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  Abstract 

Increasing global population is magnifying demand for raw resources from mining, 

with the resulting mine soil overburden low in the carbon (C) and nitrogen (N) 

necessary for plant rehabilitation. Unabated growth in anthropogenic carbon dioxide 

(CO2) emissions is changing plant and spoil C and N cycles. The full extent of these 

changes is unknown, adding further complexity to mine spoil rehabilitation. Biochar is 

a promising soil rehabilitation product, with a stable aromatic structure derived from 

the anoxic pyrolysis of organic matter. This study aimed to investigate the C and N 

pools in mine soil, and plant physiological response to the use of biochar produced at 

different temperatures under elevated and ambient atmospheric CO2. An experiment 

was established in four biochambers, with controlled temperature, CO2 and UV, in the 

University of Western Sydney. Five species of plants were grown in mine spoil pots 

treated with three types of pinewood biochar, slow pyrolised at 650 oC, 750 oC, and 

850 oC respectively, with CO2 concentrations at 400 ppm and 700 ppm. Plant foliar, 

stem, and root samples and soil samples were collected and analysed for total C (TC), 

total N (TN), C isotope composition (δ13C) and N isotope composition (δ15N) plant 

biomass and soil moisture. The results showed that elevated CO2 resulted in the 

further depletion of δ13C, with the 700 ppm CO2 reducing foliar δ13C compared to the 

400 ppm CO2 treatments, at -36.8‰ and -30.9‰ respectively. Elevated CO2 also 

created a CO2 fertilisation effect, with the 700 ppm CO2 increasing plant foliar TC 

compared to the 400 ppm CO2 treatment, at 1.35 g and 1.05 g respectively. Evidently, 

elevated CO2 increased plant water use efficiency (WUE) and plant photosynthesis. 

Biochar amendment to the mine soil significantly increased soil moisture, plant 

biomass, and further depleted plant δ13C and δ15N. The biochar treatment significantly 

increased soil moisture and reduced plant δ13C which, in combination, provides strong 

evidence for the ability of biochar to increase the water holding capacity of soil, and 

water bioavailability to plants. Reduced δ15N provides evidence that biochar 

amendment increased the availability of N sources with a depleted 15N value in the soil 

with significant N limitation. Complementing the growing literature on the benefits of 

biochar, these results showed that the amendment of soil with biochar was able to 

increase plant growth success in a poor C and N environment, reducing the leaching of 

soil N and increasing the bioaccumulation of soil C and N compared to the soil without 

the biochar treatment.  
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Introduction 

1. Background  

Growing demand for mineral resources is now combined with an improved awareness 

of the environmental footprint of mining. Stringent environmental conditions on mine 

operators require mine-sites to be rehabilitated to, or better than, the condition prior 

to operation (Fisher 2010). At the Glencore Mt. Owen Coal Mine, the operators have 

elected to rehabilitate the entire 960 ha area to forest or woodland. Where top-soil is 

not of suitable quality or not available, highly infertile mine-spoil needs to be 

rehabilitated to a level that supports plant growth (Fisher 2010). Bioavailable soil 

carbon (C) and nitrogen (N) are important for soil fertility and plant growth. Healthy 

cycles of plant-soil C and N provide effective indicators of overall soil fertility and were 

the focus of this study. Mine site rehabilitation may face greater challenges in the 

future due to rising atmospheric carbon dioxide (CO2) and prolonged droughts (CSIRO 

2014). CSIRO models show a drying trend in the east of Australia driven by elevated 

atmospheric CO2 forced climate change (CSIRO 2014). Reduced soil moisture will 

further exacerbate current barriers to mine spoil rehabilitation.  

The controlled, anoxic pyrolysis of organic feedstock creates biochar. Biochar is a C 

rich, highly porous product that resists biological breakdown (Lehmann et al. 2011). 

The type of organic feedstock and pyrolysis conditions, such as temperature and 

residence time, can change the physical and chemical characteristics of the biochar. 

Research indicates that biochar effectively improves soil water retention capacity, 

reduces leaching of soil C and N and improves spoil biochemical characteristics due to 

improved pH and cation exchange capacity (CEC) (Hungate et al. 2003; Jeffery et al. 

2011; Lehmann et al. 2011). These improvements may increase plant biomass through 

contributing to spoil C and N sources and overall spoil fertility (Hungate et al. 2003). 

Changes in the biochar feedstock and pyrolysis process may alter the effectiveness of 

biochar in rehabilitating mine spoil C and N cycles (Jeffery et al. 2011). This experiment 

aimed to examine the effect of biochar produced at three temperatures on C and N 

cycling to rehabilitate mine spoil with five plant species under elevated CO2. The five 

plant species were of local provenance, and were comprised of two biological nitrogen 

fixing (BNF) plants, two non-N-fixing grasses, and a non-N-fixing tree species. The 
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selection of BNF species was to determine the potential for biochar to improve BNF 

and plant growth as well as spoil N rehabilitation. Grass species are popular in a mining 

context due to their rapid rate of colonization, reducing erosion and increasing spoil 

organic matter.  

Measuring the capacity of biochar and native plant species to interact and improve soil 

C and N under elevated CO2 is novel, and will have applications beyond mining. 

Additionally, analysis of pinewood as a biochar feedstock, and the effect of varying 

pyrolysis temperatures on spoil rehabilitation will expand the index of tested biochar 

types and applications. This research is in partnership with the University of Western 

Sydney, with biochar provided by the University of Western Australia. 

Literature Review 

2. Plant and Spoil C and N Cycles 

2.1.  Importance of Plant and Spoil C and N 

Spoil C and N are essential for plant growth, providing an important indicator of overall 

spoil fertility (Bai et al. 2016; Haney et al. 2012). Plants condition spoil, increase 

aeration, and provide a source of spoil C and N via decomposing organic matter as well 

as a habitat for rhizobial symbionts and other microorganisms and invertebrates 

(Fisher 2010). The presence of spoil organic matter (SOM) provides a food source for 

microorganisms via spoil labile C. SOM is decomposed into humus via humification, 

which increases spoil CEC, in turn mineralizing and retaining spoil N (Wolfanger 1967). 

Organic forms of N are mineralized into ammonium (NH4
+) via ammonification, and 

nitrate (NO3
-) via nitrification (Wolfanger 1967). Mineralization is dependent on 

substrate availability, spoil aeration, near neutral spoil pH and approximately 60% spoil 

moisture (Wagner 2011). Other plant mineral nutrients are also released, such as 

phosphorous (P) and Sulfur (S) (Wolfanger 1967). Both NO3
- and NH4

+ are utilized by 

plants in the creation of amino acids, the precursor of proteins as well as nucleic acid, 

contributing to DNA synthesis (Wolfanger 1967). Additionally, NO3
- and NH4

+ are 

essential for chlorophyll synthesis and the proteins that form the chlorophyll-protein 

complex (Wagner 2011). Proteins in the form of enzymes are also essential for 

photosynthesis (Wolfanger 1967). Through photosynthesis, CO2 is assimilated via the 
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RuBisCo enzyme, as well as enzymes that oxidise H2O and provide chemical energy in 

the form of ATP via ATP synthase in the cytochrome (Wolfanger 1967). Plant 

bioavailable spoil C and N are therefore dependent on a number of processes that are 

not present within mine spoil, with N availability being especially limited. 

2.2.  Contributing Sources of Spoil N  

The N is made available via four main processes, 1) lightning oxidizes atmospheric N 

which is deposited via rain, 2) biological N fixation (BNF) via symbiotic prokaryotes 

with leguminous plants, 3) decomposition and release of N from organic matter, or 4) 

the addition of NO3
-/NH4

+ via manure or fertilizers created in the Haber-Bosch process 

(Bond et al. 2002; Wolfanger 1967).  BNF is one of the greatest sources of terrestrial N. 

Symbiotic prokaryotes such as Bradyrhizobium or the more common Rhizobia utilize 

the enzyme nitrogenase to convert atmospheric N (N2) into plant-available ammonia 

(NH3) (Wagner 2011). The symbiotic N-fixing prokaryotes either freely exist in the spoil 

or are introduced via inoculation (Wagner 2011). Symbiotic prokaryotes, known as 

rhizobia, are attracted to plant roots that release specific flavonoids (Wagner 2011). 

Rhizobia penetrate the root ‘hairs’, forming a nodule known as a bacteroid that is 

entirely dependent on the host plant for energy (Wagner 2011). BNF is a highly energy 

intensive process requiring 16 molecules of ATP to split two N atoms (N2) joined by a 

triple covalent bond (Hubbell and Kidder 2009). Symbiotic bacteria obtain ATP via the 

host plants rhizospheres. Nitrogenase splits N2 and attaches three H atoms (protons) 

to each N atom (Hubbell and Kidder 2009). Not all leguminous nodules are effective at 

fixing N2. Removal and dissection can indicate effectiveness, with successful nodules 

greater than 2mm and pink-red interior and unsuccessful nodules having whiter 

interiors with smaller size (Wagner 2011).  

The N is essential for developing proteins and enzymes for photosynthesis, ensuring 

that N rich plants have greater photosynthetic capacity (Wagner 2011). The 

decomposition of plant litter provides a primary source of spoil N in an organic form, 

which is then mineralized by spoil microorganisms (Wagner 2011) (Fig. 2.2). Organic N 

(R-NH2) is mineralized by various microbes into ammonia (NH3) and then ammonium 

(NH4
+) (Dempster et al. 2012a; Robinson 2001; Wolfanger 1967). Microorganisms then 

convert NH4
+ into highly leachable nitrite (NO2

-), and nitrate (NO3
-) via nitrification 
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(Wagner 2011; Wolfanger 1967) (Fig. 2.2). Inorganic forms of N such as NH3 or NO3
- 

can be lost via leaching or volatilization (Handley et al. 1999). A rapid increase in N 

mineralization may result in considerable N leaching (Handley et al. 1999). Spoil pH, 

spoil type, organic matter composition, as well as spoil moisture and temperature all 

determine spoil N dynamics and availability (Craine et al. 2015).    

 

Figure 2.2: Diagram of C and N Cycles in Spoil-Plant Systems    Source: 
author 

 

3. Understanding Mine Site Rehabilitation 

3.1. Characteristics of Coal Mine Spoil 

Mine spoil is mostly bedrock, sometimes containing rock-derived minerals such as 

phosphorous (P), magnesium (Mg), calcium (Ca) and potassium (K) (Vitousek et al. 

2013). However, it is a “newly created primary substrate” which has not been exposed 

to weathering and biological breakdown processes to form spoil, releasing bioavailable 

minerals nutrients (Fisher 2010). Coarse particle size, bulk density, surface armoring, 

unusual pH, low organic matter and toxic element concentrations are common 

characteristics of mine spoil (Rufaut and Craw 2009). The variability of these 

characteristics is highly dependent on the specific geochemical conditions of each 

region. In the area of interest, pH variation in the Hunter Valley of NSW ranges from 9 
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to as low as 2.5 depending on sulphide content (Fisher 2010). The Mt. Owen coal mine 

spoil bedrock is comprised of sandstone and mudstone with very low nutrient content 

(Fisher 2010). Prior to excavation, bedrock is void of spoil microbes responsible for the 

cycling and breakdown of minerals (Fisher 2010). Coal rich substrates can have low 

concentrations of N, which may be broken down and released (Rufaut and Craw 2009). 

Analysis of mine spoil used in this experiment from the Mt. Owen rehabilitation site 

showed almost undetectable levels of total N (TN) and total C (TC). 

Coal mine spoil can also contain waste by-products and contaminants that change the 

chemical characteristics of the spoil. Chitter is a by-product derived from the floatation 

and washing of coal which consists of the rock and substandard coal found adjacent to 

coal seams (Johnson 2003). Chitter is highly saline and sulfurous in the form of pyrite 

and iron sulfides (Johnson 2003; Rufaut and Craw 2009). Elevated boron content in 

coal waste rock is also common and can reach biologically toxic levels (Rufaut and 

Craw 2009). The excavation, oxygenation and poor-management of mine spoil can 

accelerate the weathering of present minerals and toxic elements, exacerbating 

geochemical extremes (Longhurst et al. 1999). High levels of erosion, nutrient runoff 

and accumulation of bioavailable toxic elements are common features of stored mine 

spoil under current management practices (Fisher 2010). As a growth medium, mine 

spoil is considered biologically barren and unsuitable for plant growth without 

considerable management (Johnson and Novak 2016). 

3.2. Established C and N Rehabilitation Methods 

The re-introduction of naturally existing vegetation types is a primary objective of 

rehabilitating disturbed mining environments (Fisher 2010; Sinha et al. 2007). Removal 

and storage of top-soil from the mined areas have become one of the most common 

methods of rehabilitation (Fisher 2010; Mulligan et al. 2006). Depending on the 

previous land use activity, top-soil may have an important seed-bank with established 

levels of C and N, as well as soil microbial diversity and N fixing rhizobial strains (Fisher 

2010). However, top-soil of appropriate quality is not always available, and alternative 

sources of top-soil are often uneconomic (Fisher 2010; Sinha et al. 2007). Plant 

germination and growth in mine spoil are limited by low bioavailable C and N (Rufaut 

and Craw 2009). Therefore, C and N levels provide an important indicator of overall 
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rehabilitation success (Cardoso et al. 2013; Fisher 2010). Targeted C and N levels 

should be determined by the type of vegetation to be re-established. Typical of much 

of Australia, the soils of Mt. Owen are naturally low in N (Fisher 2010). Traditional 

methods to rehabilitate mine spoil C and N cycles commonly utilize synthetic fertilizers 

(Fisher 2010). This process is simple, however it is inefficient and expensive long-term 

(Fisher 2010; Mercuri et al. 2006). Fertilizer application is also subjected to high 

nutrient leaching depending on spoil structure, organic content and rainfall (Mercuri et 

al. 2006). Mineral N-rich fertilizer runoff increases the risk of eutrophication of nearby 

waterways and spoil denitrification (Fisher 2010; Mercuri et al. 2006). Soil acidification 

may limit plant growth and germination (Crews and Peoples 2005). Rainfall combined 

with poor soil drainage and N fertilizer risks dentrification, forcing microorganisms to 

consume oxygen from NO3
- (Saarnio et al. 2013). In acidic substrates, the application of 

lime improves soil pH, N mineralization and bioavailability (Longhurst et al. 1999; 

Rondon et al. 2007). The application of lime is a temporary solution as it is highly 

leachable, and needs to be regularly applied (Longhurst et al. 1999). Application of 

lime to plant rhizosphere is also problematic, affecting roots ability to absorb nutrients 

(Longhurst et al. 1999). Therefore, the need to seek alternatives to current mine spoil 

rehabilitation practices exists. 

