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Abstract 

The growing public interest in the environment is associated with nature conservation 

embracing preservation, restoration and enhancement of the natural environment. 

Intensive forest management activities and surface mining, due to the growing demand 

for wood products and raw resources from mining, are known to cause considerable soil 

disturbance and loss of chemical, biological and physical fertility. Retention of harvest 

residues during the inter-rotation period and vegetation regeneration emerge as the most 

promising methods for maintaining soil organic matter (SOM) in forest plantations and 

mine rehabilitation, respectively. Numerous studies show that retaining residues on-site 

increased soil carbon (C) and nitrogen (N) pools, which could be ascribed to the inputs 

of labile C and N released from the residues into soil, while the impacts are relatively 

ephemeral since these labile C and N are easily decomposed. However, the long-term 

impacts are not well known. Since soil total N usually does not follow the same pattern 

as soil total C in the later period because residue N is apparently immobilized within the 

residues following an initial release of the most labile N fraction. Hence, it is highly likely 

that harvest residues may decrease N leaching and thus, improve N retention in a 

relatively longer term compared to the soil C pools. Moreover, the C and N released from 

the harvest residues may become more recalcitrant and decrease in quantity as the 

progress of residue decomposition. Hence, the long-term harvest residue retention 

probably would select and activate different bacterial groups, with the ability to utilize 

recalcitrant C and N and survive under oligotrophic conditions, which would be quite 

different from those of short-term studies. 
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Surface mining usually involves destruction of the existing vegetation and causes extreme 

conditions at mine sites, including deficiency of water and essential nutrients, extreme 

pH, coarse texture and compacted structure. Re-vegetation has emerged as the most 

promising method for mine rehabilitation. However, the extreme conditions in mine spoil, 

especially the deficiency of N, have presented decisive barrier for initial vegetation 

establishment. Due to the large amounts of N needed for plant growth, it would be too 

expensive to solve N deficiency via N fertilizer application. Additionally, N is quickly 

leached in mine spoil due to its lack of clay minerals and organic matter. Therefore, 

building N capital is a priority for mine spoil rehabilitation. Biochar application has the 

potential to increase plant growth and soil N retention. However, most previous studies 

have focused on forest and agricultural soils, and very few studies have paid attention to 

mine spoils. Hence, in this study we assessed the potential of using biochar in mine 

rehabilitation in terms of improving plant growth and soil N capital in mine spoils. 

Moreover, in the context of steadily rising atmospheric CO2, it is necessary to evaluate 

whether elevated CO2 would influence the potential of biochar application in mine 

rehabilitation. 

Hence, the objectives of this study were addressed in each chapter: (1) to investigate the 

long-term effects of harvest residue management on soil C and N pools in forest 

plantations (Chapter 3); (2) to examine the long-term effects of harvest residue 

management on soil bacterial community composition in forest plantations (Chapter 4); 

(3) to investigate plant responses to biochar addition in mine spoils under elevated CO2 

(Chapter 5); and (4) to assess the potential of biochar addition in mine rehabilitation in 

terms of building soil N capital under elevated CO2 concentrations (Chapter 6). 
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Three experiments were carried out to achieve these aims, with Experiments 1 and 2 

designed for the first two objectives, while Experiment 3 for the remaining two. 

Experiment 1 was established in 1996, located in the exotic pine plantations of southeast 

Australia. This experiment involved even distribution of harvest residues and, included 

three residue treatments: (1) residue removal (R0); (2) residue retained (R1); and (3) 

double quantities of residue retained (R2). Soil sampling was carried out in March 2015, 

19 years after the establishment of the experiment. Soil samples were taken in depths of 

0-10, 10-20 and 20-30 cm. Water and hot water-extractable organic C and total N (WEOC, 

HWEOC, WETN, HWETN), total C (TC), total N (TN), as well as δ13C and δ15N were 

measured to study the impact of long-term harvest residue retention on both soil labile 

and total C and N pools (Chapter 3). Nuclear magnetic resonance (NMR) spectroscopy 

analysis was used to determine the residue retention effects on chemical functional group 

composition of SOM (Chapter 4). The influence on soil bacterial community was also 

investigated via high throughput sequencing technology in this experiment (Chapter 4). 

