH and EC were significantly (P ˂ 0.001) 

influenced by biochar type and sampling time, but not significantly (P ˃ 0.05) responded 

to N fertilizer application and the interactions between biochar type, N fertilizer and 

sampling time (Table 5.2). Two-way ANOVA showed that there were no significant (P 

˃ 0.05) interactions in both –N and +N treatments between sampling time and biochar 

type for soil pH, while soil pH was significantly (P ˂ 0.05) influenced by biochar type 

and sampling time (Tables 5.3, 5.4). Therefore, one-way ANOVA was used to test if 

biochar had a significant impact on pH at individual sampling time. Overall, changes in 

soil pH after biochar addition were dependant on feedstock and application rate. Results 

showed all biochar treatments increased soil pH compared to the control in both –N and 

+N treatments (Figs. 5.6a, b). Soil pH ranged from 4.0 to 5.4 for all the treatments, and 

the pH values in the HPS treatment (30 t ha-1 peanut shell biochar) was significantly 

higher than other treatments in most sampling times in both –N and +N treatments (Figs. 

5.6a, b). There were significant (P < 0.05) interactions between biochar type and sampling 

time for EC in both –N and +N treatments.Soil EC generally decreased over time in all 

the treatments. At the beginning of experiment, soil EC ranged from 55 to 200 μS cm-1, 

while EC values decreased toward the end of experiment (18 to 45 μS cm-1). On average, 

the order of soil EC was HPS (N) ˃ LPS (N) ˃ HP (N) ˃ LP (N) ˃ CK(N) in both –N and 

+N treatments (Figs. 5.6a, b). Overall, the results showed that changes in soil EC after 

biochar amendments varied with biochar feedstock and application rate. 
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Table 5.2 The p values from the three-way ANOVA for the effects of different biochars, N fertilizer, sampling time and their interactions on 

soil biochemical parameters. 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN MBC:MBN 

Between subjects 

Biochar (B) 

 
4 

 
˂ 0.001*** 

 
˂ 0.001*** 

 
0.864ns 

 
0.209ns 

 
0.380ns 

 
˂ 0.01** 

 
0.162ns 

 
0.373ns 

N fertilizer (N) 1 0.169ns ˂ 0.001*** ˂ 0.001*** ˂ 0.001*** 0.239ns ˂ 0.01** ˂ 0.001*** 0.858ns 

N × B 4 0.202ns 0.814ns 0.779ns 0.660ns 0.086ns 0.309ns 0.253ns 0.847ns 

Within subjects 

Time (T) 

 

7 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

B × T 28 0.672ns ˂ 0.001*** 0.919ns 0.233ns 0.105ns 0.158ns 0.323ns 0.034* 

N × T 7 ˂ 0.001*** 0.046* ˂ 0.001*** ˂ 0.001*** 0.583ns 0.762ns ˂ 0.01** 0.089ns 

B × N × T 28 0.954ns 0.984ns 0.905ns 0.535ns 0.488ns 0.970ns 0.293ns 0.042* 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001, ns, not significant 
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Table 5.3 The p values from the two-way ANOVA for the effect of different biochars, sampling time and their interactions on soil biochemical 

properties in the –N treatments. 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN MBC:MBN 

Between subject          

Biochar (B) 4 ˂ 0.001*** ˂ 0.001*** 0.016* ˂ 0.01** 0.304ns 0.222ns 0.465ns 0.682ns 

Within subject 

Time (T) 

 

7 

 

0.028* 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.05* 

 

< 0.001*** 

 

˂ 0.001*** 

 

˂ 0.05* 

 

˂ 0.01** 

B × T 28 0.938ns 0.05* ˂ 0.01** 0.419ns 0.149ns 0.159ns 0.336ns 0.047* 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001, ns, not significant 

 

 

Table 5.4 The p values from the two-way ANOVA for the effect of different biochars, sampling time and their interactions on soil biochemical 

properties in the +N treatments. 

Source factor df pH EC 
+ 

NH4 
- 

NO3 DOC MBC MBN MBC:MBN 

Between subject          

Biochar type (B) 4 ˂ 0.001*** ˂ 0.001*** 0.846ns 0.395ns 0.14ns 0.023* 0.152ns 0.522ns 

Within subject 

Sampling time (T) 

 

7 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

 

˂ 0.001*** 

B × T 28 0.727ns ˂ 0.001*** 0.918ns 0.332ns 0.393ns 0.879ns 0.299ns 0.038* 

Symbols indicate the P value significance of the term: * P ˂ 0.05, ** P ˂ 0.01, ***P ˂ 0.001, ns, not significant 
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Fig. 5.6 Dynamics of soil pH and EC in the –N (a, c) and +N (b, d) treatments amended 

with pine biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) throughout 

the whole year. The least significance difference (LSD) values of pairwise comparisons 

for the treatments and sampling time using two-way ANOVA were shown in parts c and 

d when they were significant. Vertical bars represent standard error (n = 3). LP, pine 

biochar applied at low rate (10 t ha-1); HP, pine biochar applied at high rate (30 t ha-1); 

LPS, peanut shell applied at low rate (10t ha-1); HPS, peanut shell applied at high rate (30 

t ha-1); CKN, control plus N fertilizer; LPN, pine biochar applied at low rate (10 t ha-1) 

plus N fertilizer; HPN, pine biochar applied at high rate (30 t ha-1) plus N fertilizer; LPSN, 

peanut shell biochar applied at low rate (10t ha-1) plus N fertilizer; HPSN, peanut shell 

applied at high rate (30 t ha-1) plus N fertilizer. The asterisk (*) over a column indicates 

the difference among the treatments in each sampling is significant at P ˂ 0.05. Without 

asterisk (*) over a column indicates no significant difference among treatments. 
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5.3.3 Dynamics of soil NH4
+-N and NO3

--N 

 
Three-way ANOVA showed that NH4

+ and NO3
- were significantly influenced by 

N fertilizer and sampling time, but not significantly related to biochar type, while the 

interactions between biochar type, N fertilizer and sampling time were not significant 

(Table 5.2). In the –N treatments, two weeks after the commencement of the experiment 

(1st sampling) the concentration of NH4
+ ranged from 7.7 to 11.4 μg g-1 with higher NH4

+ 

concentration observed in control compared with biochar treatments, although the 

differences were not statistically significant (Fig. 5.7a). After the initial two weeks, soil 

NH4
+ concentration gradually decreased in all of the treatments to levels less than 3 μg g- 

1 and remained in low concentrations for the next four months till 7th January 2016 (3rd 

sampling). However, in the 4th soil sampling (6 months after start, 12th March 2016) the 

NH4
+ concentration in the control (5.8 μg g-1) was significantly higher than all biochar 

treatments (˂ 4.6 μg g-1), whereas there were no significant difference between treatments 

thereafter (Fig. 5.7a). In the +N treatments, after the initial two weeks of N fertilization, 

the concentration of NH4
+ ranged from 44 to 66 μg g-1 which was significantly higher 

than those in the –N treatments, while it significantly decreased to levels lower than 5.6 

μg g-1 after two months (2nd sampling) in all the treatments (Fig. 5.7b). One week after 

the 2nd N fertilization on 12th March 2016 (5th sampling), soil NH4
+ slightly increased for 

all the treatments due to the N inputs (Fig. 5.7b). Similarly, two weeks after the 3nd N 

fertilization on 15th June 2016 (7th sampling), soil NH4
+ largely increased for most biochar 

treatments, however, by the end of experiment, soil NH4
+ dropped down to levels (< 4.7 

μg g-1) in all the treatments (Fig. 5.7b). 