4. Climate Change and Mine Rehabilitation  

Rehabilitation of mine spoil to successfully support plant growth can be a difficult 

process. Chosen methods can be more effective if the full magnitude of barriers are 

understood. Climate change factors, which include increased CO2 and prolonged 

droughts, may add considerable uncertainty to plant establishment at mine sites with 

such poor spoil condition. The potential impacts need to be considered to ensure the 

long-term success of mine-site rehabilitation programs. The IPCC’s Fifth Assessment 

Report re-iterated the global scientific consensus that the climate is warming as a 

result of human activities (IPCC 2014). At 395 ppm in 2013, global CO2 emissions have 

now exceeded a tipping point with a 2 oC increase in the global climate system now 

considered unavoidable (CSIRO 2014; IPCC 2014). Based on intermediate models, by 

2100 it is likely that the global atmosphere will warm between 2 and 4oC with a 

doubling of pre-industrial CO2 levels (IPCC 2014). Increased global temperature and 

extreme events, as well as greater variability in weather patterns are predicted (CSIRO 
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2014; IPCC 2014). Australian rainfall patterns are naturally highly variable, however, 

discernible trends in response to global warming have been identified since the 1990’s 

(CSIRO 2014). While rainfall in the tropics has increased, much of the Australia has 

experienced below average rainfall especially during the annual dry period (CSIRO 

2014). This trend of drought intensification is set to continue (CSIRO 2014). Further 

intensified variability in precipitation will likely increase spoil moisture extremes with 

longer periods of drought between intensifying rainfall events (CSIRO 2014; IPCC 

2014). The combination of increased temperature and CO2 levels, as well as significant 

changes in rainfall patterns will have implications for soil water retention, plant 

germination and growth, as well as C and N cycling in rehabilitating mine spoils.  

5. Elevated CO2 Influencing Plant C and N 

5.1 Photosynthetic Response to Elevated CO2 

Plant photosynthetic capacity is driven by atmospheric CO2, water availability and spoil 

C and N, and moderated by temperature (de Graaff et al. 2006). Free Air CO2 

Enrichment (FACE) experiments show that elevated atmospheric CO2 can stimulate 

photosynthesis significantly, creating a CO2 fertilisation effect (Leakey et al. 2009; Long 

et al. 2004; Wand et al. 1999). However, the extent that CO2 influences plant 

physiology varies between plant species, especially between C3 and C4 pathway plants 

(Wand et al. 1999).The C fixation in C3 plant photosynthesis is catalysed by ribulose-

bisphosphate carboxylase/oxygenase (RuBisCo), producing a three C molecule chain 

(Ehleringer et al. 1991). This C3 carboxylation process is inefficient, with RuBisCo 

catalysing the oxygenation of RubP, eventuating in the re-release of CO2 in 

photorespiration (Ehleringer et al. 1991). The CO2 sequestration in C4 plants is more 

efficient, sequestering CO2 in mesophyll cells by pyruvate carboxylase (PEP 

carboxylase) (Ehleringer et al. 1991). This process creates a four C organic acid which is 

decarboxylated in chloroplasts, delivering a CO2 concentration 10-20 fold higher than 

the C3 pathway and ensuring photorespiration is negligible in C4 plants (Ehleringer et 

al. 1991). Elevated CO2 driven biomass growth may reach a limit, due to RubP 

regeneration capacity and RuBisCo adaptation (Leakey et al. 2009; Long et al. 2004). 

The increased photosynthetic efficiency of C4 plants ensures CO2 saturation at ambient 

atmospheric CO2 concentrations (Wand et al. 1999). Elevated CO2 is therefore able to 
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trigger a CO2 fertilisation effect in C3 pathway plants, however this effect will be 

limited by the point of RuBisCo adaptation, spoil N and other micronutrient availability, 

and water availability. Elevated CO2 therefore has important ramifications for the 

phyto-rehabilitation of mine spoil, and the selection process for suitable plant species.  

5.2 CO2 Effects on PNUE and WUE 

Free Air CO2 Enrichment (FACE) experiments show that elevated atmospheric CO2 

concentration stimulates plant and leaf photosynthetic N use efficiency (PNUE) and 

water use efficiency (WUE) in both C3 and C4 pathway plants (Leakey et al. 2009; Long 

et al. 2004; Wand et al. 1999). The increased photosynthetic capacity improves PNUE 

in C3 plants, with RuBisCo activity downgrading once adapted to elevated CO2 (Leakey 

et al. 2009). RuBisCo is an enzyme that requires N for synthesis (Vitousek et al. 2013). 

Reduced RuBisCo activity decreases overall plant N demand per unit of photosynthesis 

(Leakey et al. 2009; Long et al. 2004). PNUE is the measurement of one unit of CO2 

assimilated per unit of leaf N (Leakey et al. 2009). Acclimatisation to elevated CO2 

reduces the maximum carboxylation rate of RuBisCo and maximum electron transport 

rate (Leakey et al. 2009). In carboxylation, RuBisCo attaches CO2 to a six C chain RubP 

molecule, becoming highly unstable and transferring into glyceraldehyde 3-phosphate 

(G3P) (Long et al. 2004). Despite downgraded carboxylation rates of RuBisCo and RubP 

regeneration rates, elevated CO2 at levels predicted for mid-21st century stimulated C3 

photosynthesis by 19-46% (Leakey et al. 2009). This acclimatization increases plant 

PNUE efficiency, with more CO2 assimilated per unit leaf N (Leakey et al. 2009). 

Importantly, C3 plant photosynthesis has a ‘response limit’ to elevated CO2, whereby 

plants reach a CO2 saturation point (Moore et al. 1999). C4 photosynthesis does not 

directly show increased capacity under elevated CO2, due to CO2 saturation at already 

ambient levels (Leakey et al. 2009; Wand et al. 1999). However improved stomatal 

efficiency and plant WUE under elevated CO2 can increase plant photosynthesis and 

growth in both C3 and C4 pathway species (Leakey et al. 2009).  

Foliar WUE is defined as the ratio of CO2 assimilated per unit of water transpired 

(Leakey et al. 2009). In both C3 and C4 plants, elevated CO2 can increase gaseous 

exchange of CO2 per stomata, increasing the potential for C sequestration, while 

minimizing loss of water vapour via transpiration (Delucia and Schlesinger 1991; van 
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den Boogaard et al. 1995). However elevated C sequestration is likely to increase the 

total plant leaf area, resulting in an increase in stomatal numbers and the potential for 

transpiration (Gagen et al. 2011). The exact extent of WUE response to elevated CO2 is 

hard to predict due to highly variable responses between plant species (Gagen et al. 

2011). Reduced water loss may increase foliar temperature, stimulating transpiration, 

however an overall gain in WUE is shown in FACE studies (Leakey et al. 2009). 

Increased PNUE and WUE in C4 plants under elevated CO2 has been shown to increase 

biomass growth by 33% despite CO2 saturation at ambient levels (Leakey et al. 2009; 

Wand et al. 1999). Reduced plant water demand under elevated CO2 may help 

maintain spoil moisture content, reducing water stress in periods of drought  (Leakey 

et al. 2009). Similar to the downgraded RuBisCo activity, long-term studies have shown 

that plant WUE has a response threshold to elevated CO2, known as the response limit 

(Gagen et al. 2011). The C3 and C4 plant WUE is increased by both elevated CO2 and 

drought conditions (Gagen et al. 2011). Elevated CO2 enhances plant WUE and PNUE, 

however, drought conditions reduce plant photosynthesis leading to water stress 

induced WUE, reducing PNUE (Leakey et al. 2009). High foliar N concentrations are 

commonly associated with low stomatal conductance (Zerihun et al. 2000). Plants 

utilising WUE mechanisms in response to drought have been shown to increase plant 

foliar N content, reducing PNUE to maintain rates of photosynthesis (Zerihun et al. 

2000). Maintaining rates of photosynthesis at lower levels of stomatal conductance 

requires increased RuBisCo activity and electron transport capacity, increasing overall 

N demand (Zerihun et al. 2000). N-fixing leguminous plants may be better adapted to 

water stress stimulated increased N demand (Rogers et al. 2009), especially in N 

deficient mine spoil.  N-fixing leguminous plants are therefore an important avenue for 

research in the rehabilitation of water and N limited mine-spoil.  

5.3 CO2 Influence on Biological N Fixation  

A meta-analysis of current research finds on average that the doubling of CO2 

emissions on pre-industrial levels will enhance BNF between 10% and 45% due to 

increased photosynthesis (Hungate et al. 2003). Increased plant photosynthesis 

provides greater quantities of ATP to the symbiotic N-fixing symbiotic prokaryotes 

(Hubbell and Kidder 2009). The capacity of N fixing plants and rhizobionts to adapt to 

and benefit from elevated CO2 varies between species (Lam et al. 2012). In a trial of 
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soybean cultivars, elevated CO2 was shown to increase leguminous root biomass 

between 11% and 20% (Lam et al. 2012). The increased size and number of nodules 

increase the overall capacity to fix N derived from atmosphere (Ndfa) (Lam et al. 2012; 

Rogers et al. 2009). In soybean cultivars at ambient temperatures, elevated CO2 

increased N fixation from 16 kg N ha-1 to 275 kg N ha-1, with the percentage of soil N 

derived from the atmosphere increased by 59% - 79% (Lam et al. 2012).  Increased 

plant growth due to elevated CO2 levels will create an increased N demand (Lam et al. 

2012). In N limited mine spoil, plants that can fix atmospheric N are at significant 

advantage (Rogers et al. 2009). Additionally, N-fixing plants contribute to soil N, 

maintaining soil C:N ratios under elevated CO2, mitigating progressive N limitation 

(PNL) (Luo et al. 2004; Reich et al. 2006). However, increased BNF may reach a 

threshold due to a diminishing bank of already limited soil nutrients and 

photosynthetic adaptation (Handley et al. 1999). Increased photosynthesis and 

corresponding increased plant N demand may be limited if essential nutrients for 

nitrogenase production, such as phosphorus (P) and molybdenum (Mo) become 

limited (Dixon and Kahn 2004; Hungate et al. 2004). Additionally, increased symbiotic 

N fixing mycorrhizae activity in elevated CO2 is dependent on consistent soil moisture 

(Handley et al. 1999). Evidence suggests that future variable water availability and 

limited essential nutrients for nitrogenase production will limit BNF under elevated 

CO2 (Hungate et al. 2003). Scarce nutrients and moisture are likely to limit BNF in mine 

spoil environments (Fisher 2010). 

6. Elevated CO2 Influencing Spoil C and N 

One of the primary goals for rehabilitating mine spoil is the increase in soil organic 

matter (SOM) to reduce runoff and the leaching of nutrients. It is therefore important 

to understand how elevated atmospheric CO2 will affect the accumulation of mine 

spoil C and N. Elevated CO2 alters plant C and N composition, plant growth and 

decomposition rates of SOM (Ross et al. 2002). The C cycle achieves equilibrium of C 

inputs via decomposition of plant matter, and soil microbial respiration (de Graaff et 

al. 2006; Hungate et al. 2004; Luo et al. 2004). The capacity for photosynthesis to 

adapt to elevated CO2 may increase initial C sequestration, however soil respiration 

rates are slower to respond (de Graaff et al. 2006). Based on an intermediate 

emissions scenario, models featured in the IPCC Third Assessment Report found that 
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16% to 34% of additional CO2 emissions on pre-industrial levels could accumulate 

within the terrestrial biosphere (IPCC 2001). However, the models used in the IPCC 

report are criticized for exaggerated terrestrial gains (Hungate et al. 2004; Makino and 

Mae 1999). A meta-analysis of current research shows that elevated CO2 increases soil 

C, but may be limited to 1.2% per year (de Graaff et al. 2006). Long term soil C gain 

may be offset by gradual increases in soil respiration due to increased microbial 

activity (de Graaff et al. 2006). However, mine spoil is an extreme substrate and is not 

well represented by the IPCC models.  

Increased plant derived SOM under elevated CO2 has repeatedly shown to immobilize 

soil N in a process known as progressive N limitation (PNL) (de Graaff et al. 2006; 

Hungate et al. 2003; Luo et al. 2004). A buildup of plant litter and SOM may see 

microbes preferring easy to digest plant litter with high organic N (Cardon et al. 2001). 

This may result in the accumulation of hard to digest, low N plant litter, with long 

microbial residence times and a high CEC.  Theoretically, if spoil moisture is 

maintained, microbial N mineralization rates may increase to adapt to elevated SOM, 

balancing spoil C:N ratios and limiting N immobilisation (Handley et al. 1999; Luo et al. 

2004). However, research about the effects of elevated CO2 on soil N mineralization 

has so far shown that this theory does not apply in practice (de Graaff et al. 2006). A 

buildup in soil C has been shown to immobilize soil N and other plant-essential 

minerals (Cardon et al. 2001; Wolfanger 1967). de Graaff et al. (2006) found that 

increased soil C immobilized N by 22% on average. The deposition of SOM resulted in 

an increased C:N ratio by 3.8% despite consistent moisture and a 17.7% increase in 

microbial activity (de Graaff et al. 2006). Under elevated CO2 conditions, soil N 

mineralization rates do not increase to match microbial or plant demand, creating an 

overall deficit (Fontaine et al. 2003). Soil C and N are intrinsically linked, with soil N 

limitation reducing plant capacity to respond to elevated CO2, preventing significant 

long-term sequestration of soil C (Hungate et al. 2003). Importantly, immobilized 

soluble N will be re-released if microbial activity and soil C addition reach an eventual 

equilibrium (Luo et al. 2004), however achieving an equilibrium in a CO2 elevated 

atmosphere is improbable.  

Elevated atmospheric CO2 may increase short term BNF as increased photosynthetic 

capacity of leguminous plants increases ATP availability for symbiotic N fixing bacteria 
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(Rogers et al. 2009). A study by Luo et al. (2004) found that moderate soil moisture and 

spoil C substrate positively increased N availability. Climate change models have shown 

that elevated CO2 will increase climate variability and intensify drought and rainfall 

periods (CSIRO 2014). These events will both reduce soil moisture and plant-derived 

soil C substrate (CSIRO 2014). In highly leachable soil with low C substrate such as mine 

spoil, soil moisture is correlated with low N residence time and depleted 15N (Handley 

et al. 1999). Theoretically, elevated atmospheric CO2 enhancing C and N cycles as 

modelled by IPCC should accelerate mine spoil rehabilitation. However the cumulative 

effect of CO2 driven global warming and increased variability and intensity of rainfall 

events will likely limit photosynthesis potential within mine rehabilitation contexts, 

and ultimately the rate of accumulation of soil C and N (CSIRO 2014; Hungate et al. 

2003).  

7. Biochar as a Spoil Amelioration Tool   

The exothermic combustion of biomass produces heat, water, gas and bio-oils while 

retaining roughly 30% biomass C in the form of biochar (Bridgwater 2003). Research 

has identified biochar’s potential to improve microbial function, soil C and N cycling, 

and plant growth as well as BNF by retaining soil water, soil mineralized N and 

nutrients essential for nitrogenase production such as molybdenum (Mo+), potassium 

(K+), calcium (Ca2+) and magnesium (Mg2+) (Jeffery et al. 2011; Lehmann et al. 2003; 

Rondon et al. 2007). Biochar increases soil water holding capacity (WHC), and also has 

high CEC, with both properties increasing N retention (Lehmann et al. 2003; Zheng et 

al. 2013). A meta-analysis of current research into the effects of biochar on plant 

physiology found a mean 10% positive increase in plant growth when biochar is 

applied (Jeffery et al. 2011). This increase was the product of considerable variability, 

with some studies reporting biochar influencing plant yields by -28% to 39% (Jeffery et 

al. 2011). Research into biochar is not yet comprehensive, with more trials needed to 

improve confidence in the outcomes of biochar applications both in cropping and 

revegetation scenarios. Experiments have been conducted in different climate zones, 

different seasons, time scales, soil types, field vs. laboratory, as well as different 

biochar feedstocks and production processes (Jeffery et al. 2011). Variations in yield 

results are therefore unsurprising.  That a positive trend was found in the current 

varied body of research is significant nonetheless. The variables responsible for 
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improved C and N cycles include plant growth, soil moisture, microbe health, and soil 

chemistry and structure (Jeffery et al. 2011).  In mine spoil, these variables can be 

improved by biochar application, however, a better understanding of effectiveness of 

feedstock, pyrolysis and dosage is essential (Jeffery et al. 2011). 