Experiment 2 was established in 1998, located in the hoop pine plantations of southeast 

Australia. The residue materials were placed into two windrows in this experiment and, 

each of the windrows contained 522 t ha-1 of dry matter, and was approximately 2.5 m in 

width and spaced 15 m apart from each other. Soil samples were taken from 11 positions 

(A-J, M) along three transects across the two windrows, respectively from 0-5, 5-10 and 

10-20 cm depths in March 2015. The sample analysis was the same as in Experiment 1 

without NMR or high throughput sequencing analysis. Hence, this experiment was 

designed only for examination of the long-term harvest residues on soil C and N pools 

(Chapter 3). 
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Experiment 3 was conducted continuously for two years at the University of Western 

Sydney (Sydney, NSW, Australia) from February 2013 to February 2015. The experiment 

was set-up according to a split-plot design. In this design, we considered the CO2 flow 

Chambers as whole plot, while the plant species and biochar treatments were considered 

as sub-treatments. The experiment consisted of four environmentally controlled CO2 flow 

chambers, with two chambers CO2 exposed to elevated CO2 at 700 μL L-1, and the 

remaining two at 400 μL L-1. Each chamber contained all levels of the four biochar 

treatments: without biochar addition in mine spoil, with the application of biochar at 8% 

rate by weight, produced at three pyrolytic temperatures (650, 750 and 850 °C, 

respectively). Mine spoil was sampled from Glencore Mt. Owen coal mine rehabilitation 

site, Australia. The plant species included a tree species (Eucalyptus crebra), N-fixing 

shrubs (Acacia floribunda and Allocasuarina littoralis), C3 and C4 grasses (Austrostipa 

ramossissima, Austrodanthonia tenuior, Dichelachne micrantha and Themeda australis) 

and sedges rushes (Isolepis nodosa, Lomandra longifolia). There were 9 replicates for 

each treatment. Among the nine plant species, A. ramossissima, D. micrantha and I. 

nodosa were selected for the objective 3 to study plant responses to biochar addition in 

mine spoil under elevated CO2 concentrations. We measured leaf, root and total biomass 

of the three species and also, examined the C and N allocation at the whole-plant level to 

elucidate the physiological implications for the plant growth responses to biochar addition 

(Chapter 5). We selected the soil samples under all the 9 plant species except for I. nodosa 

for the objective 4 of assessing the potential of biochar addition in mine rehabilitation in 

terms of building soil N capital under elevated CO2 concentrations. Soil analysis was the 

same as Experiment 2 (Chapter 6). The main results are listed as follows: 

(1) In Chapter 3, the results of Experiment 1 showed that the retention of harvest residue 

increased N retention, as indicated by the significant increase in soil HWETN at depth of 
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10-20 cm. This was probably due to the decreased N leaching with residue retention as 

suggested by the significant decreases of soil δ15N (P < 0.001). Similarly, the retention of 

windrowed-harvest residues of Experiment 2 showed that the position M just beneath the 

residues had the significantly highest soil labile N (WETN and HWETN) and total N, 

whereas only the highest soil labile C (WEOC and HWEOC) appeared under position M. 

Hence, our study strongly suggested that harvest residues retention improved N pools in 

a relatively longer term compared to soil C pools probably via decreasing N leaching. 

However, the positive effects on soil C and N pools of the windrowed harvest residue 

retention were only limited under the position M and thus, only the plants close to position 

M could benefit from the residue retention. 

(2) In Chapter 4, the long-term residue retention of Experiment 1 significantly increased 

the relative abundances of Actinobacteria (P = 0.016) and Spartobacteria (P < 0.001), 

whereas decreased soil bacterial diversity as indicated by the Shannon index (P = 0.025). 

Actinobacteria and Spartobacteria are well known for consuming more recalcitrant C and 

N compounds and thriving under oligotrophic conditions. The results are different from 

the previous short-term studies, which found significant increases in the bacterial groups 

responsive to labile C and N and increase in soil bacterial diversity. Hence, our study 

probably suggested that since the residue C and N became more recalcitrant and decreased 

in quantity as the progress of residue decomposition, long-term harvest residue retention 

probably would favour the oligotrophic bacterial groups specialized in the degradation of 

more recalcitrant C and N compounds. This conclusion was further supported by the 

positive relationships of alkyl C with Actinobacteria and Spartobacteria, since the alkyl 

C region was assigned to recalcitrant long chain aliphatic structures. Moreover, the 

favouring of these specific bacterial groups is highly likely to be the reason for the 

decreased soil bacterial diversity with long-term residue retention. 