The concentration of NO3
- in the –N treatments, fluctuated over time but was very 

low (˂ 1.2 μg g-1)  in all  the treatments due to  low background soil NO3
-   concentration 
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(Fig. 5.7c). In the +N treatments, two-way ANOVA showed that NO3
- was significantly 

influenced by sampling time, but not by biochar type and the interactions between biochar 

type and sampling time (Table 5.4). However, one-way ANOVA showed that there was 

a significant difference between biochar treatments in the 3rd, 5th, 6th and 7th sampling 

(Fig.5.7d). The concentration of NO3
- was extremely low (˂ 1.8 μg g-1) in the initial four 

samplings (Fig.5.7d). However, in the following one week (5th sampling) and two months 

(6th sampling) after the 2nd N fertilization, soil NO3
- in the HPN treatment was 

significantly higher than control (CKN) (Fig.5.7d). After the 3rd N fertilization, soil NO3
- 

in the treatments of both low and high rates of peanut shell biochars was higher than other 

treatments, but no significant differences were observed with the control (CKN). There 

were also no significant differences in soil NO3
- concentrations among all treatments at 

the end of experiment regardless of feedstock type and application rates of applied 

biochars (Fig.5.7d). Overall, in this one year field trial, soil NH4
+ and NO3

- concentrations 

were not significantly related to biochar application rates and feedstock although some 

fluctuations occurred during different sampling events. 
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Fig. 5.7 Dynamics of soil NH4
+-N and NO3

--N in the –N (a, c) and +N (b, d) treatments 

amended with pine biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) 

throughout the whole year. The least significance difference (LSD) values of pairwise 

comparisons for the treatments and sampling time using two-way ANOVA were shown 

in part a when they were significant. Vertical bars represent standard error (n = 3). The 

black arrow inserted in the figure indicated the timing of fertilization. The asterisk (*) 

over a column indicates the difference among the treatments in each sampling is 

significant at P ˂ 0.05. Without asterisk (*) over a column indicates no significant 

difference between treatments. See Fig. 5.6 for abbreviations of biochar treatments. 
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5.3.4 Dynamics of soil microbial biomass C and N 

 
Three-way ANOVA showed that there were no significant interactions between 

biochar type, N fertilizer and sampling time for microbial biomass C (MBC), microbial 

biomass N (MBN) and the ratio of MBC to MBN. However, soil MBC and MBN were 

significantly (P < 0.01) influenced by N fertilizer and sampling time (Table 5.2). 

Therefore, N inputs in different time of year significantly affected soil microbial biomass 

C and N. Two-way ANOVA showed that biochar type had no significant interaction with 

sampling time for MBC and MBN in both –N and +N treatments (Tables 5.3, 5.4). 

Overall, soil MBC in both –N and +N treatments increased over time. Soil MBC in the 

LPS (108 μg g-1) and HP (113 μg g-1) treatments was generally higher than other 

treatments in the –N treatments, while soil MBC in all biochar-amended treatments (106- 

129 μg g-1) was higher than the control (CKN, 93 μg g-1) in the +N treatments (Figs. 5.8a, 

b). However, the 2nd and 3rd fertilization showed a decreasing effect on soil MBC in both 

–N and +N treatments. 

 

The concentration of soil MBN was highly variable in both –N and +N treatments, 

ranging from 8 to 23 μg g-1 in -N and from 6 to 40 μg g-1 in +N treatments. The differences 

between biochar treatments and the control were not statistically significant for most of 

sampling times for both –N and +N treatments (Figs. 5.8c, d). On average, soil MBN in 

the LPS (15.6 μg g-1) and HP (15.2 μg g-1) treatments were higher than other treatments 

in the –N treatments while soil MBN in all biochar-amended treatments (19.6-21.3 μg g- 

1) were higher than the control (CKN, 15 μg g-1) in the +N treatments (Figs. 5.8c, d). The 

 

ratio of MBC to MBN was not influenced by biochar and fertilizer application, and no 

significant interactions were observed between them in both –N and +N treatments (Table 

5.2). The ratio of MBC to MBN was between 7 and 9 in the fertilized and unfertilized 
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Fig. 5.8 Dynamics of soil MBC, MBN and the ratio of MBC and MBN in the –N (a, c, e) 

and +N (b, d, f) treatments amended with pine biochar and peanut shell biochar (two rates: 
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column indicates the difference among the treatments is significant at P ˂ 0.05. Without 

asterisk (*) over a column indicates no significant difference between treatments. Vertical 

bars represent standard error (n = 3). See Fig. 5.6 for abbreviations of biochar treatments. 

regimes, while in most sampling occasions, there were no significant differences between 

biochar treatments and controls (Figs. 5.8e, f). 

 
5.3.5 Dynamics of soil dissolved organic C (DOC) 

 

Three-way ANOVA showed that soil DOC was significantly (P < 0.001) influenced 

by the sampling time regardless of biochar type and N fertilizer, but the interactions 

between biochar type, N fertilizer and sampling time were not statistically significant 

(Table 5.2). Two-way ANOVA also showed that there were no significant interactions 

between biochar type and sampling time, but DOC concentration was significantly 

affected by sampling time throughout the experiment (Tables 5.3, 5.4). On average, soil 

DOC in all the treatments ranged between 59 and 65 μg g-1 in both –N and +N treatments 

(Figs. 5.9a, b). In the –N treatments, no significant differences in DOC concentration 

were observed between biochar treatments and the control throughout the entire 

experiment (Fig. 5.9a). However, in the +N treatments, soil DOC in the LPSN and HPSN 

treatments was significantly higher than the CKN treatment, while no difference was 

observed between biochar amendments (Fig. 5.9b). In both –N and +N treatments, the 

concentration of DOC generally decreased in the first four months. However, after the 

first four months till the end of experiment, DOC concentrations had an increasing trend 

regardless of soil N levels (Figs. 5.9a, b). This behaviour suggests that biochar and N 

fertilizer applications had no significant impact on DOC throughout the whole year, while 

soil DOC concentration in the treatments varied substantially in different seasons. 
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Fig. 5.9 Dynamics of soil DOC in the –N (a) and +N (b) treatments amended with pine 

biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) throughout the whole 

year. Vertical bars represent standard error (n = 3). See Fig. 5.6 for abbreviations of 

biochar treatments. 

 
5.3.6 Dynamics of ammonia (NH3) volatilization 

 

The NH3 volatilization in +N treatments was generally higher than –N treatments 

(Figs. 5.10a, b). In the –N treatments, the NH3 volatilization in the LPS and HPS 

treatments peaked at day 4 while the rest of treatments peaked at day 6 (Fig. 5.10a), 

however in the +N treatments, all treatments consistently peaked at day 6 after 

fertilization (Fig. 5.10a). After the initial two weeks of N fertilization (1/9/2015), NH3 

volatilization significantly decreased in all treatments and maintained at low levels (˂ 1 

μg m-2 d-1) thereafter (Fig. 5.10a). Cumulative NH3 volatilization was calculated based 

on daily NH3 fluxes via integration. In the +N treatments, cumulative NH3 volatilization 

in the HPSN (51 μg m-2) and LPSN (45 μg m-2) treatments were higher than other 

treatments (36-42 μg m-2) while in the –N treatments, cumulative NH3 volatilization 

ranged between 24 and 29 μg m-2 with no significant differences between them (Fig. 

5.10b). The N loss through NH3 volatilization was very low in the investigated acidic soil 
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(pH ˂ 5.5). The cumulative NH3 volatilization in the initial one month of the experiment 

was between 0.02 to 0.05 mg m-2 across different treatments. Therefore, it was decided 

not to continue to monitor NH3  volatilization in the rest of the experimental period. 
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Fig. 5.10 Dynamics of soil NH3 volatilization (a) and cumulative NH3 volatilization (b) 

amended with pine biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) 

with and without N fertilization between 2nd September and 14th October 2015 (37 days 

in total) with no replicate. See Fig. 5.6 for abbreviations of biochar treatments. 

 
 

5.3.7 Nitrous oxide fluxes 

 

Soil daily N2O fluxes were significantly (P ˂ 0.001) influenced by biochar type, N 

fertilizer and sampling time and their interactions (Table 5.5). In the –N treatments, the 

daily N2O fluxes peaked within the initial 2 to 3 weeks across different treatments, with 

generally higher N2O fluxes in the HP and HPS treatments than other treatments over the 

entire experiment (Fig. 5.11a). In the +N treatments, the daily N2O fluxes peaked within 

the initial 4 weeks after the 1st N fertilization, 1 week after the 2nd N fertilization, and 3 

days after the 3rd N fertilization, which was highly dependent on the soil moisture and 

temperature  conditions  (Fig.  5.11b).  The  daily  N2O  fluxes  from  HPSN  and LPSN 
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treatments were generally higher than other treatments over the entire experiment (Figs. 