7.1 Biochar Properties Determined by Feedstock and Pyrolysis  

7.1.1 Feedstock 

The most common feedstock types utilised for biochar production include wood 

residue, manure, agricultural by-product and municipal waste-sludge (Manya 2012; 

Sohi et al. 2009). Feedstock type has been shown to be a better determinant of 

biochars total organic C, mineral elements, CEC, ash content, and total fixed C than 

pyrolysis process (Manya 2012; Sohi et al. 2009). Physical attributes of the feedstock 

used such as pore volume and specific surface area are retained in the biochar 

(Kuwagaki and Tamura 1990; Manya 2012; Sun et al. 2014; Zhao et al. 2013). The 

cellulosic structure of the feedstock is retained in biochar, affecting its water holding 

and adsorption capacity (Manya 2012). Studies of feedstock types showed that woody 

feedstock tended to create biochar with a greater surface area, higher aromaticity, 

higher C:N ratios and lower ash content compared to other feedstocks at consistent 

pyrolysis temperature (Mukome et al. 2013; Zhao et al. 2013). Supporting this 

research, Manya (2012) found that feedstock with high lignin content increased 

biochar pore size, distribution and connectivity, yield and aromaticity, and increased 

soil water capacity and retention. However, these properties may also result in net N 

immobilization (Manya 2012; Mukome et al. 2013). High ash content is associated with 

increased biochar hydrophobicity, and reduces its capacity to be incorporated into 

soils (Mukome et al. 2013). Wood derived biochar has high C:N ratios (>20) which can 

contribute to a net N-immobilization in soil (Mukome et al. 2013). A study by Mukome 

et al. (2013) found a distinction between hard and soft wood is evident. The lower 

density of soft woods such as pine produced biochar with a greater ash content, 

surface area and C:N ratios than hard wood. Pinewood is more readily available for 

biochar than hardwoods due to its wide range of uses in industry and furniture, and 

the appropriate biochar pyrolysis process may limit ash content. 
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7.1.2 Pyrolysis 

To date, the most common biochar pyrolysis methods include fast and slow pyrolysis.  

However, other methods such as gasification and flash carbonization are also utilised. 

Peak temperature, pressure, residence time, and moisture content vary between these 

methods, producing biochar of different characteristics and quantities (Manya 2012). 

Slow pyrolysis involves longer burn periods in anoxic conditions at atmospheric 

pressure, with a slow endothermic process taking minutes to hours (Sohi et al. 2009). 

Both flash and fast pyrolysis take seconds to reach peak temperature, with residence 

times limited to minutes, with high levels of bio-oil and gas produced, but reduce 

biochar yield (Sohi et al. 2009). Pyrolysis conditions are more important than feedstock 

at determining biochar’s pH, yield, recalcitrance and volatile matter %, but also 

Brunauer–Emmett–Teller (BET) surface area (Zhao et al. 2013), suggesting that the 

production process can be tweaked to ensure different feedstocks produce biochar 

with the best characteristics possible. The choice of slow versus fast pyrolysis can 

affect biochar’s spoil residence time. A residence time of 65 days found that 2.9% of C 

from slow pyrolysis biochar was lost as CO2, compared to 5.5% fast pyrolysis biochar 

(Bruun et al. 2012). Slow pyrolysis was also correlated with increased pH and particle 

size, but a lower BET surface area. Additionally, slow pyrolysis resulted in a 7 % net 

increase in N mineralization, while fast pyrolysis resulted in the immobilization of 43% 

N (Bruun et al. 2012), perhaps related to the higher BET surface area of fast pyrolysis 

biochar. Slow pyrolysis has been also shown to increase basic pH and particle sizes of 

biochar (Bruun et al. 2012). Based on the current literature and for the exclusive 

purpose of rehabilitating mine spoil, slow pyrolysis therefore shows the greatest 

potential to maximise spoil N availability and moisture content, while maximising SOM 

deposition.  

Peak pyrolysis temperature significantly affects biochar yield, C content, surface area, 

pH, water holding capacity and recalcitrance. A study by Manya (2012) found that 

biochar yield, C content, and volatile matter (VM) had an inverse relationship with 

peak temperature (Deenik et al. 2010; Kuwagaki and Tamura 1990; Manya 2012). 

Macadamia nut biochar with high VM content produced at 430 oC was shown to have 

poor soil remediation properties, releasing phenolic compounds and immobilizing N 

(Deenik et al. 2010). However, macadamia feedstock pyrolised at 650 oC produced a 
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biochar with low VM (Deenik et al. 2010). Higher peak pyrolysis temperature however 

has a positive relationship with biochar surface area and CEC, particularly for woody 

feedstocks (Glaser et al. 2002; Manya 2012; Mukome et al. 2013; Sun et al. 2014). 

Increased pyrolysis temperature also creates biochar with a more basic pH (Manya 

2012). Kuwagaki and Tamura (1990) showed an increase in pH from 7.6 at 310°C to 9.7 

at 850°C. Biochar is known for its relative recalcitrance, as noted in terra petra spoils 

(Lehmann 2007; Lehmann et al. 2003). However laboratory studies have shown that 

mass loss can be significant within days to years post application to soil with significant 

biological mineralisation (Brodowski et al. 2006; Manya 2012). This will vary between 

climates and soil types, with soils of smaller particle size fostering longer char 

residence time (Brodowski et al. 2006; Ponomarenko and Anderson 2001). Pyrolysis 

temperature affects biochar strength, with low temperature biochar showing reduced 

strength, increasing soil char particles and reducing longevity (Crombie et al. 2013; 

Manya 2012; Sun et al. 2014).Measured with consistent results up to 900 oC, higher 

pyrolysis temperature creates biochar with higher recalcitrance (Manya 2012; 

Mukome et al. 2013). This relationship between high peak temperature and biochar 

recalcitrance is supported by Manya (2012), with high peak temperature creating 

biochar with a highly aromatic structure. Low peak (< 500 oC) temperature can create 

biochar with a hydrophobic structure, affecting soil water holding capacity (Gaskin et 

al. 2008). Correlating with low surface area, small pores tend to become water-filled 

first and remain moist the longest (Gaskin et al. 2008). Peak pyrolysis temperatures 

beyond 300 oC are consistently shown to increase biochar’s water holding capacity, 

reduce VM, increase pH and adsorb nutrients and heavy metals, while improving 

recalcitrance. High pyrolysis temperature (> 500 OC) is therefore likely to produce 

biochar with the most desirable characteristics for improved plant growth and 

improved spoil C and N.  

Increasing pyrolysis pressure was found to only significantly affect biochar yield and 

BET Surface area. Increased pressure was shown to increase biochar yield, due to 

prolonged vapour residence time and higher moisture content (Manya 2012). 

Increased pressure is also correlated with a decrease in BET surface area (Manya 

2012). When combined with high peak temperature, high pressure creates a significant 

increase in fixed-C yield and a reduced biochar yield (Manya et al. 2013).  
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7.2 Biochar Influencing Soil Water and N Retention 

Baronti et al. (2014) conducted a two year study that found the addition of biochar 

increased the capacity of soil to retain water volume and improve leaf water potential. 

The high water holding capacity of biochar prevents the leaching of soluble nutrients 

from the plant rhizosphere (Prendergast-Miller et al. 2011). Biochar applications at 22 

t/ha-1 and 44 t/ha-1 increased soil water retention by 3.2% to 45% respectively, 

increasing leaf water potential by 24 % and 37 % (Baronti et al. 2014). A meta-analysis 

of 20 studies by Jeffery et al., (2011) found that biochar consistently improved the 

water holding capacity (WHC) of soil. A study by Baronti et al. (2014) found no 

evidence that biochar can immobilise water away from plants provided that biochar is 

mixed within the plants rhizobial zone. Significantly, increased water availability and 

leaf water potential were consistent despite seasonal temperature extremes (Baronti 

et al. 2014). Contributing to seasonal soil moisture consistency, biochar was found to 

reduce soil thermal conductivity (STC) by 3.48 % and 7.49 % at 4.5 and 9 t/ha-1/yr-1 

respectively (Zhang et al. 2013). Reduction in STC resulted in lower soil temperatures 

in summer, and higher temperatures in winter as well as moderating diurnal 

fluctuation (Zhang et al. 2013). Extreme soil temperatures were moderated by +/- 0.4-

0.8oC (Zhang et al. 2013). Lower STC slows energy transfer, minimising 

evapotranspiration under extreme temperatures (Zhang et al. 2013). However, this 

moderation of STC does result  in higher rates of transpiration in winter (Zhang et al. 

2013). Biochar’s effect on soil WHC was found to be dependent on biochar dosage, 

with a 2.5 % increase in soil moisture at 4.5t/ha-1/yr-1, and a decrease by -1.9% at 

9t/ha-1/yr-1 (Zhang et al. 2013). With correct dosage, biochar is a promising tool to 

mitigate the impacts of climate change, reducing evapotranspiration and increasing 

soil WHC (Lam et al. 2012; Leakey et al. 2009).  

Biochar has been used to successfully retain soil nutrients by increasing CEC, soil WHC, 

and in some cases, a reduction in N2O emissions (Lehmann et al. 2011; Liang et al. 

2010; Nelissen et al. 2014; Saarnio et al. 2013; Zhang et al. 2013). CEC is a measure of 

soil’s ability to retain positively charged ions (cations) by electrostatic force (Lehmann 

et al. 2011). Soils with large amounts of negative charge (CEC potential) have improved 

soluble N retention capacity (Liang et al. 2006). Almost completely absent in mine soil, 

organic C in the form of organic matter and humus have very high CEC (Liang et al. 
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2006). CEC is therefore an important requirement of fertile soil. Biochar has a high 

specific surface area, and has a high charge density per unit surface area (Liang et al. 

2006). Adsorption of oxidized functional groups on biochar particles specifically 

increases CEC per unit C (Liang et al. 2006). These factors contribute to high soil CEC, 

increasing total potential adsorption of N (Liang et al. 2006). Applying biochar as a 

source of C to infertile soil is a rapid means to increase soil CEC (Dempster et al. 2012b; 

Liang et al. 2006). A study by Zheng et al. (2013) found that biochar significantly 

reduced leaching of NO3
--N, increased soil TN% as well as microbial function. 

Meanwhile, a study by  Taghizadeh-Toosi et al. (2012) showed that biochar increased 

the retention of plant-available 15N enriched NH4
+. However, concerns are raised that 

biochar’s CEC may immobilise N from plant roots (Jeffery et al. 2011; Lehmann et al. 

2011). While some studies have indicated that biochar’s capacity to reduce the 

leaching of N can result in the immobilisation of N, evidence shows that N is re-

released and available for plant assimilation with biochar oxidation (Bai et al. 2015a; 

de la Rosa and Knicker 2011; Taghizadeh-Toosi et al. 2012). Research into the effect of 

biochar on N2O emissions is still disputed, with evidence showing no effect, a 

reduction, and increased emissions from biochar stimulated denitrification (Harter et 

al. 2014; Spokas et al. 2012; Verhoeven and Six 2014). Biochar may mitigate 

denitrification however this seems to be dependent on soil NO3
- concentration and 

dissolved organic C content (Cayuela et al. 2013). Biochar was shown to reduce N2O 

production by providing a liming effect, and transferring electrons to soil denitrifying 

microorganisms (Cayuela et al. 2013). Any effect of biochar on denitrification will likely 

be dependent on feedstock type and pyrolysis process. Biochar produced with a low 

temperature tends to have a higher VM content, which is shown to increase microbial 

activity and denitrification (Manya 2012). Further research is necessary to fully 

understand biochar potential for regulating soil denitrification within mine spoil. It is 

logical that the full capacity of biochar to condition soil is dependent on the symbiotic 

interaction with the plant root zones, and the associated plant physiology. Based on 

this theory, it is therefore hypothetical that specific plant-biochar interactions will have 

varying success in maintaining spoil C and N cycles, and water availability.  
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7.3 Biochar Influencing N Mineralization and Microbial Activity 

Biochar has been shown to influence soil N mineralisation depending on the soil type 

and condition, as well as feedstock type (Hosseini Bai et al. 2014; Jeffery et al. 2011; 

Lehmann et al. 2011). However, research so far does not conclusively describe this 

process. In soils with N mineralization inhibiting compounds prevalent in acidic forest 

spoil such as phenols, biochar has been shown to stimulate N mineralization (Berglund 

et al. 2004; Wardle et al. 2008). Phenols bond well with the aromatic hydrocarbon 

structure of biochar, resulting in improved soil pH (Berglund et al. 2004). A study by 

Dempster et al. (2012b) using fresh and aged wheat derived biochar pyrolised at 450oC 

for 20 min at 4 t ha-1 found that biochar in agricultural applications did not affect N 

mineralization rates. Another agricultural study found that pyrolised eucalyptus 

biochar reduced net N mineralization with biochar application at 0, 5 and 25 t/ha-1 

(Dempster et al. 2012a). Both agricultural studies found that microbial community and 

activity were either unaffected or decreased with biochar applications from two 

distinctly different feedstocks. Agricultural applications seem to have the least gains 

from biochar addition, with degraded, highly weathered and infertile soils benefiting 

the most (Dempster et al. 2012a; Glaser et al. 2002). Biochar can neutralise acidic soil 

pH in degraded spoils, improving soil habitat for nitrifying organisms such as highly pH 

sensitive autotrophic ammonia oxidising (AMO) bacteria (Dempster et al. 2012a). 

Contrary to the previous agricultural applications, a study of a macadamia orchard 

found that biochar produced from poultry litter increased soil and foliar δ15N five years 

post application (Hosseini Bai et al. 2014). This suggests that biochar type is as 

important as soil type and condition at influencing N mineralisation.   

Studies of plant rhizosphere responses to biochar application found that rhizosphere 

zones were larger in biochar amended soil, with increased microbial activity 

(Prendergast-Miller et al. 2014). Roots were found in areas of high biochar 

concentration, suggesting that plants preferred soil with biochar present (Prendergast-

Miller et al. 2014). Increased mycorrhizal colonisation and nodulation were clearly 

evident in a study of biochar’s effects on sorghum roots (LeCroy et al. 2013). Biochar 

provided N directly to plants via the rhizosphere, with mycorrhizae fungi benefiting 

from plant organic substrates without fixing N, stimulating mycorrhizal parasitism 

(LeCroy et al. 2013). It is hypothesised that biochar is able to interfere with the 
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production and distribution of fungal signalling compounds, transforming symbiotic 

mycorrhizal fungi into parasites (LeCroy et al. 2013; Lehmann et al. 2011). A study by 

Zheng et al. (2013) found that the addition of biochar derived from giant reed (Arundo 

donax L.) at slow pyrolysis and 500oC increased above and below maize growth in 

three dosages of 1%, 2% and 5% (w/w). Maximum biomass was achieved at 2% biochar 

treatment. Evidence shows that biochar provides a habitat for microbial colonisation, 

reduces soil micro-arthropod predation, provides a food source with organic C 

substrates, and maintains soil moisture (Jeffery et al. 2011). These factors combine to 

improve soil C, microbial activity and N mineralisation in arid, weathered and degraded 

soils (Jeffery et al. 2011). What is unknown is to what extent the success of 

mycorrhizal-plant symbiosis with biochar treatment is species dependent. The varied 

success of experiments measuring plant growth success with biochar amendment 

(Jeffery et al. 2011) suggests the need for identifying complimentary species and 

biochar treatments.  