 

VI 
 

(3) In Chapter 5, our data showed that biochar addition significantly decreased leaf total 

N and δ15N and the decreases were more pronounced than those of root samples. These 

responses are commonly seen under elevated CO2, via which plants could achieve optimal 

N distribution and thus, higher N-use-efficiency. Hence, our data suggested that plants 

with the higher potential to improve N-use-efficiency would benefit most from biochar 

application in the N-deficient mine spoil. This was consistent with our observation of 

species-specific growth responses of the three plant species to biochar application. Our 

data also showed that more pronounced effects of biochar addition on improving plant 

biomass appeared under ambient CO2 than those under elevated CO2 concentration. 

Hence, it would remain a strong possibility that elevated CO2 decreased the ability of 

biochar addition in improving plant growth. 

(4) In Chapter 6, soil total N concentrations significantly increased following biochar 

application across all species selected except for T. australis, with E. crebra having the 

highest soil total N (0.197%, 0.198% and 0.212% for biochar produced at 650, 750 and 

850 °C, respectively). Hence, our results suggest that biochar addition showed the 

potential in mine rehabilitation in terms of improving soil N pool, especially with E. 

crebra. While elevated CO2 only exerted negligible influences on soil properties under 

the grasses and the N-fixing shrubs, CO2 enrichment significantly increased soil WEOC 

and HWEOC, and decreased total C under E. crebra. These results reflected that the 

nutrients, particularly N, were not met in the N-depleted mine spoil, hence, it would be 

more difficulty to rehabilitate mine spoils in future with the rising atmospheric CO2 

concentration. 

In conclusion, long-term harvest residue retention still positively affected soil C and N 

pools and, exerted influence on soil bacterial community composition. Hence, harvest 
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residue retention could act as a promising method for maintaining C and especially N 

pools of harvest site, particularly for the sandy soil in the exotic pine plantations with 

high potential of N leaching. The results of Experiment 3 showed that biochar application 

had a promising prospect for mine rehabilitation in terms of improving plant growth and 

building soil N capital, but the effects varied with different plant species. However, 

elevated CO2 would probably deprive the potential of biochar application in mine 

rehabilitation. 
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Chapter 1. Introduction 

1.1 Background 

The rapid growth of human population is coupled with increasing demand for energy 

resources, such as wood products from forest and raw resources from mining, which has 

resulted in forest plantations becoming the main source of timber supply (Tomaselli, 2009) 

and the extension of mining into most of Australia’s eastern coastline (Lubke and Avis, 

1999). However, harvest removal could result in changes in soil organic matter (SOM) 

and nutrient pools potentially reducing long-term site productivity (Fox, 2000). Similarly, 

surface mining usually involves destruction of the existing vegetation and loss or dilution 

of topsoil, causing considerable soil disturbance and loss of chemical, biological and 

physical fertility (Rate et al., 2004). All these will challenge the concept of sustainable 

development, which is about satisfying social, environmental and economic goals 

(Bartelmus and Graham, 2008).  

Future wood production will rely heavily on second rotation plantations due to the 

environmental concerns regarding new land clearings and competition for land from the 

burgeoning domestic housing market (Simpson et al., 2004). Moreover, in view of the 

poor soil fertility status of many plantations, sustaining or expanding timber production 

levels will have to depend on sustainable soil fertility maintenance strategies. Changes in 

site productivity occurring after harvest are not always detected early in stand 

development and may take subsequent rotations to show any productivity losses (Sanchez 

et al., 2006). Retention of harvest residues during the inter-rotation period is now widely 

recognized as an important strategy for maintaining soil carbon (C) and nitrogen (N) pools 
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in forest plantations (Egnell and Valinger, 2003; Mendham et al., 2003; Olsson et al., 2000; 

Smith et al., 2000; Tutua et al., 2008). Moreover, harvest residue retention, providing 

increasingly diverse substrate, has the potential to affect soil bacterial community (Ceja-

Navarro et al., 2010; De la Cruz-Barrón et al., 2017; Navarro-Noya et al., 2013; Negassa 

et al., 2015). However, the long-term impact on soil C and N pools and bacterial 

community are not well known. 