5.11a, b). 

Cumulative N2O emissions over the entire experiment were significantly (P ˂ 

0.001) affected by biochar type, N fertilizer and sampling time and their interactions 

(Table 5.5). In the –N treatments, all biochar-amended treatments increased cumulative 

N2O emissions, whereas only high application rate of pine biochar (HP) significantly (P 

˂ 0.05) increased cumulative N2O emissions compared to control (Fig. 5.12a). In the +N 

treatments, both high (HP) and low (LP) application rates of pine biochars decreased (not 

statistically significant) cumulative N2O emissions, whereas both high (HPSN) and low 

(LPSN) application rates of peanut shell biochars increased cumulative N2O emissions 

compared to the CKN, however only the HPSN treatment showed a significant difference 

(P ˂ 0.05) with the CKN (Fig. 5.12b). Results also showed a significantly (P < 0.05) 

higher cumulative N2O emission in the CKN (103 mg m-2) compared with the CK (34 mg 

m-2) treatment (Figs. 5.12a, b). This behaviour indicates that N fertilization significantly 

stimulates N2O emission in the absence of biochar amendment. 

Table 5.5 The p values from the three-way ANOVA for the effects of different biochar 

type, N fertilization, sampling time and their interactions on N2O fluxes and cumulative 

N2O emission. 

Source factor df N2O fluxes Cumulative N2O emissions 

Between subjects 

Biochar (B) 

 
4 

 
˂ 0.001*** 

 
˂ 0.001*** 

N fertilizer (N) 1 ˂ 0.001*** ˂ 0.001*** 

B × N 4 ˂ 0.001*** ˂ 0.001*** 

Within subjects 

Time (T) 

 

46 

 

˂ 0.001*** 

 

˂ 0.001*** 

B × T 46 ˂ 0.001*** ˂ 0.001*** 

N × T 46 ˂ 0.001*** ˂ 0.001*** 

B × N × T 184 ˂ 0.001*** ˂ 0.001*** 

Symbols indicate the P value significance of the term: ***P ˂ 0.001 
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Fig. 5.11 Dynamics of soil N2O fluxes in the –N (a) and +N (b) treatments amended with 

pine biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) throughout the 

whole year. The black arrow indicated the timing of fertilizer application. See Fig. 5.6 for 

abbreviations of biochar treatments. 
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Fig. 5.12 Cumulative N2O emissions in the –N (a) and +N (b) treatments amended with 

pine biochar and peanut shell biochar (two rates: 10 t ha-1 and 30 t ha-1) throughout the 

whole year. The black arrow indicated the timing of fertilizer application. Lower case 

letters show significant differences at P < 0.05 according to LSD test. See Fig. 5.6 for 

abbreviations of biochar treatments. 
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5.3.8 Microbial functional gene abundance 

 

The ammonia-oxidizing archaea (AOA) abundance was not significantly (P ˃ 0.05) 

influenced by biochar and N fertilizer, and their interactions. However, the abundance of 

ammonia-oxidizing bacteria (AOB), nitrate reductase (narG), nitrite reductase (nirS) and 

nitrous oxide reductase (nosZ) genes was significantly (P < 0.05) affected by biochar and 

N fertilizer, and their interactions (Table 5.6). In the –N treatments, biochar amendments 

increased the abundance of AOA, AOB, narG, nirS and nosZ genes, whereas they had no 

significant difference with CK (Table 5.7). There were also no significant differences in 

N-transforming gene abundance between biochar-amended treatments irrespective of 

feedstock type and application rates (Table 5.7). In the +N treatments, despite the CKN 

(4.06 × 106 copies g-1 dry soil) showed the largest abundance of AOA gene, there was no 

significant difference compared to biochar-amended treatments. The copy numbers of 

AOB (1.16 × 107 copies g-1 dry soil), narG (4.31× 107 copies g-1 dry soil) and nosZ (4.86 

× 105 copies g-1 dry soil) genes in the HPSN treatment was significantly higher than other 
 

biochar treatments and the CKN, while all biochar treatments (except for HPSN) showed 

no significant difference with the CKN (Table 5.7). The abundance of nirS gene in the 

HPSN treatment (4.31× 106 copies g-1 dry soil) was also significantly higher than other 

treatments. The HPN, LPSN and HPSN treatments significantly increased the abundance 

of nirS gene, whereas there was no significant difference between the LPN and the CKN 

treatment (Table 5.7). The application rates of peanut shell biochar had significant 

positive impact on the abundance of AOB, narG, nirS and nosZ, while this was not the 

case in pine biochar treatments. Higher application rate of peanut shell biochar (HPSN) 

significantly increased the abundance of AOB, narG, nirS and nosZ (Table 5.7). 

Additionally, the abundance of nitrate reductase (narG) and nitrite reductase (nirS) genes 
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were higher than nitrous oxide reductase (nosZ) gene in both –N and +N treatments (Table 

5.7). 

Table 5.6 The p values from the two-way ANOVA for the effects of biochar type (B), 

and N fertilization (N) on microbial functional genes (AOA, AOB, narG, nirS and nosZ). 

 

Source factor df AOA AOB narG nirS nosZ 

Biochar (B) 4 0.98ns 0.004** ˂ 0.001*** ˂ 0.001*** 0.04* 

N fertilizer (N) 1 0.48ns ˂ 0.001*** 0.004** ˂ 0.001*** 0.01** 

B × N 4 0.12ns 0.005** ˂ 0.001*** 0.009** 0.05* 

Symbols indicate the P value significance of the term: ***P ˂  0.001, **P < 0.01, *P < 0.05, ns, not significant 

 

5.3.9 Plant biomass, N uptake and soil total C and N 

 

Dry biomass was significantly affected by N fertilization, but not by biochar type 

and their interactions (Table 5.8). Dry matter contents in the +N treatments were 

significantly higher than those in the –N treatments. In the –N treatments, biochar 

amendments increased tall fescue’s dry biomass, but their differences with the control 

(CK) were not significant. In the +N treatments, biochar amendments increased tall 

fescue’s dry biomass, however only pine biochar significantly increased dry matter 

compared with the control (CKN). In addition, application rate had no significant impact 

on dry biomass for both pine and peanut shell biochars in both –N and +N treatments. 

Plants N uptake and N content were significantly influenced by N fertilization, but not 

with biochar type and their interactions. In the –N treatments, biochar amendments 

increased N uptake compared to the control, but they were not statistically significant. In 

the +N treatments, only LPN treatment significantly increased plant N uptake (77.9 kg 

ha-1) compared to the control (CKN). Biochar application rate had no significant impact 

on plant N uptake in both –N and +N treatments. Soil total C and N were significantly (P 



 

 

Chapter 5 
 

Table 5.7 Functional gene abundance (AOA, AOB, narG, nirS and nosZ) (copies per g dry soil) at the 5th sampling time (after 6 months) 

following different biochars’ amendment with (+N) and without N (-N) fertilization. Standard errors are presented in the brackets. Lower 

case letters indicate significant differences between treatments at P < 0.05. Values in bold indicate maximum values in individual gene. 