7.4 Biochar as a Management Tool of Spoil Chemistry and Toxic 

Elements 

Trace heavy metals can be common in mine spoil, presenting further barriers to 

successful plant germination due to phytotoxic effects (Fellet et al. 2014). In some 

cases, biochar has been shown to successfully limit the distribution and phytotoxic 

effects of heavy metals in contaminated spoils (Beesley et al. 2014; Fellet et al. 2014; 

Lucchini et al. 2014). However, a range of studies have shown that the overall impacts 

on metal leaching and bioavailability of toxins post biochar application vary. 

Bioavailability of some toxic metals has been shown to decrease when biochar is 

applied (Fellet et al. 2014). Biochar was shown especially effective for immobilizing 

zinc (Zn) (Beesley et al. 2014). Biochar’s pH neutralising capacity provides the 

additional benefit of improving the pH of acidic and disturbed soils (Jeffery et al. 2011; 

Steiner et al. 2007). Elevating pH beyond the aluminium (AL3+) toxicity threshold of 4.8-

5pH in some cases will be beneficial (Steiner et al. 2007). However, the quantity of 

biochar necessary to improve soil pH may introduce other problems such as N 

immobilisation (Jeffery et al. 2011; Lehmann et al. 2011). Additionally, some metals 

such as arsenic (As) are mobilised in higher pH’s (Beesley et al. 2014). Toxicological 
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pre-screening is therefore a necessary step prior to biochar application to ensure that 

present toxins will not be mobilised by a specific biochar type or application rate. 

While not all toxins may be immobilised by biochar application, the highly porous 

structure and high CEC of biochar may potentially prevent pollutant leaching into 

surrounding environments in specific applications (Fellet et al. 2014). Biochar’s 

capacity to both minimise pollutant leaching and improve plant growth and spoil 

rehabilitation makes it an especially useful treatment within mining contexts. 

However, more research needs to be carried out so that informed decisions regarding 

the suitable dosage relevant to the spoil, plant and toxicology profile are possible. 

8. C Isotope Composition Analysis  

Plant and soil δ13C analysis has long provided an effective tool to trace sources of C and 

is a proven tool to measure how elevated atmospheric CO2 and biochar treatments 

influence plant and soil C. Isotopic analysis identifies changes in plant and soil C 

cycling. Analysis of TC and δ13C via mass-spectrometer is a simple, well-established and 

highly accurate method (Asche et al. 2003). This process delivers a standard deviation 

of less than 0.01% (Asche et al. 2003). 13C is a stable isotope that is naturally abundant 

at 1.11% of all C on Earth, with 12C representing 98.89% (Oleary 1988). The 

atmosphere, sources of carbonate, and plants all have different δ13C signatures 

allowing for differentiation. In all plants, the lighter isotopic weight of 12C makes it 

preferable for absorption (Oleary 1988). However, the different photosynthetic 

pathways of plants show distinctly different δ13C signatures at the carboxylation site 

(Ehleringer et al. 1991; Ross et al. 2002; Wand et al. 1999). The foliar δ13C signature 

can change the ratio of terrestrial C isotopes via deposited plant litter, reflecting 

changes in plant and soil C cycling (Ibell 2013; Oleary 1988). The C3 and C4 pathway 

plants on average have δ13C signatures of -28‰ and -14‰ respectively (Oleary 1988). 

While 12C remains dominant in both pathways, C4 plants are better adapted to utilise 

the heavier 13C (Oleary 1988; Wand et al. 1999). Both C3 and C4 plants are utilised in 

this experiment, therefore species variations in δ13C should be expected. Consistent 

with drought tolerant trees and woody shrubs, Eucalyptus crebra, Allocasuarina 

littoralis and Acacia floribunda are C3 pathway, and grass species Themeda australis is 

C4 pathway.  
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Elevated atmospheric CO2 increases total available 12C, potentially resulting in plants 

exhibiting a 13C depletion (Lloyd and Farquhar 1994; Wiesenberg et al. 2008). The 13C 

enrichment in C3 plants indicates periods of water restriction, as stomata closures 

reduce overall C assimilation, with foliar 12C being utilised more readily (Gagen et al. 

2011). Plant and SOM δ13C signatures indicate a mixture of influences from elevated 

CO2 concentrations and plant response to water limitation (Tiunov 2007). Degradation 

of plant residue results in C fractionation, potentially resulting in non-linear changes in 

SOM δ13C values (Tiunov 2007). Rates of C fractionation depends on the chemical 

components of the plant tissues (Tiunov 2007). Additionally, assimilation of light-

weight 12C by micro-organisms may reflect enriched soil δ13C (Tiunov 2007). Analysis of 

13C signatures of the three biochars differentiates the sources of C contributing to 

terrestrial TC. Soil δ13C enrichment indicates higher labile C and SOM (Ehleringer et al. 

2002; Ibell 2013). N dynamics are inextricably linked with C cycling, with enhanced N 

availability often increasing C sequestration in the plant and soil systems (Bai et al. 

2015a; Bai et al. 2015b; He et al. 2009; Hogberg 1997). Low soil δ13C indicates lower 

SOM, corresponding with fast N cycling and leaching, resulting in soil δ15N enrichment 

(Hogberg 1997). Plant δ13C and δ15N are inextricably related.  Measuring both provides 

a detailed picture of plant health and response to its environment. 

9. N Isotope Composition Analysis 

Understanding drivers of soil N and corresponding changes in isotopic signatures will 

provide the necessary tools to measure the success of mine spoil rehabilitation and N 

cycling. Measurement of soil and plant δ15N values can be useful for assessing N 

dynamics within an environment (Craine et al. 2009; Kahmen et al. 2008; Reverchon et 

al. 2014; Robinson 2001). A large review of foliar δ15N by Craine et al. (2009), found 

that soil enriched with 15N indicated accelerated N cycling and increased microbial 

activity, or N losses. However, a number of factors influence the temporal and spatial 

distribution of δ15N (Hubbell and Kidder 2009; Hungate et al. 2003; Tiunov 2007). 

Research has shown that the main factors include rates of microbial activity, soil 

moisture, temperature, soil C:N ratio and soil chemical and structural attributes (Ibell 

2013; Nambiar et al. 1997).  
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Soil δ15N is dependent on temperature and rate of precipitation, plants present, 

microbial populations and activity, as well as soil type and content (Craine et al. 2009; 

Craine et al. 2015). A global study of δ15N found that high mean annual temperature 

and low mean annual rainfall have a positive relationship with enriched foliar δ15N 

values (Craine et al. 2009). This is in part due to warm systems having the highest N 

availability, but also large amounts of rainfall cause N leaching (Craine et al. 2009). 

However, too little rainfall is also problematic, as research shows that low rainfall is 

attributed to low rates of N mineralization, with reduced SOM turnover and microbial 

activity (Barros et al. 1995; Gagen et al. 2011; Hartman and Danin 2010). High rates of 

N mineralization and nitrification can trigger the leaching of underutilised 14N enriched 

NO3
- (Craine et al. 2009). NH4

+ is stable, providing a soil N source with a strong 15N 

signature (Craine et al. 2009). Slow soil N cycles are therefore identified by depleted 

15N (Hogberg 1997). Lower soil horizons tend to be more enriched in 15N depending on 

plant type and rhizosphere, soil type, and rates of precipitation  (Craine et al. 2015). 

However, soil type and condition are potentially greater determinants of soil δ15N 

values than temperature and precipitation (Craine et al. 2015). Highly weathered 

tropical clay soils can stabilize more 15N enriched SOM due to a high CEC, and lose N 

via 15N discriminating volatilization and denitrification (Craine et al. 2015). Hot arid 

soils typically have mineral-associated organic matter rich in 15N, rather than N lost via 

fractionating pathways (Craine et al. 2015). Therefore, the combination of soil type, 

temperature and rate of precipitation influences the rate of N mineralization, and N 

fractionation. 

Plant δ15N values provide an effective means to trace plant N sources, and determine 

rates of N cycling. However, foliar δ15N values vary by over 32‰ in natural ecosystems 

(Craine et al. 2009). This variation is associated with a number of factors. The 15N 

signature of a plant N source is the most important determinant of plant δ15N value 

(Dawson et al. 2002). Plants are better able to utilise 14N due to enzyme-mediated 

reactions (Dawson et al. 2002; Tiunov 2007). However, this is highly dependent on the 

δ15N value of available N (Dawson et al. 2002; Tiunov 2007). Mineralized N is the most 

plant available form of N. However, in N limited environments, plants are able to 

utilise organic N (Carreira et al. 2010). Utilising N from organic sources may contribute 

to plants exhibiting a 15N depleted signature as SOM is 14N enriched (Carreira et al. 
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2010). Plants with high foliar N concentrations and enriched δ15N values are on 

average found in regions with high N availability (Craine et al. 2009; Kahmen et al. 

2008). However, plant N source is highly variable. Mycorrhizal association, root depths, 

variations in soil distribution, rate of degradation, and changing plant demand are all 

known to influence plant N source and δ15N values (Dawson et al. 2002). Plants with 

mycorrhizal associations tend to have foliar δ15N signatures 3-8‰ lower than non-

mycorrhizal due to fractionation between plant and mycorrhiza (Bai et al. 2016; Craine 

et al. 2009; Kahmen et al. 2008; Robinson 2001). In a low N environment, plants will 

utilise more N from N2 fixing mycorrhizal fungi, exhibiting a depleted atmospheric δ15N 

signature (Craine et al. 2009; Robinson 2001). While N2 fixing bacteria do not 

discriminate against 15N, BNF plants tend to exhibit lower 15N signatures, because 

atmospheric N2 exhibits a signature of 0‰ (Craine et al. 2009).  

10.  15N Natural Abundance Method and N Fixation 

The 15N natural abundance technique is a well-established method to determine plant 

use of N derived from the atmosphere (Ndfa) and contribution of leguminous BNF to 

soil N pool (Herridge and Giller 2016; Hosseini Bai et al. 2012). It is both simple and 

inexpensive when compared to other methods such as 15N enrichment (Hosseini Bai et 

al. 2012). This method is complementary to the measurement and analysis of TN and 

δ15N via mass-spectrometer. According to the 15N natural abundance technique used 

in Hosseini Bai et al. (2012), leaf and soil samples are removed, processed and then 

analysed by mass-spectrometer. The 15N natural abundance method is dependent on 

finding well matched reference plants. A limitation of this method requires control 

plants to be non-BNF, utilising soil N from the same zone as atmospheric N-fixing 

plants, in the same depth and time. Additionally, the natural abundance method 

requires that soil use history is well understood, as previous soil uses can influence soil 

N and δ15N values (Carreira et al. 2010). 15N enrichment, an alternative method, only 

captures the contemporary status of the soil N cycle (Carreira et al. 2010)(Herridge and 

Giller 2016). This method enriches the system with a specific traceable 15N signature 

(Carreira et al. 2010; Hosseini Bai et al. 2012). However, this process is expensive and 

alters the established N concentration in the system, and is therefore not suitable for 

this research (Carreira et al. 2010). Many of the limitations of the natural abundance 

method are less significant in laboratory studies (Hosseini Bai et al. 2012).  The 15N 
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natural abundance method measures differences between the 15N signatures of a 

reference non-N fixing plant, and the leguminous N-fixing plant, as shown:  

%𝑁𝐷𝐹𝐴 =
  𝛿15N 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑡 −  𝛿15𝑁 𝑜𝑓 𝑁2 − 𝑓𝑖𝑥𝑖𝑛𝑔 𝑙𝑒𝑔𝑢𝑚𝑒

𝛿15N 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑡 −  𝛿15N 𝑜𝑓 𝑁2
 ×

100

1
 

Source: (Herridge and Giller 2016) 

Justification, Aims and Objectives of Study 

11.1 Justification 

Human induced sequestration of soil C via burning biomass has a long agricultural 

history (Lehmann 2007). However, only recently has a concerted effort been made to 

study and understand what role biochar can play in soil-plant systems. This early 

research has shown that biochar is a promising tool for improving mine spoil C and N 

cycles (Lehmann et al. 2011; Prommer et al. 2014; Reverchon et al. 2015; Spokas et al. 

2012; Zimmerman et al. 2011). So far, studies have measured how biochar influences 

soil toxicity and chemistry, water and nutrient retention, N mineralization, microbial 

community dynamics, and greenhouse gas emissions (Baronti et al. 2014; Barros et al. 

1995; Beesley et al. 2014; Bruun et al. 2012; Dempster et al. 2012a; Fellet et al. 2014; 

Jeffery et al. 2011). However, as CO2 concentrations are modeled to reach 450 ppm by 

2030, it is not known how biochar will influence plant and soil C and N dynamics under 

elevated CO2 in the future (IPCC 2001). Global warming is predicted to create 

infrequent and intense precipitation events, limiting plant photosynthesis despite 

elevated CO2 (Amthor 1995; CSIRO 2014). Measuring the capacity of biochar to 

improve mine soil water retention, plant growth, and improve C and N cycling in an 

elevated CO2 environment is both novel and highly valuable for mine rehabilitation 

efforts.  

11.2 Aims and Objectives 

This study aimed to  

1. Determine how elevated CO2 would affect plant and spoil fertility and nutrient 

cycles, and plant growth in mine spoil. 
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2. Assess whether biochar would influence spoil fertility and nutrient cycles, and 

which biochar will create the greatest positive effect. 

3. Measure how plant species photosynthetic pathways, nitrogen pathways and 

physiological characteristics influences responses to elevated CO2 and biochar, 

and which species would adapt most effectively. 

4. Determine if plant biomass would be affected by biochar presence, and if so, 

due to what specific biochar attribute. 

The primary objectives were to quantify the effects of pine wood biochar produced at 

three different temperatures, 650, 750 and 850oC, mixed into a mine spoil growth 

medium under elevated CO2, on: 

1. Plant C and N accumulation; 

2. Plant biomass and physiological responses; 

3. Spoil biochemical characteristics; 

4. legume biological nitrogen fixation 

 

11.3 Research Questions and Hypotheses 

Q1. How would elevated CO2 affect plant and soil C and N? 

Plants exposed to the 700 ppm CO2 might grow faster and accumulate more C in their 

biomass leading to increased C:N ratios compared to plants grown under 400 ppm CO2. 

This may be due to increased photosynthetic capacity and stimulated WUE and PNUE 

mechanisms. Greater plant C accumulation would increase spoil TC and C:N ratios due 

to organic matter inputs.  

Q2. How would biochar influence soil C and N, and which biochar pyrolysis 

characteristics would be most effective at improving plant C and N content? 

Spoil C and N might be accumulated more rapidly with the addition of biochar to mine 

spoil, due to increased spoil pH, spoil moisture, CEC (reduced leaching) and microbial 

activity compared to the control (B0). Biochar pyrolised at 850 o C may provide the 

largest benefit, because of increased particle surface area and molecular CEC.  
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Q3. How would different plant species respond to increased CO2 and biochar 

application? 

Biological N-fixing plants might show a greater increase in foliar N concentration in 

response to biochar addition and elevated CO2, due to enhanced photosynthesis 

driving the sequestration of atmospheric N. C3 plants may show a greater response to 

elevated CO2 than C4 plants due to the inefficiency of C3 carboxylation and 

photorespiration.  

Q4. How would plant biomass be affected by biochar addition to mine spoil? 

Plant biomass would increase in all species treated with biochar, due to improved 

spoil pH, water retention, microbial activity and N mineralization.  