Government and community views and environmental management policy have led the 

minerals industry emphasising the urgency to rehabilitate mining spoil (Bell, 2001; Grant, 

2006; Loch, 2000). Vegetation regeneration emerges as the most promising method due 

to its practical and economical characteristics, particularly useful for large size 

rehabilitation, such as coal mine tailings (Pang et al., 2003). However, establishment of 

vegetation at these mining sites is often challenging due to the extreme environmental 

conditions at these mine sites, including high levels of toxic metals and salts, extreme pH, 

coarse particles, and heavy deficiency of moisture and essential nutrients, particularly for 

N deficiency given its high amounts requirement and quickly-leaching properties (Bai et 

al., 2014; de Miranda Machado et al., 2013). Therefore, building N capital is one of the 

most decisive criteria in mine rehabilitation. 

It has been well documented that biochar application to soils brings a number of benefits 

and thus, improves plant growth (Bai et al., 2015b; Biederman and Harpole, 2013; 

Reverchon et al., 2015; Wang et al., 2016). Previous studies have shown that positive 

effects of biochar application on plant growth usually appeared in N-sufficient soils, 

mostly are agricultural soils (Olmo et al., 2014). However, little information is available 

regarding the mining spoils with extremely low contents of N. Furthermore, biochar has 

a limited capacity in improving soil N pool or N availability for plant uptake and thus, 
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most studies suggesting the combination with N fertilizers instead of biochar alone for 

the success of revegetation (Gwenzi et al., 2015; Rajkovich et al., 2012; Zhang et al., 

2012). However, application of fertilizers could not only add additional cost for mine 

rehabilitation given the short-lived positive results (Fisher, 2010), but also cause high 

nutrient runoff (Gast et al., 2001) and subsequently, eutrophication and acidification of 

the environment (Crews and Peoples, 2004). Hence, whether biochar addition can 

improve soil N capital is the key criteria for assessing its potential in mine spoil 

rehabilitation.  

Moreover, in the context of the steadily rising atmospheric CO2 concentration (Stocker, 

2014), it is necessary to evaluate the influence of elevated CO2 on the success of mine 

site rehabilitation. The improvement in plant production under elevated CO2, which has 

been well documented by large number of experimental studies (Niklaus et al., 2001; 

Parsons et al., 2003; Woodward et al., 2002), is expected to increase input of organic 

matter in soil and subsequently, enhance soil C and N storage (Glaser et al., 2002; 

Lehmann, 2007; Lu et al., 2014). However, since elevated CO2 would also increase plant 

demand for N (Finzi et al., 2006; Langley and Megonigal, 2010), it is highly unlikely that 

the N-depleted mine spoil would meet the plants N demand and thus, would constrain 

plant production (Elser et al., 2010; LeBauer and Treseder, 2008). Hence, the 

disadvantages of biochar application in improving N availability would be exacerbated 

by elevated atmospheric CO2 and it would be more difficulty for mine rehabilitation. 

Therefore, we conducted two long-term experiments (Experiments 1 and 2), with 

different types of residue retention and plant species in Toolara and Imbil State Forests, 

Australia respectively, to study the effects of residue retention on soil C and N pools and 

bacterial community. We also conducted another short-term chamber experiment 
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(Experiments 3) at the University of Western Sydney (UWS) to study the responses of 

plant growth and physiology, and soil C and N pools to biochar addition and elevated 

CO2. Moreover, we aimed to assess the potential of biochar in mine rehabilitation with 

different plant species under elevated CO2.  