 

Fertilization Treatment AOA AOB narG nirS nosZ 

 CK 0.95 × 106 (4.9 × 105)a 1.03 × 104  (9.4 × 102)c 2.67 × 106 (7.9 × 105)b 0.70 × 106  (1.5 × 105)d 1.09 × 105 (1.9 × 104)b 

 
LP 2.65 × 106 (8.6 × 105)a 1.32 × 104  (8.0 × 102)c 3.38 × 106 (4.9 × 105)b 1.19 × 106 (2.4 × 105)d 1.40 × 105 (2.7 × 104)b 

-N HP 2.08 × 106  (7.0 × 105)a 4.02 × 104  (1.4 × 104)c 3.70 × 106  (7.6 × 105)b 1.33 × 106  (2.0 × 105)cd 1.46 × 105  (4.5 × 104)b 

 
LPS 2.01 × 106  (5.3 × 105)a 3.03 × 104  (1.2 × 104)c 4.28 × 106  (6.1 × 105)b 1.40 × 106  (3.1 × 105)cd 1.61 × 105  (3.9 × 104)b 

 
HPS 2.97 × 106 (4.9 × 105)a 1.69 × 105  (4.3 × 104)c 6.10× 106   (8.9 × 105)b 1.55 × 106 (7.8 × 104)cd 1.42 × 105 (1.2 × 104)b 

 CKN 4.06 × 106 (2.1 × 106)a 0.17 × 107  (5.9 × 105)bc 3.79 × 106 (1.6 × 105)b 0.84 × 106 (6.1 × 104)d 1.28 × 105 (3.2 × 104)b 

 
LPN 1.93 × 106 (2.8 × 105)a 0.42 × 107  (1.9 × 106)b 5.21 × 106 (4.9 × 105)b 1.48 × 106 (1.1 × 105)cd 2.01 × 105 (4.1 × 104)b 

+N HPN 3.08 × 106 (4.8 × 105)a 0.34 × 107  (8.5 × 105)bc 4.56 × 106 (7.1 × 105)b 2.34 × 106 (6.4 × 105)bc 2.39 × 105 (8.1 × 104)b 

 
LPSN 2.53 × 106 (1.0 × 106)a 0.34× 107  (8.9 × 105)bc 4.64 × 106 (9.9 × 105)b 2.71 × 106 (2.4 × 105)b 1.77 × 105 (1.9 × 104)b 

 
HPSN 1.14 × 106 (2.5 × 106)a 1.16 × 107  (2.7 × 106)a 4.31 × 107 (1.3 × 107)a 4.31 × 106 (7.2 × 105)a 4.86 × 105 (1.6 × 105)a 
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< 0.001) influenced by biochar type, but not by the interactions between biochar type and 

N fertilization. In the –N treatments, all biochar amendments significantly increased soil 

total C content (except LPS treatment), while the treatments with high application rate of 

both pine and peanut shell biochars resulted in higher soil total C contents compared with 

the treatments with low application rate. In the +N treatments, high application rate of 

pine and peanut shell biochars significantly increased soil total C content compared with 

the CKN, while their low application rates showed no significant difference from the 

control (CKN). For the peanut shell biochar, only high application rate significantly 

increased soil total N content compared to CK in the –N treatments, but both application 

rates of peanut shell significantly increased soil total N content compared with the CKN 

in the +N treatments. 

Table 5.8 The p values from two-way ANOVA for the effects of biochar, N fertilization 

and their interactions on soil total C (TC) and N (TN), dry matter of tall fescue and N 

uptake. 

 

Source df Dry matter Plant N N uptake Soil TC Soil TN 

Biochar (B) 4 0.06ns 0.49ns 0.18ns 0.000*** 0.000*** 

N fertilization (N) 1 0.000*** 0.02* 0.000*** 0.19ns 0.04* 

B × N 4 0.45ns 0.71ns 0.38ns 0.56ns 0.43ns 
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Table 5.9 Effect of different biochar types on the dry biomass of tall fescue and N uptake 

in the treatments with or without N fertilization. 

 

 
Fertilization 

 
Treatment 

Dry biomass 

(kg ha-1) 

Plant N 

(g kg-1) 

Plant N 

uptake 

(kg ha-1) 

Soil total 

C (g kg-1) 

Soil total 

N  (g kg-1) 

 CK 2578d 9.9abc 25.3c 5.7c 0.41c 

 LP 2682d 10.0abc 26.7c 11.2b 0.39c 

-N HP 3585d 10.0abc 35.5c 22.8a 0.41c 

 LPS 3084d 9.1c 27.9c 6.7bc 0.44c 

 HPS 2785d 9.8bc 27.7c 19.2a 0.87a 

 CKN 5136c 10.2abc 53.1b 6.0bc 0.43c 

 LPN 6542a 11.9ab 77.9a 10.0bc 0.42c 

+N HPN 6406ab 10.7abc 68.8ab 24.1a 0.50bc 

 LPSN 5998abc 10.5abc 62.5ab 11.2b 0.64b 

 HPSN 5323bc 12.4a 66.1ab 22.1a 0.92a 

 LSD0.05 1155 2.57 17.3 5.27 0.16 

Different letters in a single column indicate significant difference between treatments at P ˂ 0.05 

 
 

5.3.10 Relationships between soil biochemical parameters and the abundance of 

microbial functional genes 

A multiple correlation redundancy analysis (RDA) was performed to examine the 

relationships between soil biochemical variables and microbial functional gene 

abundance. The first two ordination axes (RDA1 and RDA2) explained 97.5% of the 

overall variances in the original dissimilarity matrix (Table 5.10). The plot can be 

explained quantitatively by using the length of arrows to show how much variance is 

explained by each variable, while the same or opposite direction between red and blue 

arrows (biochemical variables and functional gene abundance) indicate the positive or 

negative correlation (the longer arrow, the stronger relationship) between them (Kennedy 

et al., 2004). The longer arrow for soil NH4
+ compared with DOC pointing in 

approximately the same direction as AOA arrow indicated that soil NH4
+ had a significant 
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and positive correlation with AOA, while soil NO3
- was highly and positively correlated 

with AOB (Fig. 5.13). The soil pH was highly and positively correlated with nirS. Soil 

pH and EC were highly and positively correlated with narG and nosZ gene abundance, 

while this was not the case for MBC and TDN concentrations (Fig. 5.13). 

Table 5.10 Eigenvalues and variance decomposition for RDA. 

 
Axes 1 2 3 4 

Eigenvalues 0.934 0.041 0.017 0.006 

Species-environment correlations* 0.986 0.993 0.956 0.987 

Cumulative percentage variance 

of species data 

 

93.4 

 

97.5 

 

99.2 

 

99.9 

Cumulative percentage variance of 

species-environment relation 

 

93.4 

 

97.5 

 

99.2 

 

99.9 

Sum of all eigenvalues 1.000    

Sum of all canonical eigenvalues 1.000    

*Species refer to microbial functional genes and environmental factors refer to biochemical properties 
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Fig. 5.13 Biplot of redundancy analysis (RDA) of the relationships between soil 

biochemical parameters and microbial functional gene abundances. The blue arrows 

indicate different microbial functional groups, while the red arrows and their lengths 

indicate the direction and extent of effects of different biochemical parameters. The first 

two dimensions RDA1 and RDA2 represent the relationship between gene abundances 

and biochemical factors. The RDA1 and RDA2 represent 93.4% and 4.1% of the variation 

for the entire data, respectively. 
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5.3.11 Principal component analysis (PCA) of N2O fluxes, soil biochemical parameters 

and functional gene abundance 

The principal component analysis (PCA) was used to distinguish the effect of 

different treatments on soil biochemical parameters and N2O fluxes and also determine 

the key drivers of N2O fluxes. The first two ordination axes (PC1 and PC2) explained 

97.3% of variance in the original dissimilarity matrix. The HPSN treatment (No. 10) was 

clearly separated from all other treatments along PC1 with high loading values. The HPN 

(No. 8) and LPSN (No. 9) treatments were also in a cluster along PC1 with relatively low 

loading values compared to HPSN, while the rest of other treatments were in a cluster 

along PC2 (Fig. 5.14). These treatments in a same cluster indicate that they have similar 

soil biochemical properties or N2O flux. Soil NO3
-, AOB, narG, nirS, nosZ, N2O 

demonstrated high positive loading values (> 0.70) to PC1, and these five variables 

together contributed 80.8% to PC1 (Table 5.11). Soil EC showed a high positive loading 

value to PC2, contributing 51.8% to PC2. The plot can be interpreted by using the length 

of arrows to show how much variance is explained by the individual variable, while the 

same or opposite direction of arrows representing soil factors and N2O flux indicate the 

positive or negative correlation between them (the longer arrow, the stronger 

relationship). The results showed that the longer arrows for NO3
-, AOB, narG, nirS and 

nosZ with the same direction as N2O fluxes indicated a high and positive correlation 

between these factors and soil N2O fluxes. 
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Fig. 5.14 Ordination plot of principal component analysis (PCA) of loading values of all 

biochemical parameters including N2O flux at 5th sampling time. Numbers in parentheses 

are percentage variance by each principal component (PC). Numbers 1 to 10 were the 

treatments for CK, LP, HP, LPS, HPS, CKN, LPN, HPN, LPSN, and HPSN, respectively. 