Method 

12.1  Spoil, Biochar and Plant Species  

The mine spoil used in this experiment was collected from central Hunter valley 

coalfields, 20 km’s Northwest of Singleton. The mine spoil, collected from the Mount 

Owen Iron Mine Complex, comprised of a diverse range of rock and spoil 

combinations. This combination includes conglomerates, sandstones, siltstones, 

mudstones, shales, laminites, claystones, cherts, ironstones and coals. 

Biochar was produced from softwood Pinus radiata wood sawdust which has a low 

density of roughly 880kg/m3 when seasoned. The sawdust was pyrolised at three 

temperatures 650oC (BC650), 750oC (BC750) and 850oC (BC850) was sourced from the 

University of Western Australia facilities. The pinewood sawdust had a particle size of 

25 µm, and was fed into the reactor continuously at 180 kg h-1, with a rotation of 2 

rpm, for 8 h per each temperature for slow pyrolysis. This allowed for a biomass 

residence time of 25 min. Produced biochar was released via a jacketed cooling screw, 

which was then weighed on a digital balance with an accuracy of 0.01 kg. 

The seeds of nine native species were sourced from Greening Australia (Richmond, 

NSW, Australia). Of the 9 species planted, 5 species with the most physiologically 

diverse characteristics were selected for this study including Eucalyptus crebra 

(Myrtaceae), Acacia floribunda (Fabaceae), Allocasuarina littoralis (Casuarinaceae), 
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Austrodanthonia tenuior (Poaceae) and Themeda australis (Poaceae) (Table 12.1.1). 

These species include C3 and C4 photosynthetic pathways, BNF and non-BNF species, 

and grasses, bushes and trees. Themeda australis (Poaceae) (Table 12.1.1).  

Table 12.1.1: Listed physiological properties of the chosen experiment plant species, with number of 
replications and the geographic provenance of species 

Trees Common Name No# Provenance Properties Photosynthetic 

pathway 

Eucalyptus crebra Narrow Leaf 

Ironbark 

48 Glenmore Park ECM* C3 

Woody shrubs      

Acacia floribunda White Sally 

Wattle 

48 Rouse Hill N-fixing C3 

Allocasuarina littoralis  48  N-fixing C3 

Grasses      

Austrodanthonia tenuior Wallaby Grass 48 The Ponds AMF/not-N-

fixing 

C3 

Themeda australis Kangaroo Grass 48 Orchard Hills AMF/not-N-

fixing 

C4 

*ECM denotes ectomycorrhiza symbiotic potential, with N fixing representing biological nitrogen 

fixation potential, with AMF denoting arbuscular mycorrhizal fungus potential.  

 

12.2 Pot Experiment Establishment  

The pot trial began at the University of Western Sydney in April 2014. The experiment 

design consisted of a randomized complete block design with three treatment factors. 

This included 2 CO2 concentrations, 4 biochar types (including control) and 5 plant 

species across 4 growth biochambers, resulting in 160 combination treatments. Each 

combination treatment had 9 replications per treated species, and 4 replications per 

control treatment (Table 12.3.1) 

Two growth bio-chambers (4m x 5m x 3m; Climatic Chambers, Vancouver, Canada) had 

ambient CO2 concentrations of 400 ppm, with the remaining two set at elevated 700 

ppm CO2. CO2 chambers were maintained automatically using mass flow controllers 

(Brooks Smart, DMFC, Emmerson process Management, Pittsburg, PA, USA), with 

board infrared gas analysers (IRGA, CARBOCAP, GMT222, Dual Wavelength 
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NDIRsensor, Vaisala, Oyj, Finland) fitted to each growth chamber to ensure accurate 

CO2 concentrations. The elevated CO2 concentration (700 ppm CO2) was delivered via 

pressurised cylinder, and the ambient chamber (400 ppm CO2) was maintained by 

removing CO2 from the air by a solid carbon soda filter (Sofnoline, Sigma, St. Louis, 

MO, USA). The growth chambers were designed as an airtight system (3000 L airtight 

units). 

The size of plant pots differed based on the plant species, 1.5 L pots used for grass and 

bush species, and 5 L pots used for tree species. 1.5 L Plastic pots were filled with 1 kg 

of spoil, and the 5 L pots were filled with 3 kg of spoil. All three pyrolysis temperature 

biochars were crushed prior to mixing with spoil to aid homogenised mixing. Biochar 

was mixed into the mine-spoil at the rate of 8 % by dry weight. The control pots 

received the same weight of spoil with no biochar additions. 

Seeds of the 5 plant species were sterilized with 70 % alcohol and 6 % sodium 

hypochlorite and germinated on sterilized glass beads (3 mm diameter) in a growth 

chamber set at 25 °C light (16 h) and 15 °C dark (8 h) at atmospheric CO2 

concentrations. At 24 weeks, the seedlings were selected and transferred to the final 

pots. After each watering period, all pots were re-shuffled to reduce potential position 

effects within the growth chambers. Plant pots were wetted to 10% volumetric water 

content based on spoil dry weight. Once all pots were prepared with the plant and 

treatment, the planted pots were placed into CO2 ambient (400 ppm) and elevated 

(700 ppm) bio-chambers groups in month 0, April 2014, until the final sampling in 

month 11, February 2015. Temperature within the biochambers ranged from 16oC to 

20oC mimicking natural variation in the Hunter Valley, with a light intensity averaging 

at 250 μE, with a 16 hours photoperiod and a relative humidity of 70 %.  
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12.3 Spoil and Plant Sampling  

 
Spoil samples were taken in April 2014 (month 0) to determine initial physical and 

chemical characteristics, and February 2015 (Month 11) following pot establishment 

(Table 12.4.1). The final samples were collected from mixed spoil in each individual pot 

yielding approximately 50 g spoil at Month 11. Spoil samples from each species were 

sieved to 2 mm, and air dried for a week (30 oC). 

Initial leaf samples were first collected in August 2014 (Month 5), and a second 

sampling occurred in February 2015 (Month 11) (Table 12.4.1). In the first collection in 

August 2014, three fully expanded leaves per plant at the middle canopy were 

collected. In the final sampling date destructive sampling was undertaken. All samples 

were taken with a minimum of nine replicates per species treatment, and four per 

control. 

Table 12.3.1: Listed experimental treatment design for Acacia floribunda, Allocasuarina littoralis, 
Austrodanthonia tenuior and Themeda australis, with nine replications per biochar (B650, B750, 
B850) and CO2 treatment, and four replications per control (B0) 

Chamber 
replication  

CO2 
Treatment 

Biochar treatment  Replication per species 

1 

700 ppm 

B0 (control) 4 

B650 9 

B750 9 

B850 9 

400 ppm 

B0 (control) 4 

B650 9 

B750 9 

B850 9 

2 

700 ppm 

B0 (control) 4 

B650 9 

B750 9 

B850 9 

400 ppm 

B0 (control) 4 

B650 9 

B750 9 

B850 9 
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Whole plants were harvested at month 11 to be used for biomass. Plant biomass was 

divided into samples of leaves, shoots and roots.  Plant samples were oven dried at 50 

oC for two days, and weighed to record dry biomass.  

Table 12.4.1: Sample Plan: including dates, type and number of samples and measurement method, on total carbon 
(TC) and nitrogen (TN) concentration and stable N isotope composition (δ15N) and stable C isotope composition 
(δ13C) 

Date Samples 
No# 
samples 

Measured 
variables 

Measurement 
technique Notes 

August, 
2014 

Leaf 215 
δ13C, δ15N, TC, 
TN 

Mass-
spectrometer 

Natural abundance, 3-6 leaves per 
sample 

October, 
2014 

Biochar 6 
δ 13C, δ15N, TC, 
TN 

Mass-
spectrometer 

3 biochar types, two replicates 

Febuary, 
2015 

Leaf 240 
δ13C, δ15N, TC, 
TN 

Mass-
spectrometer 

Natural abundance, 48 samples 
per species, all leaves 

 Stem 240 
δ13C, δ15N, TC, 
TN 

Mass-
spectrometer 

Natural abundance, 48 samples 
per species, all stems 

 Root 240 
δ13C, δ15N, TC, 
TN 

Mass-
spectrometer 

Natural abundance, 48 samples 
per species, all roots 

Febuary, 
2015 

Homogenous 
spoil mixture 

240 
δ13C, δ15N, TC, 
TN 

Mass-
spectrometer 

Natural abundance, mixed spoil  

 

 

Image 12.1.1: Foliar sampling in UV, CO2 and temperature controlled chambers in 
August 2014 

 

12.4 Spoil and Plant Analysis 
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The air dried spoil samples were ground to a fine powder by a RocklabsTM ring grinder. 

Approximately 40 mg of the ground spoil from each sample was then transferred to 5 

mm x 8 mm tin capsules. The powders were then assessed for TC and TN, δ13C and 

δ15N using a mass spectrometer (CV Isoprime, Manchester, UK). The oven dried plant 

samples were also ground to a fine powder by a RocklabsTM ring grinder. All plant parts 

were sub-sampled and ground to a fine powder by a RocklabsTM ring grinder to 

measure TC and TN, δ13C and δ15N according to Hosseini Bai et al. (2012). Six samples 

of each biochar pyrolised at 650 oC, 750 oC  and 850 oC (18 in total) were ground to a 

fine powder by a RocklabsTM ring grinder and analysed via mass spectrometer (CV 

Isoprime, Manchester, UK). To verify accuracy of analysis, 10% minimum replication 

was used. 

12.5 Statistical Analysis 

A three-way analysis of variance (ANOVA) were performed on plant and soil variables 

to determine the main effects of biochar types, atmospheric CO2 concentrations, plant 

species and their interactions. Tukey HSD test (P<0.05) determined the significance of 

differences among treatments. A T-test was used to test if a significant difference 

existed between CO2 chamber replicates, biochar treatments, and species responses to 

treatments. A regression analysis was used to investigate the relationship between 

spoil and plant C and N, as well as the relationship between plant TN and δ15N. Statistix 

8 software was used to run these tests. 

When moving samples from UWS to Griffith, some species samples were lost, with 

missing CO2 chamber replicates. Final mass-spectrometer analysis of February samples 

also required a reduced selection of samples to fit within the constraints of the 

experiment’s budget. Two samples from each species and treatment with the closest 

median biomass value were selected for analysis, and when necessary had the 

replicate CO2 chamber re-listed to allow for proper statistical analysis. Species with 

complete samples and appropriate CO2 chamber replications had no significant 

variation between replicated CO2 chambers.  
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Results 

12.1  Biochar Characteristics 

Analysis of the physical and elemental characteristics of B650, B750, and B850 pinewood 

biochar was carried out at the University of Western Australia. The analysis found that 

increased pyrolysis temperature decreased volatile matter and ash content (Table 

13.1.1). The biochar’s total fixed C percent showed a significant increase with elevated 

pyrolysis temperature. Beyond B750, increased pyrolysis temperature reduced biochar’s 

BET surface area, with B650 recording 231 m2/g, B750 recording 261 m2/g and B850 

recording 64.7 m2/g. Desorption potential, the ability to release gases, liquids and 

dissolved substances, was increased at the highest pyrolysis temperature. Pinewood 

biochar had very low levels of N at each pyrolysis temperature (Table 13.1.2).  

 

aBiochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) 

 

 

 

Table 13.1.1:  Analysis of the effect of three pyrolysis temperatures on pine-wood biochar’s* 

physical and elemental characteristics, with 6 replicates per sample.  

 Pyrolysis Temp. (°C) 

 B650 B750 B850 

Volatile matter (%) 9.8 7.2 4.2 

Fixed carbon (%) 86.8 89.2 94.2 

Ash (%) 3.4 3.6 1.6 

Carbon (%) 91.71 92.14 91.47 

Hydrogen (%) 1.08 1.52 1.06 

Sulphur (%) 0.09 0.03 0.06 

BET surface area (m²/g) 231.7 261.0 64.7 

Pore volume (cm³/g) 0.01 0.019 0.014 

Pore size -adsorption (Å) N/A N/A 28.4 

Pore size –desorption (Å) 26.05 32.61 158.47 
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Table 13.1.2: Analysis of the effect of three pyrolysis temperatures on pine-wood biochar’s C 
and N content 

Pyrolysis Temp. (°C) Elemental Elemental Isotopic Delta 

 Percentages Micrograms 13C  15N  

 C N (C) (N) PDB Air 

B650 90 0.1 6991 7.2* -26.9 5.7* 

B750 83 0.0 7808 4.0* -26.5 N/A* 

B850 91 0.1 7223 20.2 -27.3 N/A* 
a*indicates unreliable, low values. biochar types produced via slow pyrolysis at 650 (B650), 
750 (B750) and 850 (B850) °C 

 

12.2 Plant and Spoil Responses to Enhanced CO2 

All C3 pathway species grown in the CO2 700 ppm showed significantly reduced δ13C 

(P<0.05) (Table 13.2.1 to 13.2.5). Foliar δ13C was reduced by the elevated CO2 

treatment on both sample dates, with the most significant effect shown for month 11 

foliar samples (P<0.05; Table 13.3.1), with -30.86 ‰ and -36.77‰ at CO2 400 ppm and 

CO2 700 ppm respectively. At month 11, foliar TC for all species  increased from 1.05 g 

at the CO2 400 ppm, to 1.35 g at the CO2 700 ppm (P<0.01;Table 13.3.2).  

A.floribunda showed that foliar δ15N was significantly (P<0.05) reduced from -2.82 ‰ 

to -2.98 ‰ at CO2 400 ppm and CO2 700 ppm respectively at month 5 (Table 13.2.1), 

while E. crebra showed significantly (P<0.05) enriched foliar δ15N at month 11 at 3.03 

‰ and 4.41 ‰ at CO2 400 ppm and CO2 700 ppm respectively (Table 13.2.5). The 700 

ppm CO2 treatment significantly enriched spoil δ15N (P<0.05) (Table 13.3.7). Month 11 

E. crebra foliar TN increased from 18.5 mg to 44.7 mg at the 400 ppm CO2 and 700 

ppm CO2 respectively (Table 13.2.7). Foliar biomass was increased in A. floribunda and 

E. crebra at the CO2 700 ppm (Table 13.2.6 and 13.2.7). 
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Table 13.2.1: Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope 

composition (δ13C and δ15N), and C:N ratio of Acacia floribunda leaves sampled in August 2014 (Month 5) and February 2015 (Month 11)a 

Main effects: CO2, Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 
Biochar, species Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 32.94(0.34) 52.61(1.52) 2.52(0.09) 2.29(0.20) -35.53(0.24)b -35.53(1.20) -2.98(0.09)b -0.68(0.68) 13.49(0.48) 25.37(4.1) 

400 33.02(0.22) 49.43(2.16) 2.76(0.07) 2.26(0.30) -31.21(0.18)a -31.21(0.44) -2.82(0.05)a -1.54(0.27) 12.17(0.36) 29.23(8.5) 

Biochar types                     

B0 32.89(0.34) 54.18(2.53) 2.80(0.13) 2.37(0.41) -31.81(0.22)a -32.00(1.90) -2.78(0.10)a* 0.30(1.06)a 11.97(0.63) 27.42(8.5) 

B650 33.03(0.26) 50.23(0.72) 2.62(0.12) 2.30(0.11) -32.83(0.36)b -35.70(2.14) -2.88(0.08)b* -1.78(0.23)b 13.01(0.62) 22.14(1.0) 

B750 32.49(0.34) 52.23(1.87) 2.43(0.10) 2.39(0.20) -32.93(0.36)b -33.10(0.73) -2.97(0.11)b* -1.15(0.75)b 13.62(0.56) 22.28(1.6) 

B850 33.50(0.55) 47.45(4.15) 2.71(0.14) 2.06(0.60) -32.22(0.33)b -32.65(0.26) -2.97(0.11)b* -1.80(0.26)b 12.72(0.65) 37.36(17.1) 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05); and biochar types produced via slow 
pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. 
 