See Fig. 5.6 for abbreviations of biochar treatments. 
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Table 5.11 Contributions of all soil variables to PC1 and PC2 based on loading values 

from PCA at 5th sampling time (after initial 6 months). Values in the PC1 and PC2 

columns indicate the percentage of total variances each parameter accounts for. 

 
 

Loading coefficient value Contribution percentage (%) 

Parameters PC1 (92.9%) PC2 (4.4%) PC1 (92.9%) PC2 (4.4%) 

pH 0.51 0.43 4.6 10.8 

EC 0.31 0.94 1.7 51.8 
+ 

NH4 0.37 -0.31 2.5 5.5 
- 

NO3 0.78 -0.21 10.6 2.4 

MBC 0.45 0.16 3.5 1.6 

MBN 0.48 -0.43 4.0 10.8 

DOC 0.10 0.27 0.2 4.2 

TDN* 0.35 0.01 2.1 0.0 

Moist -0.13 -0.14 0.3 1.1 

AOA -0.13 0.07 0.3 0.3 

AOB 0.86 0.06 13.0 0.2 

narG 0.85 0.25 12.6 3.6 

nirS 0.84 0.32 12.2 5.9 

nosZ 0.93 0.17 14.9 1.7 

N2O 0.99 -0.02 17.5 0.1 

Subtotal NA NA 80.8% 51.8% 

*TDN refers to total dissolved nitrogen, NA indicates not applicable. Values in bold indicate high 

coefficients (> 0.70) and percentage of contribution (> 10%). 

 

 
5.4 Discussion 

 

5.4.1 Effect of biochar application on soil physicochemical properties 

 

Changes in soil biogeochemical properties in response to biochar amendments have 

been reported in many studies (Spokas and Reicosky, 2009; Joseph et al., 2010; Singh et 

al., 2010; Van Zwieten et al., 2010b; Lehmann and Joseph, 2012; Cayuela et al., 2013). 

Results from this study showed that the effect of biochar application on soil pH was highly 

dependent upon the biochar feedstock and application rate. The amendment of peanut 

shell biochar led to a greater increase in soil pH compared with the pine biochar treatment, 
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while soil pH increases with an increasing application rate regardless of biochar type 

(Figs. 5.6a, b). This could be attributed to greater ash contents in peanut shell biochar 

than those of pine biochar as indicated by the high EC content (Table 5.1). The average 

increases in soil pH compared to the control were 0.25 (low rate) to 0.82 (high rate) units 

(peanut shell) and 0.12 (low rate) to 0.34 (high rate) units (pine) (Figs. 5.6a, b). These 

results are in accordance with previous studies regarding biochar applications into acidic 

soils (Lehmann et al., 2003; Chan et al., 2007; Luo et al., 2011). It was also found that 

soil moisture content varied with biochar feedstock type and application rate regardless 

of N fertilization (Figs. 5.5a, b). Soil moisture levels in the pine biochar treatments were 

generally higher than in the peanut shell biochar treatments (Figs. 5.5a, b). Also, high 

application rate of biochar led to higher moisture levels in soils. The differences in the 

amount of moisture stored in soils amended with two selected biochars could possibly 

attribute to intrinsic pore size distribution which might greatly affect soil water holding 

capacity. This was similar to the findings of Norak et al. (2012), which examined 

biochars’ impact on soil moisture storage in different soil systems. It was reported by 

Glaser et al. (2002) that soil water retention capacity was 18% greater than adjacent soils 

after biochar applications in the tropical Terra Preta region of Amazonia. Gaskin et al. 

(2007) also reported improvements in soil moisture storage after biochar amendment at 

high rates (88 t ha-1) to a sandy soil. Therefore, impacts of biochar amendment on soil 

moisture varied with biochar type and application rate. 

Ammonium (NH4
+) adsorption and nitrate (NO3

-) retention following biochar 

amendment have been observed in previous field studies (Lehmann et al., 2003; Novak 

et al., 2010; Nelson et al., 2011; Bruun et al., 2012; Haider et al., 2016), laboratory and 

greenhouse studies (Major et al., 2012; Case et al., 2015). However, overall, no significant 
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differences in the dynamics of NH4
+ and NO3

- among the biochar treatments were 

observed in the current field trial, except for limited sampling events (Figs. 5.7a-d). 

Similar results were also observed by Jones et al. (2012) who found, in a 3-year field 

experiment, amendments of wood biochar had no significant impact on the concentration 

of NH4
+ and NO3

- or N mineralization in soil. This non-significant difference could be 

attributed to mineral N leaching or runoff during raining events in the sandy loam soil. 

 
 

5.4.2 Grass yield, N uptake and soil C sequestration 

 

Plant responses to biochar amendment depend on biochar’s physical and chemical 

properties, soil background conditions and climatic conditions (Yamato et al., 2006; 

Gaskin et al., 2010; Van Zwieten et al., 2010a). The findings of this study indicated that 

in the unfertilized regime, the impact of biochar amendments on the grass yield was not 

significant irrespective of feedstock and application rate, whereas amendments of pine 

biochar at both rates (10 t ha-1 and 30 t ha-1) significantly increased grass yield compared 

to the CKN in the presence of N fertilizer (Table 5.9). Haider et al. (2017) also found no 

significant grain yield improvement in a 4-year field experiment which was amended with 

wood (spruce) biochar at the rates of 15 t ha-1 and 30 t ha-1 in the absence of N fertilizer. 

However, Major et al. (2010) reported no change of maize yield in the first year, but 

significant increase in the subsequent three years following a single dose of wood biochar 

at 20t ha-1 in a Colombian savanna Oxisol in the absence of N fertilizer. Thus, it is not 

recommended to apply woody and crop residue biochars alone to infertile soil since they 

had no positive impact on plant productivity. 

In the present study, grass yield was significantly increased by > 25% after 

amendment with pine biochar in combination with N fertilizer (Table 5.9). The significant 
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increase in plant biomass could be attributed to the high water holding capacity of pine 

biochar rather than its nutrient availability. Karer et al. (2013) also found a 10% grain 

yield increment of barley under prolonged drought condition and attributed the positive 

effect to the higher water supply for plant growth with biochar amendment. Theoretically, 

the peanut shell biochar, which had higher inherent N content, was expected to result in 

higher yield in the current grazing grassland compared with pine biochar with low N 

content. However, since peanut shell biochar had a very low water retention capacity, its 

application was not successful in alleviating the drought impact/limitation on plant 

growth in the low rainfall and hot summer season of the investigated region. Hence, soil 

moisture level in peanut shell biochar applied treatments could possibly act as a limiting 

factor for plant growth. 

Biochar has been regarded as a soil amendment due to its beneficial function on N 

cycling processes via reducing N loss and enhancing N mineralization (Clough et al., 

2013). However, limited work has been done regarding the interactions of biochar 

amendment and N fertilization in the presence of growing plants and biochar effect on 

plant N uptake (Güereña et al., 2013; Karer et al., 2013; Sun et al., 2016). It was reported 

that no significant impact on plant N uptake was observed in a maize field following 

biochar additions at the rates of 1 to 30 t ha-1 in combination with 50 or 100% of the local 

recommended N fertilizer level (Güereña et al., 2013). However, in the present study only 

low application rate of pine biochar significantly increased plant N uptake in combination 

with N fertilizer, while none of the applied biochars had significant impact in the 

unfertilized regime (Table 5.9). This suggests that low application rate of pine biochar in 

combination with N fertilizer could present an effective way to improve grass yield and 

N uptake with increasing N use efficiency and reducing N loss. 
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It is well established that application of biochar to soil can be considered as a source 

of C sequestration since biochar is resistant to decomposition (Lehmann et al., 2006). 