Table 13.2.2 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope 

composition (δ13C and δ15N), and C:N ratio of Allocasuarina littoralis leaves sampled in February 2015 (Month 11)a 

Main effects: CO2, Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 
Biochar, species Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 31.45(0.45) 48.71(0.58)a -3.88(0.24) -0.94(1.33) -33.00(0.15) -40.25(2.78)b -3.88(0.24) -0.94(1.33) 74.62(1.62) 81.90(8.18) 

400 30.76(0.21) 45.58(1.96)b -3.86(0.18) -1.13(1.56) -32.11(0.17) -33.69(0.90)a -3.86(0.18) -1.13(1.56) 50.92(2.70) 75.88(11.93) 

Biochar types                     

B0 30.788(0.20)b 47.30(1.52) -3.33(0.52) 0.90(1.65) -32.19(0.32) -35.68(2.78) -3.33(0.52) 0.90(1.65) 63.02(4.26) 71.28(14.89) 

B650 31.46(0.49)a 49.25(1.48) -3.95(0.26) -2.80(0.80) -32.64(0.16) -36.55(3.04) -3.95(0.26) -2.80(0.80) 54.01(1.59) 73.08(17.18) 

B750 31.8(0.88)a 46.15(3.00) -3.73(0.24) -0.88(3.38) -32.48(0.32) -38.50(2.40) -3.73(0.24) -0.88(3.38) 58.02(2.43) 82.23(15.28) 

B850 30.30(0.55)b 46.43(2.60) -4.48(0.11) -1.35(1.61) -32.93(0.33) -37.15(2.51) -4.48(0.11) -1.35(1.61) 76.03(0.11) 88.95(13.06) 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05); and biochar types produced via slow 

pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. 
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 Table 13.2.3 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope 

composition (δ13C and δ15N), and C:N ratio of Austrodanthonia tenuior leaves sampled in February 2015 (Month 11)a 

Main effects: 
CO2, biochar, 
species 

Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 

Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 28.89(0.37) 44.30(0.58) 0.26(0.02) 0.46(0.07) -36.16(0.43) -41.80(0.35)b -0.47(0.27) -1.16(0.56) 125.6(8.85) 107.60(11.86) 

400 29.14(0.93) 44.26(1.88) 0.31(0.03) 0.54(0.07) -34.48(0.32) -35.40(0.62)a -0.28(0.31) -1.19(0.47) 116.7(12.01) 89.58(8.75) 

Biochar types                   

B0 29.53(1.61) 42.43(2.87) 0.38(0.04)a 0.76(0.07)a -34.26(0.49) -37.30(2.17)a 1.33(0.58)a 0.83(0.45)a 91.2(14.1)b* 58.35(8.3)b 

B650 29.26(0.80) 44.03(0.44) 0.22(0.03)c 0.38(0.02)b -35.61(0.64) -39.08(1.50)b -0.82(0.28)b -2.10(0.51)b 140.1(14.2)a* 118.15(7.7)a 

B750 28.82(0.39) 44.10(1.84) 0.28(0.03)b 0.40(0.02)b -35.92(0.56) -39.10(2.20)b -0.90(0.17)b -2.08(0.32)b 118.9(13.0)ab 109.8(6.8)a 

B850 28.45(0.8) 46.58(1.83) 0.25(0.02)bc 0.46(0.06)ab -35.48(0.65) -38.93(1.79)b -1.11(0.19)b -1.35(0.17)ab 134.4(13.3)ab 108.10(14.4)ab 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05); and biochar types produced via 

slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. 

 

Table 13.2.4 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope 

composition (δ13C and δ15N), and C:N ratio of Themeda australis leaves sampled in February 2015 (Month 11)a 

Main effects: 
CO2, biochar 
& species 

Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 

Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 30.13(0.17) 43.30(2.89) 1.45(0.1) 0.35(0.05) -18.91(0.35) -23.74(0.34) -0.40(0.16) -1.01(0.24) 22.5(1.7) 141.7(19.2) 

400 30.2(0.28) 47.04(0.93) 1.48(0.1) 0.36(0.07) -18.22(1.64) -20.01(1.39) -0.41(0.19) -1.20(0.78) 21.9(1.3) 155.210.2) 

Biochar types                   

B0 30.10(0.27)b 45.35(1.38) 1.4(0.1) 0.54(0.12)a -17.00(0.95)b -20.93(2.55) 0.69(0.19)a 0.18(0.60)a 22.8(2.1) 99.6(23.7) 

B650 30.67(0.29)a 46.45(0.73) 1.30(0.1) 0.35(0.05)ab -16.65(0.67)a -21.28(1.56) -0.97(0.16)b -1.10(0.29)b 25.6(2.6) 141.9(22.7) 

B750 29.86(0.33)c 45.18(1.45) 1.48(0.1) 0.25(0.04)b -21.49(2.19)c -20.150(1.45) -0.81(0.16)b -1.78(0.63)b 21.8(1.8) 191.2(27.4) 

B850 30.08(0.32)b 43.70(6.84) 1.68(0.1) 0.28(0.05)b -19.12(1.54)c -25.15(3.75) -0.52(0.21)ab -1.73(0.59)b 18.6(1.0) 151.1(18.2) 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05); and biochar types produced via 

slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. 
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Table 13.2.5 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope composition 

(δ13C and δ15N), and C:N ratio of Eucalyptus crebra leaves sampled in February 2015 (Month 11)a 

Main effects 

of CO2, 

biochar and 

species 

Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 

Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 47.30(0.4)b 49.59(0.98) 0.74(0.03) 0.69(0.03) -38.61(0.77) -42.60(0.6)b 3.40(0.54) 4.41(0.70)a 67.3(3.0) 73.11(4.1) 

400 48.09(0.3)a 49.36(0.99) 0.82(0.03) 0.62(0.06) -33.03(0.42) -34.00(0.7)a 2.64(0.64) 3.03(0.72)b 59.9(2.2) 86.11(9.8) 

Biochar types                   

B0 46.64(0.8) na 0.78(0.05) na -31.783(0.43)a na 0.02(0.25)b na 59.8(3.2) na 

B650 48.48(0.4) na 0.76(0.05) na -37.454(1.03)b na 4.39(0.58)a na 66.9(4.2) na 

B750 48.11(0.4) na 0.73(0.05) na -35.983(1.21)b na 2.86(0.89)ab na 68.6(0.9) na 

B850 47.55(0.5) na 0.83()0.04 na -38.058(1.05)b na 4.80(0.61)a na 59.1(2.7) na 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05); and biochar types produced via slow 

pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. 
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Table 13.2.6 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total dry leaf 

carbon (C) and nitrogen (N) stocks, and biomass dry matter of Acacia floribunda leaves harvested in February 2015 

(Month 11)a 

Main effects of CO2, biochar and species Total C stock (g) Total N stock (mg) Biomass (g) 

CO2 (ppm)    

700 0.35(0.08) 15.4(0.004) 0.67(0.16)a 

400 0.27(0.08) 13.2(0.005) 0.54(0.15)b 

Biochar types       

B0 0.29(0.09) 12.8(0.005) 0.54(0.18) 

B650 0.13(0.03) 5.8(0.001) 0.26(0.07) 

B750 0.51(0.15) 24.3(0.009) 0.98(0.30) 

B850 0.32(0.07) 14.4(0.004) 0.65(0.11) 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by 

Turkey test (P > 0.05); and biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the 

control without any biochar applied, respectively. 

 

Table 13.2.7 Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total dry leaf  

carbon (C) and nitrogen (N) stocks, and biomass dry matter of Eucalyptus crebra leaves harvested in February 2015 

(Month 11)a 

Main effects of CO2, biochar and species Total C stock (g) Total N stock (mg) Biomass (g) 

CO2 (ppm)    

700 3.46(1.01)a 44.7(0.01)a 6.90(0.4)a 

400 1.51(0.36)b 18.5(0.01)b 3.04(0.4)b 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by 

Turkey test (P > 0.05 
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12.3 Plant and Spoil Responses to Biochar Application 

Biochar treatments showed reduced foliar δ13C and δ15N, and increased foliar C:N 

ratios compared to the control at both Month 5 and 11 (Fig. 13.3.1, Fig. 13.3.2 

and Table 13.3.1). All biochar treatments at month 11 significantly increased 

foliar and whole plant TC weight and biomass (P<0.05) (Tables 13.3.2, 13.3.3 and 

13.3.8). Compared to roots, leaves were more depleted in δ13C and δ15N (Table 

13.3.4). All biochar treatments significantly increased plant foliar biomass (Table 

13.3.2) and root biomass (P<0.05) (Table 13.3.5). All biochar treatments 

consistently increased root TC weight (P<0.001) and TN weight (P<0.05) (Table 

13.3.5). Significantly reduced δ13C was also measured in plant spoil samples 

(P<0.001) (Table 13.3.6 and 13.3.7). Spoil samples showed significantly increased 

total C and N in response to biochar treatments (P<0.001) (Table 13.3.7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13.3.1: Effects of biochar addition on δ13C of foliar samples of (a) A. floribunda, (b) A. littoralis, (c) A. tenuior, and (d) 

T. australis under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 concentrations at month 11. Values are mean + SE. 

B0, without biochar addition; B650, B750 and B850: biochar produced via slow pyrolysis at 650, 750 and 850 °C, 

respectively. Different lower case letters above the bars indicated significant difference at P<0.05. 
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Fig. 13.3.2 Effects of biochar addition on δ15N of foliar samples of (a) A. floribunda, (b) A. littoralis, (c) A. tenuior, and (d) 

T. australis under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 concentrations at month 11. Values are mean + SE. 

B0, without biochar addition; B650, B750 and B850: biochar produced via slow pyrolysis at 650, 750 and 850 °C, 

respectively. Different lower case letters above the bars indicated significant difference at P<0.05. 
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Table 13.3.1: Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and nitrogen (N) concentration, C and N isotope 

composition (δ13C and δ15N), and C:N ratio of Acacia floribunda, Allocasuarina littoralis, Austrodanthonia tenuior, Themeda australis and Eucalyptus crebra leaves sampled in August 

2014 (Month 5) and February 2015 (Month 11)a 

Main effects: CO2, 

biochar, species 
Total C (%) Total N (%) δ13C (‰) δ15N (‰) 

C:N ratio 

Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 Month 5 Month 11 

CO2 (ppm)           

700 34.2a 47.7a 1.079b 0.893a -31.95B -36.77b -0.87a 0.13a 60.7a 85.9a 

400 34.1a 47.2a 1.165a 0.915a -29.93A -30.86a -0.95a -0.41a 56.4a 87.2a 

Biochar types           

B0 30.8a 47.3a 1.276a 1.116a -28.81a -31.48a -1.02a 0.55a 47.2b 64.2b 

B650 31.1a 47.5a 1.137a 0.994a -29.47ab -33.15a -2.15b -1.94b 64.1a 88.8ab 

B750 30.8a 46.9a 1.154a 0.915a -30.65b -32.71a -2.10b -1.47b 57.4a 101.4a 

B850 30.6a 46.0a 1.266a 0.838a -29.94ab -33.47a -2.27b -1.56b 60.4a 98.9a 

Plant species           

A. floribunda 33.0b 51.0a 2.639a 2.279a -32.45b -33.36b -2.90c -1.11b 12.8c 27.3c 

A. littoralis 31.1bc 47.3ab 0.442d 0.732b -32.55b -36.97c -3.87d -1.03b 72.0b 78.9b 

A. tenuior 29.0d 44.3c 0.287d 0.499b -35.38c -38.60c -0.37b -1.18b 121.1a 98.6b 

T. australis 30.2cd 45.2bc 1.466b 0.656b -18.57a -21.88a -0.40b -1.11b 22.2c 148.4a 

E. crebra 47.7a 45.2ab 0.777c 0.354b -34.82c -38.60c 3.02a 3.72a 63.6b 79.6b 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05) or means within a column with the same 

upper case letter are not different from each other by Turkey test (P > 0.10); and biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control 

without any biochar applied, respectively. 
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Table 13.3.3  Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on 

total dried sample carbon (C) and nitrogen (N) stocks, and biomass dry matter of full plant samples of 

Acacia floribunda, Allocasuarina littoralis, Austrodanthonia tenuior, Themeda australis and Eucalyptus 

crebra sampled in February 2015 (Month 11)a 

Main effects: CO2, biochar, species Total C stock (g) Total N stock (mg) Biomass (g) 

CO2 (ppm)    

700 1.32(0.02)A 14.7(0.0001) 7.87(0.03) 

400 1.14(0.01)B 12.9(0.0001) 7.33(0.03) 

Biochar types    

B0 0.41(0.01)b 7.3(0.0002)c 3.87(0.03)b 

B650 0.85(0.02)a 8.9(0.0002)bc 5.62(0.05)a 

B750 0.99(0.02)a 11.7(0.0003)a 5.70(0.05)a 

B850 0.80(0.02)a 11(0.0002)ab 5.01(0.04)ab 

Plant species    

A. floribunda 0.32(0.01)c 11.2(0.0003)b 4.31(0.02)cd 

A. littoralis 0.20(0.00)c 2.6(0.00007)c 1.94(0.01)d 

A. tenuior 1.15(0.02)b 12.3(0.0002)b 1.94(0.01)d 

T. australis 1.50(0.02)b 12.8(0.0002)b 6.39(0.06)bc 

E. crebra 2.71(0.05)a 30(0.0005)a 17.83(0.11)a 

Plant part    

Leaf  1.20(0.02) 14.8(0.00) n/a 

Root  1.55(0.02) 12.7(0.00) n/a 
aFor a given main effect, means within a column with the same lower case letter are not different from 

each other by Turkey test (P > 0.05); and biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) 

and 850 (B850) °C, and B0, the control without any biochar applied, respectively 

Table 13.3.2  Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total dry soil 

carbon (C) and nitrogen (N) stocks, and biomass dry matter of Acacia floribunda, Allocasuarina littoralis, Austrodanthonia 

tenuior, Themeda australis and Eucalyptus crebra leaves sampled in February 2015 (Month 11)a 

Main effects: CO2, biochar, species Total C stock (g) Total N stock (mg) Biomass (g) 

CO2 (ppm)    

700 1.35a 17.2 2.88a 

400 1.05b 12.4 2.22a 

Biochar types    

B0 0.64b 10.3 1.39b 

B650 0.94ab 9.1 2.06ab 

B750 1.12a 13.3 2.43a 

B850 0.82ab 9.6 1.89ab 

Plant species 
   

A. floribunda 0.31c 14.3b 0.61c 

A. littoralis 0.15c 2.3c 0.32c 

A. tenuior 1.28b 12.9b 2.86b 

T. australis 1.76b 12.9b 3.99a 

E. crebra 2.49a 31.6a 4.97a 

aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey 

test (P > 0.05); and biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control 

without any biochar applied, respectively. Biochar analysis had Eucalyptus crebra samples removed.  
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Table 13.3.4  Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon (C) and 

nitrogen (N) concentration, C and N isotope composition (δ13C and δ15N), and C:N ratio of full plant samples of Acacia floribunda, 

Allocasuarina littoralis, Austrodanthonia tenuior, Themeda australis and Eucalyptus crebra sampled in February 2015 (Month 11)a 

Main effects: CO2, 

biochar, species 

Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 

     

CO2 (ppm)      

700 40.88(0.16) 0.70(0.01) -33.86(0.12) 0.91(0.03) 83.21(0.48) 

400 39.54(0.16) 0.68(0.01) -29.95(0.11) 0.53(0.03) 84.81(0.53) 

Biochar types 
          

B0 38.71(0.45) 0.81(0.02) -28.34(0.31)a 0.76(0.06) 61.32(1.19)b 

B650 40.02(0.39) 0.73(0.02) -31.54(0.28)ab -0.64(0.06) 85.56(1.29)a 

B750 39.09(0.45) 0.68(0.02) -30.82(0.32)ab 0.02(0.07) 91.99(1.55)a 

B850 38.77(0.44) 0.69(0.02) -32.02(0.29)b -0.43(0.05) 83.05(1.26)a 

Plant species      

A. floribunda 43.90(0.37)a 1.50(0.02)a -31.73(0.23)b -0.94(0.05)c 41.37(0.74)d 

A. littoralis 39.98(0.37)b 0.59(0.01)b -33.59(0.26)bc -0.70(0.05)c 78.33(1.10)c 

A. tenuior 35.34(0.51)c 0.44(0.01)bc -35.36(0.43)c 0.23(0.07)bc 86.19(1.30)bc 

T. australis 37.38(0.45)bc 0.37(0.01)c -23.04(0.25)a 1.12(0.09)bc 116.03(1.91)a 

E. crebra 44.44(0.28)a 0.55(0.01)bc -35.82(0.22)c 3.88(0.05)a 98.12(0.96)ab 

Plant part      

Leaf 47.45(0.07)a 0.90(0.01)a -33.81(0.09)b -0.14(0.04)b 86.56(0.63) 

Root 32.97(0.19)b  0.48(0.00)b -30.01(0.16)a 1.57(0.03)a 81.45(0.60) 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P 

> 0.05) or means within a column with the same upper case letter are not different from each other by Turkey test (P > 0.10); and 

biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, 

respectively. 
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Table 13.3.5: Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total dried carbon (C) and nitrogen (N) sample stocks, 
total C and N concentration, C and N isotope composition (δ13C and δ15N), and C:N ratio of full plant samples and biomass dry matter of Acacia floribunda, 
Allocasuarina littoralis, Austrodanthonia tenuior, Themeda australis and Eucalyptus crebra roots sampled in February 2015 (Month 11)a 

CO2 ppm TC % TC g δ13C TN % TN mg δ15N C:N Biomass  

700 34.1(1.2) 0.97(0.19)b -31.0(0.7) 0.49(0.05) 13.40(0.00) 2.25(0.52) 86.5(5.2) 2.72(0.47) 

400 31.6(1.2) 1.22(0.31)a -29.9(0.6) 0.46(0.04) 11.50(0.00) 1.76(0.47) 82.5(7.1) 3.74(0.76) 

Biochar*                 

B0 29.7(2.0) 0.18(0.03)b -28.5(1.2) 0.52(0.08) 3.8(0.00)b 1.60(0.63) 59.1(6.2) 1.23(0.48)b 

B650 32.3(1.8) 0.77(0.14)a -30.6(1.0) 0.46(0.06) 8.8(0.00)ab 1.06(0.75) 83.5(5.8) 2.71(0.56)a 

B750 31.0(1.5) 0.78(0.15)a -29.2(0.9) 0.43(0.05) 9.8(0.00)ab 1.95(0.89) 86.0(9.1) 2.69(0.54)a 

B850 31.1(1.7) 0.79(0.15)a -30.9(1.0) 0.52(0.06) 11.5(0.00)a 1.28(0.63) 72.5(5.8) 2.51(0.49)a 

Species                 

A. floribunda 
36.7(2.1)ab 0.28(0.05)b -30.6(0.7)b 0.72(0.09)a 6.3(0.00)b -0.30(0.62)b 58.8(11.5)b 1.38(0.46)b 

C3 N-fixing shrub 

A. littoralis 
32.5(1.5)bc 0.20(0.04)b -30.7(0.8)b 0.45(0.02)b 2.4(0.00)b -0.40(0.42)b 79.5(4.2)b 0.55(0.10)b 

C3 N-fixing shrub 

A. tenuior 
26.2(1.2)c 0.86(0.14)b -32.8(0.6)b 0.39(0.05)b 11.4(0.00)b 2.19(0.52)ab 77.2(4.9)b 3.37(0.54)b 

C3 grass 

T. australis 
29.6(1.3)c 1.06(.16)b -24.5(1.1)a 0.38(0.03)b 11.9(0.00)b 3.74(0.78)a 87.0(6.1)ab 3.42(0.49)b 

C4 grass 

E. crebra 3yr 
39.4(1.5)a 3.07(0.67)a -33.7(0.7)b 0.44(0.08)b 30.1(0.01)a 4.43(0.72)a 120.0(13.2)a 7.43(1.62)a 

C3 tree 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by Turkey test (P > 0.05) or means within a 

column with the same upper case letter are not different from each other by Turkey test (P > 0.10); and biochar types produced via slow pyrolysis at 650 (B650), 

750 (B750) and 850 (B850) °C, and B0, the control without any biochar applied, respectively. *E. crebra removed due to limited control biochar treatments. 
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Results of individual plant species interaction with biochar treatments showed 

substantial variation. Individual foliar samples showed that biochar treatments 

reduced δ13C ‰ values in A. floribunda, A. tenuior, E. crebra and T. australis (P<0.05) 

(Tables 13.3.1 to 13.2.5). Biochar treatment reduced δ15N in all species (P<0.05) except 

E. crebra, which showed an increase, and A. littoralis which showed no significant 

change (Fig. 13.3.1 to 13.2.5). Spoil moisture was significantly increased with biochar 

amendment (Fig. 13.3.3 and Table 13.3.7), with A. floribunda and E. crebra spoil 

samples showing the greatest increase with biochar amendment, in particular the 

B750 treatment. At month 11, biochar treatments reduced foliar δ15N in A. floribunda¸ 

A. tenuior, and T. australis (Fig. 13.3.2). At the month 11 full plant species samples, 

Table 13.3.6  Effects of elevated carbon dioxide concentration (CO2) and different biochar types applied on total carbon 

(C) and nitrogen (N) concentration, C and N isotope composition (δ13C and δ15N), C:N ratio and spoil moisture (%) of 

Acacia floribunda, Allocasuarina littoralis, Austrodanthonia tenuior, Themeda australis and Eucalyptus crebra spoil 

sampled in February 2015 (Month 11)a 

Main effects: 

CO2, biochar, 

species 

Total C (%) Total N (%) δ13C (‰) δ15N (‰) C:N ratio 
Moisture 

(%) 

      

CO2 (ppm)       

700 12.12(1.72) 0.16(0.00)a -24.16(0.68) 2.91(0.09)a 78.26(11.20)b 22.87(4.22) 

400 12.64(2.17) 0.15(0.01)b -24.24(0.76) 2.51(0.29)b 83.58(11.39)a 22.97(1.73) 

Biochar types 
      

B0 7.03(0.09)c 0.14(0.00)c -22.04(0.05)a 2.52(0.22) 52.21(0.55)b 19.53(1.16)b 

B650 14.84(0.28)a 0.16(0.00)a -24.99(0.07)c 2.50(0.24) 91.83(2.49)a 23.85(1.10)a 

B750 13.74(0.30)b 0.15(0.00)b -24.81(0.09)b 2.76(0.23) 90.02(2.30)a 24.52(0.82)a 

B850 13.90(0.25)b 0.16(0.00)ab -24.98(0.07)c 3.07(0.25) 89.61(2.37)a 23.79(1.01)a 

Plant species 
      

A. floribunda 12.98(0.74)ab 0.15(0.00)bc -24.48(0.28)a 1.38(0.13)d 87.30(4.19)a 22.05(1.34)b 

A. littoralis 13.28(0.82)a 0.15(0.00)bc -24.44(0.30)c 2.19(0.18)cd 88.71(4.60)a 22.12(1.07)b 

A. tenuior 12.18(0.70)b 0.14(0.00)c -24.29(0.25)c 3.24(0.32)ab 85.94(4.19)a 24.32(1.16)b 

T. australis 12.16(0.68)b 0.14(0.00)bc -24.30(0.28)c 2.40(0.20)bc 84.36(4.30)a 25.89(1.28)a 

E. crebra 11.00(0.66)c 0.19(0.01)a -24.00(0.27)a 3.34(0.27)a 67.86(3.57)b 23.21(1.19)b 
aFor a given main effect, means within a column with the same lower case letter are not different from each other by 

Turkey test (P > 0.05), and biochar types produced via slow pyrolysis at 650 (B650), 750 (B750) and 850 (B850) °C, and B0, the 

control without any biochar applied, respectively. 

 



45 
  

biochar treatments increased plant TC weight, TN weight and biomass in A. tenuior, T. 

australis. 

 

 

Fig. 13.3.3: Effects of biochar addition on percentage spoil moisture levels and plant biomass for 

species A. floribunda, A. littoralis, A. tenuior, and T. australis under ambient (400 μL L-1) and elevated 

(700 μL L-1) CO2 concentrations at month 11. Values are mean + SE. B0, without biochar addition; B650, 

B750 and B850: biochar produced via slow pyrolysis at 650, 750 and 850 °C, respectively. Different 

lower case letters above the bars indicated significant difference at P<0.05. 
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Fig. 13.3.4 Combined effects of biochar addition on soil and plant δ15N for species A. floribunda, A. littoralis, A. 

tenuior, and T. australis under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 concentrations in month 11. 

Values are mean + SE. B0, without biochar addition; B650, B750 and B850: biochar produced via slow pyrolysis at 

650, 750 and 850 °C, respectively. Different lower case letters above the bars indicated significant difference at 

P<0.05, or no significance (ns). 
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Fig. 13.3.5: Effects of biochar addition on soil moisture of (a) A. floribunda, (b) A. littoralis, (c) A. tenuior, (d) 

E. crebra, and (e) T. australis under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 concentrations at 

month 11. Values are mean + SE. B0, without biochar addition; B650, B750 and B850: biochar produced via 

slow pyrolysis at 650, 750 and 850 °C, respectively. Different lower case letters above the bars indicated 

significant difference at P<0.05. 
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12.4 Overall Differences Among Plant Species and Spoil 

Samples 

Foliar δ13C, δ15N and total biomass differed among all species (Table 13.3.1 and 13.3.2). 

Distinct δ13C values were found between C3 and C4 species (Table 13.3.1). C4 species, T. 

australis, had the highest foliar δ13C values at -18.6‰, however spoil δ13C values were 

highest under E. crebra (3 years). C3 A. tenuior and E. crebra had the most reduced δ13C 

value at -38.6‰. For N-fixing species, δ13C values were significantly different from all 

other non N-fixing species. Species physiological variation resulted in three distinct 

plant and spoil δ15N groups from most to least depleted, with 1) significantly 15N 

depleted N-fixing shrubs A. floribunda and A. littoralis, 2) grasses A. tenuior and T. 

Table 13.3.7: Month 11 analysis of variance for spoil total C (TC), C isotope composition (δ13C), total 
N (TN) and N isotope composition (δ15N) and soil moisture (%) 

  TC % δ13C TN % δ15N C:N Moisture  

CO2 concentration (CO2) 0.09 0.06 <0.05 <0.05 <0.05 0.89 

Species (Spp) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.01 

Biochar (Bc) <0.0001 <0.0001 <0.0001 0.10 <0.0001 <0.001 

Bc*Spp <0.001 <0.0001 <0.0001 0.01 <0.0001 <0.05 

CO2*Bc 0.47 0.25 0.05 0.31 0.19 <0.05 

CO2*Spp 0.38 0.11 <0.0001 0.84 0.0001 0.42 

CO2*Bc*Spp 0.52 0.44 0.0001 0.63 <0.05 <0.01 

 

Table 13.3.8: Month 11 analysis of variance for whole plant total C (TC), C isotope composition (δ13C), total N (TN) 
and N isotope composition (δ15N) 

  TC % TC g δ13C TN % TN g δ15N C:N Biomass 

CO2 concentration (CO2) 0.31 0.57 0.52 0.08 0.44 0.86 0.36 0.08 

Species (Spp) <0.001 <0.001 <0.001 <0.001 <0.001 0.09 <0.001 <0.001 

Biochar (Bc) 0.92 <0.001 0.06 <0.001 0.15 0.05 <0.05 <0.001 

Bc*Spp 0.72 <0.01 0.58 <0.001 0.51 0.93 0.29 <0.001 

CO2*Bc 0.80 0.23 0.66 <0.05 0.17 0.79 0.60 <0.05 

CO2*Spp 0.11 0.08 0.34 0.28 0.47 0.95 0.71 0.28 

CO2*Bc*Spp 0.75 0.36 0.36 0.60 0.32 0.29 0.63 0.60 
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australis, and, 3) 15N enriched tree species E. crebra (Tables 13.3.4 & 13.3.6). With the 

exception of T. australis, plant biomass was also divided into the same three groups, 

with shrubs, grass and tree species all showed significantly different groups (Table 

13.3.4) 

Discussion 

14.1 Plant and Spoil Responses to Treatments 

14.1.1 CO2 

Elevated CO2 resulted in a more depleted δ13C value in full plant samples (Table 

13.3.4), likely stimulating plant photosynthesis and WUE (Gagen et al. 2011) compared 

to those grown at the 400 ppm CO2 treatment. C3 plant photosynthesis prefers to 

sequester the lighter isotopic 12C, which is more readily available with elevated 

atmospheric CO2 (Leakey et al. 2009; Lloyd and Farquhar 1994; Wiesenberg et al. 

2008). Depleted δ13C values are a strong indicator of increased foliar WUE (Leakey et 

al. 2009). Elevated CO2 likely increased the sequestration of CO2 per unit of water 

transpired, increasing foliar WUE while depleting foliar δ13C values (Delucia and 

Schlesinger 1991; Gagen et al. 2011; Leakey et al. 2009). As described in Volk et al. 

(2000), elevated atmospheric CO2 can trigger one-third lower stomatal conductance 

via improved plant WUE. Elevated CO2 did not show a substantial effect on spoil 

moisture within this experiment, with no variation in plant soil moisture demand 

altering the 10 % soil moisture levels between the 400 ppm CO2 and the 700 ppm CO2 

treatments. 

Elevated CO2 is strongly correlated with increased non-structural carbohydrate of C3 

plants (de Graaff et al. 2006; Leakey et al. 2009; Makino and Mae 1999). The elevated 

CO2 treatment showed increased TC weight in leaves, and reduced root TC weight, 

with a root:shoot ratio of 1.15 and 0.72 at the 400 ppm CO2 and 700 ppm CO2 

respectively (Table 13.3.2 and Table 13.3.6). Elevated CO2 is found to trigger plant 

allometric fractionation of C, however overall spoil water and N availability are greater 

determining factors of plant fractionation (Poorter, 2000; Jongen, 1995;Luo, 1994; 

Madhu, 2013; Stulen, 1993). Research by Madhu and Hatfield (2013) and Stulen and 

Denhertog (1993), showed plant root growth in N limited spoil can increase, with roots 
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lengthening to explore a greater spoil volume. Sampled spoil was strongly N limited 

and contained no organic matter (Table 13.3.6), it was therefore anticipated that 

plants would preferentially allocate C to expand root zones. According to this research, 

reduced root TC weight (Table 13.3.5) and elevated foliar TC weight (Table 13.2.2) 

under elevated CO2 treatment therefore indicate that the experiment plant species are 

well adapted to N limited poor soil conditions, and preferred to expand shoot:root 

ratios. Contrary to hypothesis 3, elevated CO2 did not increase N fixation in a. littoralis 

and a. floribunda and spoil N values, providing greater evidence that the capacity of N 

fixing plants and rhizobionts to adapt to and benefit from elevated CO2 varies between 

species (Lam et al. 2012). Extensive root zones are proven to stimulate microbial 

activity and health, increased N mineralization, and reduced N loss (Chen et al. 2011; 

Robinson and Conroy 1999), therefore the reduced root zones may have contributed 

to reduced soil N content.  