This study showed that biochar addition would improve soil total C content and increase 

C sequestration in the soil. The soil C content increased with application rate, but the 

extent varied with biochar feedstock. High application rate of peanut shell biochar 

significantly increased soil total N retention in the both fertilized and unfertilized regimes, 

but pine biochar had no impact on soil total N content by the end of one year field 

experiment, regardless of its application rate (Table 5.9). This could be due to higher N 

content of peanut shell biochar (2.18% N) in comparison with pine biochar (0.09% N). 

However, the increases in soil N retention along with biochars’ application rate did not 

coincide with an increase in plant yield and N uptake. This could be attributed to low 

labile N availability from biochar-amended soil resulting in non-synchronized responses 

in plant yield and N uptake. 

 
 

5.4.3 Links of N2O emission to microbial functional genes and soil biochemical factors 

 

Biochar amendment has been frequently reported to decrease N2O emission from 

soils (Khan et al., 2013; Van Zwieten et al., 2014; Case et al., 2015; Agegnehu et al., 

2016), However, the overall effect of biochars on N2O emission have generated mixed 

results and failed to form a consistent mechanism since the effects varied with biochar 

feedstock type and application rate, soil physiochemical properties and fertilization 

regime (Verhoeven and Six, 2014). Results from this study indicated that for the –N 

treatments cumulative N2O emissions increased with application rate of both pine and 

peanut shell biochars, although only high application rate of pine biochar showed a 

significant increase (Fig. 5.12a). This is in contrast with a few studies which reported that 
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biochar amendments could effectively reduce N2O emission from soils (Van Zwieten et 

al., 2010b; Wang et al., 2011a; Kammann et al., 2012; Khan et al., 2013; Case et al., 

2015). However, most of previous studies were carried out under controlled conditions 

of laboratory incubation or pot trial, which might not be reproducible under field 

conditions. This suggests that the quantity of applied biochars could be the main 

regulating factor of N2O emission in the –N treatments. On the other hand, the high soil 

moisture content from pine biochar applied at high rate (30 t ha-1) could be responsible 

for the significant increase in N2O emissions in the unfertilized regime (Fig. 5.5). It is 

well acknowledged that application of biochar can increase water retention, possibly due 

to porous structure (Quin et al., 2014; Ulyett et al., 2014). Thus, high application rate of 

pine biochar (30 t ha-1) with higher moisture level compared to other treatments could 

enhance the anaerobic condition in soil profile and favour N2O emission via 

denitrification. Since biochar amendments had no positive impact on soil N substrates 

(e.g., NH4
+ and NO3

-) concentration compared with the control, the increasing of soil 

moisture level through improvement in water retention and providing more anaerobic 

conditions in soil microspores could be considered as one of the main regulating factors 

of N2O emissions in the investigated N-deficient environment. However, in the fertilized 

treatments, the N2O emissions from high application rate of pine biochar was no 

significantly different from the CKN treatment, which indicated that there might be some 

other mechanisms involved in regulating N2O emissions in the N-fertilized environments. 

It was reported that certain biochars produced from manure-based feedstocks or 

bio-solids (e.g., poultry and swine manure, sewage sludge) contained high amount of 

bioavailable N, which might contribute to N2O emissions after application to soil (Singh 

et  al.,  2010;  Wang et  al.,  2012b;  Yoo  and  Kang,  2012).  This  study showed higher 



Chapter 5 

185 

 

 

 

cumulative N2O emissions from the peanut biochar (2.18% N) treatments compared with 

pine biochar (0.09% N) and the CKN in the fertilized regime, regardless of application 

rate. This could be related to its intrinsic properties (e.g., higher DOC and NH4
+) with 

large amount of labile C and N substrates in the peanut shell biochars (Table 5.1). This 

suggests that the quality of applied biochars seems to regulate N2O emission throughout 

the experiment. On the other hand, it has been suggested that the formation of N2O is 

essentially mediated by microbial functional groups, and production of N2O in soil has 

been reported to be highly related to the abundance of nitrification and denitrification 

genes (Thomson et al., 2012). Nitrification, the oxidation of ammonium (NH4
+) to nitrate 

(NO3
-), is dominated by ammonia-oxidizing archaea (AOA) and bacteria (AOB) in soil 

profile (Morimoto et al., 2011). These two types of organisms contain the functional 

marker gene amoA which encodes subunit A of ammonia monooxygenase that is 

responsible for the first and rate-limiting step of nitrification process (Prosser and Nicol, 

2008). It was observed in this study that biochar amendments had no significant impact 

on the abundance of AOA, while peanut shell biochar (30 t ha-1) in combination with N 

fertilizer significantly enhanced the abundance of AOB compared to all other treatments 

(Table 5.7). It is suggested that the autotrophic ammonia-oxidizing bacteria (AOB) are a 

significant source of soil-derived N2O emissions (Shaw et al., 2006). Thus, to some 

extent, this increase in N2O emission could contribute to the production of higher N2O as 

a by-product in the first or second stage of nitrification, and the NO3
- substrate for the 

subsequent denitrification process. Likewise, significant increase in the abundance of 

denitrification genes (e.g., narG, nirS and nosZ) was also observed in the HPSN 

treatment, which might facilitate the denitrification process and consequently increase 

N2O emissions (Table 5.7). 
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As observed in this study, narG and nirS genes were approximately 100 and 10 

times more abundant than nosZ in the HPSN treatment, respectively. This suggests that 

the larger abundance of narG and nirS in the HPSN treatment would result in more N2O 

production due to possible incomplete denitrification process, which might counteract the 

scale of N2O reduction caused by nosZ gene, and consequently responsible for the 

increasing N2O emission in the fertilized regime (Table 5.7). Results of the PCA analysis 

for all biochemical factors and microbial functional genes also indicated that AOB, narG, 

and nirS abundance had significant and positive correlation with the N2O fluxes in both 

–N and +N treatments (Fig. 5.14). This further confirmed that microbial functional groups 

(significant increase in the abundance of AOB, narG and nirS) could be responsible for 

the significant increase in N2O emission in the peanut shell biochar treatment (30 t ha-1) 

in the fertilized regime. However, the other biochar treatments had no significant impact 

on cumulative N2O emissions, which is similar to the findings of other studies that 

reported a minimal or no effect of biochar application on the cumulative N2O emissions 

(Castaldi et al., 2011; Scheer et al., 2011; Pereira et al., 2015). Therefore, the roles of 

biochar amendments in controlling soil N2O emission are variable, which could be 

asribled to different responses to microbial gene abundance , and may not consistently 

perform across different biochar feedstock, application rate and fertilization regime. 

 
 

5.5 Conclusions 

 

This study demonstrated that peanut shell biochar applied at high application rate 

(30t ha-1) significantly increased N2O emissions in the presence of N fertilizer, which was 

not recommended to use in the field since it could trigger environmental risks and reduce 

N use efficiency. In the absence of N fertilizer, higher rate of pine biochar showed 



Chapter 5 

187 

 

 

 

significnt increase in N2O emissions while other biochar amended treatments showed no 

significant impact on N2O emissions. Pine biochar amendment, rather than peanut shell 

biochar greatly improved soil water retention, irrespective of application rate and 

fertilization regime. Overall biochar amendments had no significant impact on the 

concentrations of soil NH4
+ and NO3

- , which might be due to N loss via leaching and 

runoff in the sandy loam soil. Peanut shell biochar applied at the high rate of 30 t ha-1 in 

combination with N fertilizer significantly enhanced the abundance of microbial 

functional genes (AOB, narG, nirS and nosZ), while other biochar amended treatments 

had no significant impact on the microbial gene abundance compared with the control. In 

the unfertilized regime, no significant impact on grass yield was observed for biochar 

amendments, whereas low (10 t ha-1) and high application rates (30 t ha-1) of pine biochar 

significantly increased grass yield compared to the control in the presence of N fertilizer. 

This suggested that plant yield and performance in the current experiment was mainly 

limited by soil N content. Only low rate of pine biochar induced significant and positive 

N uptake in combination with N fertilizer, while none of the applied biochars had 

significant impact on N uptake under unfertilized regime. It can be concluded that low 

application rate of pine biochar in combination with N fertilizer can be recommended 

since it can increase water retention, enhance plant biomass and N uptake, and decrease 

N2O emission. 
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6.1 Summary 

 

Nitrous oxide (N2O) emission, one of the three major greenhouse gases, has a global 

warming potential about 310 times that of carbon dioxide (CO2) and is recognised as an 

important ozone depleting compound. Terrestrial N2O emissions have increased from 10 

to 12 Tg N2O-N yr-1 between 1900 and 2000 and may reach 16 Tg N2O-N yr-1 by 2050. 

The atmospheric N2O concentration is increasing annually at the rate of 0.25% and it is 

estimated that 60% of agricultural N2O emissions caused by the intensive use of N 

fertilizers. Hence, suppression of N2O emissions from soils is an important challenge in 

tackling the greenhouse effect and consequently climate change. 

The application of biochar to soil has been suggested as a promising strategy to 

offset N2O emissions since a number of studies showed that biochar addition decreased 

N2O emissions. However, some other studies also showed that biochar amendment might 

increase or have no impact on soil N2O emissions. These conflicting results could be 

attributed to the differences in biochar properties, experimental conditions or soil types 

in these studies. Nitrous oxide is primarily formed in soils through nitrification and 

denitrification processes. Despite changes in soil chemical properties after biochar 

amendment have been documented, little is known about how biochar amendments 

modify soil biochemical properties, and then further affect microbial levels (e.g., 

microbial functional gene abundance). In addition, the links of soil biochemical properties 

and microbial gene abundance to N2O emission in biochar-amended soils remained 
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inclusive. In this PhD thesis, three main experiments (60-day laboratory incubation, three 

months pot trial and one year field trial) have been carried out to elucidate the chemical 

and molecular processes/mechanisms responsible for N2O emission from biochar- 

amended soils. The findings of the three result chapters (3, 4, and 5) are summarised and 

discussed below: 

Firstly, the laboratory incubation study (Chapter 3) was designed to investigate the 

effects of different types of biochar on the N dynamics and N2O emissions in two 

contrasting soils (Ferrosol and Tenosol). Denitrification is regarded as the principal 

pathway of N2O emissions, particularly when water filled pore space (WFPS) exceeds 

60%. It has also been shown that the denitrification process is regulated by the 

stoichiometric ratio of organic C to nitrate in aquatic systems. However, little work has 

been done on the stoichiometric control (e.g., the ratio of dissolved organic C to nitrate, 

namely DOC:NO3
-) of denitrification in the soil system, and the effect of this 

stoichiometric ratio on N2O emissions from soil is largely unknown. The findings of this 

study showed that the greater concentrations of NH4
+ were observed in the acidic biochar 

(eucalyptus) treatment compared with the control and alkaline biochar treatments in both 

soils, while all biochar treatments had lower concentrations of soil NO3
- compared with 

the control in both soils. This indicates that biochars with high C:N ratios may inhibit 

denitrifying activity through microbial N immobilization. However, the acidic biochar 

with abundant oxygen-containing functional groups might have large adsorption capacity 

of NH4
+ via inhibiting NH3 volatilization, thereby leading to higher concentrations of soil 

NH4
+. The results also showed that all biochar treatments significantly reduced N2O 

emissions in Tenosol by 61–72%. However, in Ferrosol, biochars’ impacts on N2O 

emissions  were variable,  with  only peanut  shell, green waste and radiata pine bicohars 
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significantly reducing N2O emissions by 17–23%. This suggests that the application of 

the same biochar to different soils might have distinctive effects on N2O emissions. 

Concetrations of NO3
- and DOC have been used as indexes of C and N availability in both 

aquatic and terrestrial ecosystems. Results suggested that the N2O fluxes in Ferrosol were 

mainly regulated by the shifts in the availability and stoichiometry of DOC and NO3
- 

induced by the biochar amendments. However, in Tenosol, the relationship between 

stoichiometry of DOC:NO3
- and N2O fluxes was much weaker than Ferrosol and N2O 

fluxes were mainly limited by NO3
- availability. Overall, this study demonstrates that the 

mechanisms responsible for biochars’ effect on soil N2O emissions are considered to be 

soil and biochar specific. 

Secondly, the pot trial study (Chapter 4) was conducted to examine the impact of 

thermo-sequence woody biochars with (+N) and without N (-N) fertilization on soil N2O 

emissions in a sandy loam soil. Several studies have examined the impact of biochar, 

derived from relatively low pyrolysis temperature (< 600oC), on N availability and N2O 

emission. However, the effect of thermo-sequence biochars produced at higher 

temperatures (between 600 and 950oC) on N2O emissions has rarely been studied. Results 

showed that all of investigated biochars with high pyrolysis temperature significantly 

reduced N2O emission in both unfertilized and fertilized regimes. The magnitude of N2O 

reduction in the presence of N fertilizer (75-85%) was greatly higher than those in the 

absence of N fertilizer (33-45%). However, the impacts of biochar amendment on the 

magnitude of N2O reduction were not significant among the thermo-sequence biochar 

treatments in both –N and +N treatments. This indicates that woody biochars with high 

pyrolysis temperature would be able to offset N2O emission in biochar-amended soils 

regardless of N fertilization, whereas there was no significant difference in the extent of 
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N2O reduction among these thermo-sequence biochars. Overall, biochar amendments 

significantly decreased the concentration of soil NH4
+. Lower levels of soil NO3

- in 

biochar-amended treatments were observed at the later stage of experiment, suggesting 

that the application of woody biochars produced at high pyrolysis temperature could limit 

soil mineral N availability and would further affect plant growth in the soil-plant system. 

In the absence of N fertilizer, the impact of thermo-sequence biochars on soil NH4 

concentration was not significant, while in the presence of N fertilizer, the application of 

pine biochar produced at 600oC showed significantly higher NH4
+ concentration than 

other biochar treatments. In both –N and +N treatments, soil NO3
- in the treatments of 

pine biochars produced at 700oC and 950oC was significantly higher than other biochar 

treatments. This suggests that thermo-sequence biochars have a significant impact on the 

availability of soil NO3
-. Results also showed that in the absence of N fertilizer, biochar 

amendments significantly reduced plant biomass and N uptake, while in the presence of 

N fertilizer, significant increases in plant biomass and N uptake were only observed in 

the treatment of pine biochar produced at 700oC. This suggests that effects of high 

thermo-sequence biochars on plant growth and N uptake are mainly dependent upon soil 

N availability. It is recommended to apply the biochar produced at 700oC with N fertilizer, 

which can improve plant growth and N uptake. Additionally, biochar amendments 

increased nosZ gene abundance in both –N and +N treatments although a significant 

difference was only observed from biochar produced at 950oC in combination with N 

fertilizer. It can be concluded that wood biochar produced at high temperatures (≥ 600oC) 

should be able to mitigate N2O emission, but thermo-sequence’s effect is minimal, while 

the increase in the nosZ gene abundance and lower NH4
+ and NO3

- concentrations from 

biochar-treated soil are likely to be responsible for the reduction of N2O emission. 
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Thirdly, a one-year field study was carried out to investigate the combined effect of 

biochar feedstock (pine chip and peanut shell) and application rates (low rate: 10 t ha-1 

and high rate: 30 t ha-1) under the conditions with (+N) and without N (-N) fertilization 

on soil biochemical properties, plant growth and N uptake, microbial N-cycling gene 

abundance and N2O emissions. Results showed that amendment of pine biochar (30 t ha- 

1) in –N condition and peanut shell biochar (30 t ha-1) in +N condition significantly (P < 
 

0.05) increased cumulative soil N2O emissions, whereas other biochar-amended 

treatments showed no significant (P > 0.05) impact on the cumulative N2O emissions. 

This suggests that the impacts of biochar amendments on N2O emissions vary with 

biochar feedstock, application rate and N fertilization. The findings of this study showed 

very low cumulative NH3 volatilization after the first N fertilization, thus N loss through 

NH3 volatilization was negligible throughout the entire experiment. Overall, biochar 

amendments had no significant impact on the dynamics of soil NH4
+ and NO3

-
 

concentrations in both –N and +N treatments irrespective of biochar feedstock and 

application rate, although there were some fluctuations over certain sampling events. The 

findings of this field trial was different from the laboratory incubation and the pot trial. 