14.1.2 Biochar 

Foliar δ13C values and soil moisture were found to be affected by biochar amendment, 

indicating changes in water availability and plant photosynthetic capacity. Changes in 

spoil moisture were dependent on the ability of the unique physiological adaptations 

of the plant species to beneficially interact with biochar (P<0.01) (Table 13.3.6 and Fig. 

13.3.5). Plants grown in biochar amended spoil treatment had significantly reduced 

foliar δ13C values (Table 13.3.2) compared to the non-biochar treatment. Plants with 

enriched δ13C values can reflect water limitation and high plant WUE (Gagen et al. 

2011). High plant WUE triggered by water limitation causes the reduction of plant 

stomata, reducing overall CO2 sequestration, enriching foliar C with 13C (Gagen et al. 

2011). Spoil moisture was significantly increased with biochar amendment (Table 

13.3.5 and Fig. 13.3.3), with a strong species and biochar interaction (P<0.05) (Table 

13.3.6). Biochar amended spoil showed significantly increased moisture compared to 

the non-treated spoil for all species except the grasses, providing strong evidence for 

biochar’s capacity to increase spoil moisture.  The highest spoil moisture was recorded 

in samples from spoil treated with B750 biochar. This increase is likely a function of the 

higher BET surface area, and less dependent on ash content and total fixed C (Table 

13.1.1). Specific physiology of plant root zones and the influence of root zones on spoil 

structure and hydraulic suction are especially able to leverage the increased soil 
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moisture capacity benefits of biochar (Atwell et al. 1999). Analysis has shown that 

biochar’s capacity to influence plant root growth and plant spoil conditioning is likely 

secondary to individual plant species physiology and adaption to the growth conditions 

(Tables 13.3.7 and 14.1.2). The reduced foliar δ13C values in combination with elevated 

spoil moisture and increased plant biomass (Table 13.3.3) therefore support 

hypothesis 2, that biochar application improves soil water availability and plant growth 

in mine spoil conditions, and should be considered when the improvement of spoil 

growth conditions is required (Tables 13.3.1 and 13.3.5). When paired with resilient 

plant species for mine spoil rehabilitation, biochar should be considered a reliable 

option for improving spoil condition prior to planting. The findings join a broad range 

of studies showing that soil treated with biochar increased soil moisture and leaf water 

potential (Baronti et al. 2014; Gray et al. 2014; Prendergast-Miller et al. 2011).  

All biochar treatments significantly reduced foliar δ15N values, reflecting biochar’s 

influence on microbial activity and spoil water content (Table 13.3.1). Plant δ15N values 

are a strong indicator of N sources, when and where the plants were grown, and can 

be used to determine plant growth conditions (Craine et al. 2009; Dempster et al. 

2012a; Ibell 2013; Xu et al. 2014). The biochar treatments increased plant TN mg 

values, with the greatest plant N values attributed to B750 and B850 amendment (Table 

13.3.3). Spoil TN % values were also significantly increased for all species except T. 

australis, possibly being utilised by the fast growing grass. Reduced foliar δ15N values 

combined with increased plant TN mg values and increase spoil TN % strongly shows 

that biochar amendment has reduced the leaching of a 15N depleted N source. 

Importantly, this provides further evidence that N is bioavailable with biochar 

amendment, and that pinewood is an appropriate feedstock. A number of potential 

causes of depleted 15N sources existed in the experiment, with a) residual N fertilizer 

produced from atmospheric Nitrogen used in seedling growth commonly have δ15N 

compositions of 0 ± 3‰, b) the 15N depleted biochamber atmospheric N value 

deposited through watering, and c) poor microbial activity.  

The N fixing plants showed no substantial increase in plant N content with biochar 

amendment. The application of biochar has been shown to stimulate leguminous N 

fixation and N cycling by improving spoil moisture and pH, immobilising phyto-toxins 

and providing a habitat for nitrifying organisms (Berglund et al. 2004; Wardle et al. 
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2008). However, the spoil was not prepared with rhizobial inoculants. If biochar was 

stimulating atmospheric N fixation and N mineralisation, new N sources could be 15N 

depleted. Both associative and free-living bacteria fix atmospheric N (Hayat et al. 

2010). In non-leguminous plant species A. tenuior and T. australis, N-fixation from free-

living diazotrophs may be contributing to 15N depleted foliar samples.  Diazotrophic N2 

fixation is reliant on high amounts of microbial available C in soil which may have been 

introduced to the mine soil since planting (Hayat et al. 2010). With the exception of E. 

crebra, species δ15N values are very low throughout the plant, with fractionation 

further depleting foliar values from root and stem measurements (Tables 13.3.1 and 

13.3.4). Depleted δ15N values likely reflect poor N availability and N cycling within the 

mine spoil (Craine et al. 2015; Tiunov 2007), suggesting that the cause of 15N depleted 

plant samples is likely residual 15N depleted N sources.  

14.2 Plant Species 

From the least to most depleted, three different δ13C responses were recorded, with 1) 

C4 grass T.australis, 2) N-fixing species A. floribunda and A. littoralis, and 3) C3 A. 

tenuior and E. crebra (Table 13.3.1). C4 plant T. australis utilises more 13C compared to 

the C3 carboxylation process and photorespiration in the C3 species, resulting in a more 

enriched δ13C value (Ehleringer et al. 1991; Leakey et al. 2009; Lloyd and Farquhar 

1994; Wiesenberg et al. 2008). Both N fixation and legume development have a high 

respiratory cost, requiring >60% of sequestered C allocated to nodules (Fotelli et al. 

2011; Soussana and Hartwid 1996). This energy intensive process may explain slightly 

higher δ13C values than non-N-fixing species due to a C recycling process post 

decarboxylation, similar to the C4 mechanism (Fotelli et al. 2011). C3 A. tenuior and E. 

crebra are highly hardy species, able to thrive in poor spoil conditions, increasing 

photosynthesis and WUE.  

With the exception of E. crebra, all species foliar δ15N values were depleted below 

natural ranges, possibly indicative of low N availability and cycling within the mine 

spoil and a plant preference for N sources with depleted δ15N values. The mine spoil 

used as the growing medium has an enriched δ15N signature (Table 13.3.6). Across all 

species two distinct foliar δ15N groups were observed, with N-fixing and non N-fixing. 

N-fixing shrubs A. Floribunda and A. littoralis were significantly more depleted of 15N 
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than the grass and tree species (Table 13.3.1). Non N-fixing plants have a 15N natural 

abundance ranging between 9‰ to 14‰, while N-fixing plants have a values between 

atmospheric N2 levels (0‰) and the δ15N signature of spoil N (Craine et al. 2009; 

Craine et al. 2015). BNF plants are likely to utilise close to 100% atmospheric N 

sources, therefore the atmospheric δ15N signature is likely depleted (Craine et al. 2009; 

Robinson 2001). Microbial activity and N mineralisation are dependent on a spoil C 

source and a strong root rhizobial zone (Robinson and Conroy 1999). Both N-fixing 

shrubs showed limited root zones, potentially limiting microbial activity and N 

mineralization, resulting in depleted foliar 15N values. A. floribunda showed extensive 

nodulation, utilising atmospheric N and increasing foliar TN, with the lowest foliar C:N 

(Table 13.3.2). The tree species showed extensive root zones and high spoil moisture 

content, stimulating N mineralisation and increasing foliar 15N, the findings replicated 

by those of Robinson and Conroy (1999). 

14.3 Plant Biomass 

Biochar showed significantly increased plant biomass, with elevated CO2 having no 

consistent treatment effect (Table 13.3.2). Despite significant treatment effects at an 

isotopic level and elevated foliar TC g (Table 13.3.1), the plants did not show a 

statistically significant increase in biomass when exposed to elevated CO2 (Table 

13.3.1). Plant samples grown in the 700 ppm CO2 had a higher biomass weight (Table 

13.3.2 and Table 13.3.3), however due to large standard error this reduced statistical 

significance. The insignificance of CO2 fertilisation on biomass is a surprising result, and 

contrary to the hypothesis 1. It is well established that elevated CO2 can increase plant 

biomass via increased C availability in C3 plants, and improved WUE in both C3 and C4 

species (Leakey et al. 2009; Long et al. 2004; Wand et al. 1999). Improved plant WUE 

and PNUE under elevated CO2 is commonly attributed to improved plant 

photosynthesis and biomass (Leakey et al. 2009; Long et al. 2004; Wand et al. 1999). 

Adaptation of the RuBisCo enzyme in C3 plants to elevated atmospheric CO2 reduces 

overall plant N demand per unit of photosynthesis, improving PNUE (Leakey et al. 

2009; Long et al. 2004). High PNUE is beneficial in a low N soil type such as mine spoil. 

However, biomass growth in under elevated CO2 is dependent on spoil properties such 

as available spoil water, spoil C for microbial respiration, and spoil N (de Graaff et al. 

2006; Ross et al. 2002). The poor growth conditions and low N content of the mine 
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spoil may have prevented improved growth in elevated CO2 concentrations. Nitrogen 

fixation has a high respiratory cost, with >60% of sequestered C allocated to nodules 

(Fotelli et al. 2011; Soussana and Hartwid 1996). Nodulation was evident in A. 

floribunda despite no biomass response to elevated CO2. No nodulation on A. Littoralis 

was visible, reducing N fixing capacity and resulting in reduced overall biomass in 

comparison to A. floribunda (Tables 13.3.3).  

Biochar application increased plant total biomass significantly when species were 

aggregated, however on an individual level only the grass species A. tenuior and T. 

australis showed statistically significant biomass increase. The rapid growth rate of the 

grass species may be showing earlier benefits of biochar addition than the slower 

growth shrub species. The poor structure and low N mine spoil likely limited the 

growth and photosynthetic capacity of plant species. Australia’s native grasses are 

highly drought tolerant, and are able to establish at disturbed sites with low fertility 

(Huxtable et al. 2005; Windsor and Clements 2001). Biochar has shown to stimulate 

microbial activity, increasing the decomposition rate of SOM and subsequent release 

of bio-available minerals (Wardle et al. 2008). Biochar therefore may have increased 

the bio-availability of spoil N necessary for the grass’s rapid growth. Improved spoil 

water availability, and nutrient retention due to biochar application are proven to 

increase plant photosynthesis and biomass (Berglund et al. 2004; Dempster et al. 

2012a). 

Biochar pyrolysis temperature created some significant variation in plant biomass 

response. Biomass was increased by all biochar additions, however amendment with 

B850 showed reduced biomass when compared to B650 and B750 (Table 13.3.3). A study 

by Bergeron et al. (2013) found that biochar produced at 850 oC reduced microbial 

metabolism and spoil respiration. Biochar pH, recalcitrance and pore size are the main 

characteristics changed by pyrolysis temperature (Manya 2012; Zhao et al. 2013). 

Kuwagaki and Tamura (1990) showed an increase of biochar pH from 7.6 at 310 °C to 

9.7 at 850 °C. Basic biochar pH may be reducing microbial function, with spoil pH 

beyond 7.5 known to affect microbial community and function (Jesus et al. 2009). 

Increased biochar pore size reduces the capacity and duration of biochar’s water 

holding potential (Gaskin et al. 2008). The chemical and physical characteristics of 

pinewood dust biochar showed that pore volume did not increase at 850 oC, however 
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desorption capacity increased significantly (Table 13.1.1). Biochar produced at 850 oC 

should have lower water holding capacity than 750 oC and 650 oC biochar. Analysis of 

spoil samples is the next logical step. It would be interesting to measure the functional 

duration of pinewood dust biochar as higher pyrolysis biochar’s tend to show greater 

recalcitrance (Manya 2012; Sun et al. 2014). Course spoil texture characteristic of mine 

spoil is known to reduce biochar’s pore size, affecting water holding capacity and 

residence time (Brodowski et al. 2006; Ponomarenko and Anderson 2001). 

Conclusion  

The experiment showed that plants exposed to the 700 ppm CO2 grew faster and 

accumulated non-structural C in leaf biomass compared to the plants grown under the 

400 ppm CO2. Increased plant biomass showed no significant influence on spoil 

moisture levels, suggesting that elevated CO2 likely increased the sequestration of CO2 

per unit of water transpired, increasing foliar WUE while depleting foliar δ13C values. 

The experiment was not long enough to show any significant influence of CO2 

increased plant biomass on soil TC and C:N ratios due to increased organic matter 

inputs.  

Treating mine spoil with pinewood biochar resulted in the greater accumulation of 

spoil N and C, regardless of pyrolysis temperature between 650 o C and 850 o C (Table 

13.3.6). Reduced foliar δ15N values combined with increased plant TN values and 

increased spoil TN % provided evidence that biochar amendment reduced the leaching 

of a 15N depleted N source due to provision of soil C substrate, increasing particle 

surface area, and molecular CEC. Importantly, this provided further evidence that N 

was bioavailable with the biochar amendment, and that pinewood was an appropriate 

feedstock. Providing a large source of C, biochar increased soil TC % significantly 

however it was not determined if biochar treatment additionally increased soil C via 

increased input of plant biomass or other sources. 

Plant biomass increased when grown in the biochar amended spoil supporting a 

growing literature base on the capacity of biochar to increase plant biomass through 

improved soil conditions and moisture content. Spoil moisture was significantly 

increased with the biochar amendment, with a strong species and biochar interaction. 

The reduced foliar δ13C values in combination with elevated spoil moisture and 
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increased plant biomass therefore support the hypothesis 2, that biochar application 

improves soil water availability and plant growth under the mine spoil conditions. The 

variation in physiological characteristics of a plant species root zones, such as extent 

and hydraulic suction, can influence soil structure considerably. The variability in soil 

moisture content with the biochar treatment was possibly contributing to the variation 

in plant root physiological characteristics and whether they were able to adapt to 

biochar complementarily. Further experiments should attempt to determine the 

relationship between biochar treatment and microbial activity influencing plant 

biomass.  

Biological N-fixing plants failed to show a greater increase in foliar N concentration in 

response to biochar addition and elevated CO2 due to the high respiratory cost of 

legume development, requiring >60% of sequestered C allocated to nodules. C3 A. 

tenuior and E. crebra were highly hardy species, able to thrive in poor spoil conditions, 

increasing photosynthesis and WUE when treated with elevated CO2 and biochar.  

Pinewood biochar was therefore recommended for rehabilitating mine spoil with 

selected native Australian trees and grasses. Opportunities may exist in the mining life-

cycle for the use of hard-wood from land clearing as a biochar feedstock for the later 

rehabilitation of mined spoil. To improve the feasibility of biochar use, it would be 

useful to understand the lowest dosages of biochar treatments necessary to improve 

spoil C and N cycling for rehabilitation purposes. Understanding the role and 

interaction of biochar with naturally occurring spoil microbes and inoculated microbes 

to improve spoil C and N cycling could further improve the effectiveness of biochar 

treatment in spoil.  
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