Both incubation and pot experiments showed that biochar amendments lowered the 

concentration of soil mineral N (NH4
+ and NO3

-) except acidic biochar, due to high C:N 

ratios of biochars, resulting in N immobilization. However, in the scenario of field trial, 

no significant difference in mineral N between biochar treatments and control could be 

due to N loss via leaching or runoff over different seasons. In the unfertilized regime, all 

biochar amendments showed no significant impact on grass yield and N uptake compared 

with the control regardless of feedstock type and application rate. However, in the 

fertilized regime, both low (10 t ha-1) and high (30 t ha-1) application rates of pine biochar 

significantly increased grass yield, but only pine biochar (10 t ha-1) induced significant 
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and positive plant N uptake compared to the control. In addition, biochar application rate 

had no significant impact on both dry biomass and N uptake between biochar amendments 

in both –N and +N regimes. This suggests that low application rate of pine biochar in 

combination with N fertilizer is highly recommended for field applications since it can 

increase soil pH and moisture content, plant yield and N uptake, and reduce N2O 

emissions. Peanut shell biochar applied at the rate of 30 t ha-1 in combination with N 

fertilizer significantly enhanced the abundance of microbial functional genes (AOB, 

narG, nirS and nosZ). The increase in the abundance of AOB gene could contribute to 

the production of higher N2O as a by-product in the first or second stage of nitrification, 

and the NO3
- substrate for the subsequent denitrification process. The abundance of narG 

and nirS genes were approximately 100 and 10 times more abundant than nosZ in the +N 

peanut shell biochar treatment (30 t ha-1), which would result in more N2O production 

due to possible incomplete denitrification process and might counteract the scale of N2O 

reduction caused by nosZ gene. Hence, larger abundance of narG and nirS genes over 

nosZ as well as increases in abundance of AOB gene, are likely to be responsible for the 

significant increase in N2O emission in the fertilized regime. 

To sum up, results from a combination of laboratory incubation, pot trial and field 

trial have demonstrated that effects of biochar amendments on soil N2O emission greatly 

depend on soil type, biochar type, N availability (fertilization) and biochar application 

rate. The mechanisms responsible for soil N2O emission following biochar application 

are believed to be involved at multiple levels, and are highly soil and biochar specific. 

Stoichiometric ratio of DOC to NO3
-, lower concentrations of NH4

+ and NO3
- and the 

increase in the abundance of nosZ gene could be the main drivers for the decreased N2O 

emissions  in  biochar-amended  soils.  High  bioavailable  N  substrates  derived  from 
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biochars, increases in water retention and increases in the abundance of nitrification (e.g., 

AOB) and denitrification (e.g., narG and nirS greater than nosZ) genes could possibly 

result in increased N2O emissions from biochar-amended soils. 

 
 

6.2 Conclusions 

 

The major conclusions from this study are shown as follows: 

 

1) Application of biochars significantly modified soil biochemical properties and 

N2O emissions, but their effects varied with soil type, biochar feedstock type, pyrolysis 

conditions and sampling time (Chapters 3, 4 and 5). Different sources of biochar may 

modify the availability of C and N, leading to the shift in stoichiometry of C and N, and 

then changes in N2O emission (Chapter 3). Wood biochar produced at high pyrolysis 

temperature significantly decreased soil N2O emissions in the sandy loam soil (Chapter 

4). However, the extent of N2O reduction among the amendments of thermo-sequence 

biochars was not significant (Chapter 4). Biochars derived from two contrasting 

feedstocks (wood and crop residue) behaved differently in the field. High application rate 

of crop residue biochar (peanut shell) significantly increased N2O emission in 

combination with N fertilizer (Chapter 5). 

2) In a controlled environment with constant moisture content and temperature 

(incubation and pot trial), biochar amendments had significant impacts on the availability 

of mineral N as a result of lower concentrations of soil NH4
+ and NO3

-. However, in the 

field condition biochar amendments had minimal impact on the availability of mineral N 

regardless of biochar feedstock type and application rate (Chapters 3, 4 and 5). This 
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suggests that N loss might occur via leaching or runoff since ammonia volatilization was 

negligible in the investigated acidic sandy loam soil. 

3) N fertilization significantly influenced plant biomass and N uptake in N-limited 

soil. Single application of woody or crop residue biochars to low N soil, had negative or 

no impact on plant biomass and N uptake in the unfertilized regime, irrespective of 

biochar feedstock type, pyrolysis temperature and application rate (Chapters 4 and 5). 

However, in the fertilized regime, biochar amendments had positive or no impact on plant 

biomass and N uptake, but varied with biochar feedstock type and pyrolysis temperature 

rather than application rate (Chapters 4 and 5). Therefore, it is not recommended to apply 

woody or crop residue biochars to N-limited soil alone as N immobilization would result 

in negative impact on plant growth and N uptake, but application of these biochars in 

combination with N fertilizer is highly recommended as it would improve plant growth. 

4) Biochar amendments did not significantly affect soil microbial gene abundance 

(AOA, AOB, narG, nirS and nosZ) involved in nitrification and denitrification processes, 

compared with the control under N-limited condition, regardless of feedstock type, 

pyrolysis temperature and application rate (Chapters 4 and 5). However, under non-N 

limited condition, biochar amendments significantly modified the abundance AOB, narG 

and nosZ, and these effects varied with feedstock type, pyrolysis temperature and 

application rate (Chapters 4 and 5). 

 
 

6.3 Future work 

 

This PhD work has provided important information about the effects of biochar 

amendment  (different  feedstock,  pyrolysis  temperature,  application  rate)  on  soil 
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biogeochemical properties and N2O emissions, and improved the understanding of 

chemical and molecular processes/ mechanisms regulating N2O emissions in biochar- 

amended soils. However, further intensive studies are required to have a better 

understanding of the mechanisms driving changes in soil N cycle, including abiotic and 

biotic levels, thereby influencing soil N2O emission after application of biochar. There is 

a particular need for future investigation in the following areas: 

1) The techniques of 13C Nuclear Magnetic Resonance spectroscopy (NMR) and 

Fourier-transform infrared (FTIR) spectroscopy can be used to determine the chemical 

structure and composition of biochar, which can provide important information about 

biochar’s inherent functional groups, surface functionality and structural composition. 

Future work using 13C NMR is required to gain a better understanding of how different 

biochars behave in the soil-plant system and affect soil N2O emissions. 

2) Long-term field trials examining the effects of biochar on N2O emission in the 

intensively managed and fertile agricultural soils are highly required to provide 

comprehensive understanding of biochar-plant-soil interactions, and evaluate the full 

agronomic value, impacts and environmental risks of biochar addition to soils in relation 

to N2O emissions. 

3) Real-time polymerase chain reaction (q-PCR) method has been carried out to 

examine the roles of biochar amendment in affecting microbial functional gene 

abundance involved in soil nitrification and denitrification processes, and provide insights 

into molecular mechanism on N2O emissions. However, biochar functionality in relation 

to soil microbial gene expression and diversity is largely unknown. Hence, the potential 

role of biochar in altering diversity of microbial functional genes involved in N cycling 
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using micro-array and gene chips technologies is needed to investigate in-depth microbial 

mechanisms of biochar-induced changes in N2O emissions in the future study. 

4) Biochars contain certain amount of N, particularly for manure-based biochar, 

which might greatly contribute to soil N availability and further affect soil N2O emission. 

Further work is required to produce manure-based biochars or produce 15N-labelled 

biochar and investigate the impact of N derived from these biochars on soil N dynamics, 

which could provide robust or direct evidence to better understand the roles of biochar in 

regulating soil N2O emission. 

5) Previous studies have been suggested that biochar might act as electron shuttle 

with facilitating the transfer of electrons to soil denitrifying microorganisms, which 

would promote the reduction of N2O to N2. Thus, the use of electrochemical analysis to 

characterize the redox properties of biochar is required to quantify the changes in electron 

accepting and donating capacities, and assess the electron transfer from soil-biochar 

system. This will provide valuable information to aid the understanding of mechanisms 

responsible for N2O emission from biochar-amended soils. 