1.2 Effects of long-term residue management on soil C and N 

dynamics and bacterial communities 

1.2.1 Why bother with residue management? 

Natural forest areas are slowly expanding and land use changes still cause high 

deforestation rates (Keenan et al., 2015). In contrast, forest plantations, with an expansion 

rate of almost 5 million ha per year, have emerged as an important option to reduce the 

pressure on natural forests, providing a growing share of the demand for wood, fiber, fuel, 

and non-wood forest products (Paquette and Messier, 2010; Tomaselli, 2009). Globally, 

the important role of forest plantations as an important measure to sequester C from the 

atmosphere and to mitigate future climate change has been well-recognized (Berthrong 

et al., 2009; Winjum and Schroeder, 1997). However, the harvesting of biomass for forest 

products, can significantly affect soil C and N storage, especially with increasing global 

demand for cleaner, renewable energy sources, more residue material is being removed 

from forests at harvest, which makes the situation worse. Forest harvesting may shift the 

soil C and N balance by many mechanisms, including altering the quantity and quantity 

of detrital C and N inputs, changing soil microbial community composition, and affecting 

the climatic conditions that drive plant and microbial processes (Gray et al., 2002; Hassett 

and Zak, 2005; Olsson et al., 2000). Furthermore, intensive site preparation practices, 
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such as bedding, disking, or chemical weed control during site establishment (Echeverría 

et al., 2004; Johnson and Curtis, 2001; Laiho et al., 2003; Rifai et al., 2010; Vogel et al., 

2011), can often lead to substantial reductions in soil C and N, which can persist 

throughout the rotation, especially for N (Raison et al., 1993). 

Fortunately, a significant proportion of harvest residue is left on the site after the export 

of commercial product (Hernández et al., 2009). Harvest residues generally contain large 

stores of nutrients, providing nutrients and organic matter into the soil (Belleau et al., 

2006; Johnson and Todd, 1998; Jones et al., 1999; O'connell et al., 2004). For example, 

amounts of N, calcium, magnesium and potassium (Ca, Mg and K, respectively) in 

harvest residues account for 11%, 23%, 39% and 114% of that in the surface 0-20 cm soil 

respectively in a Eucalyptus globulus plantation (Shammas et al., 2003). Thus harvest 

residues can play an important role in sustaining site nutrient capital and contribution to 

nutrient supply for the next rotation plantations, due to both the large amounts of residues 

produced and the fact that residue materials generally contain higher concentrations of 

nutrients than normal senesced litter (O'Connell, 1997). Additionally, decomposing 

residues can also offer sites for immobilization of some nutrients, especially for N 

(Carlyle et al., 1998). Moreover, many studies in boreal and temperate forests have 

reported that the transport of dissolved organic matter (DOM) from decomposing litter to 

soil layers is a major process involved in SOM formation via the sorption of DOM onto 

mineral surfaces (Guggenberger and Kaiser, 2003; Kalbitz and Kaiser, 2008). Hence, 

retention of residues may act as a buffer against nutrient losses by reducing leaching 

during the early stages of plantation development when root systems have limited spatial 

coverage and are unable to utilize all available nutrients. Therefore, it is of vital necessity 

to study the dynamics of residue management for understanding the effect on nutrients of 

harvest residues, nutrient management or fertilizer scheduling, and SOM storage (Xu, 
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2006).  

1.2.2 Types of residue management 

Traditional methods for managing harvest residues usually involve removal (through 

burning or physical means). However, removal of harvest residues during the inter-

rotation, which results in the export of large amounts of nutrients from site in plant 

biomass at harvest of each rotation, has been shown to result in nutrient losses and low 

productivity (Corbeels et al., 2005; Jones et al., 2008; Sankaran et al., 2005; Smolander 

et al., 2010). For example, Ryan and Gilmour (1985) reported that pile and burn or 

broadcast burn methods for management of harvest residues could lead to high N losses 

and accelerated soil erosion. Nave et al. (2010) also found that forest harvesting resulted 

in significant decrease of 8 ± 3% in total C in temperate forest soils. However, no effect 

of logging residue removal has been reported on other forest sites (Brais et al., 2002; 

Mariani et al., 2006).  

In contrary, retention of harvest residues during the inter-rotation has advantages for 

sustaining and controlling release of nutrients (de Dieu Nzila et al., 2002; Johnson, 1995; 

Mendham et al., 2003). Harvest residue retention could increase SOM and have an 

extended influence on the quality of SOM and, hence, affect plantation productivity in 

the longer term, which is especially apparent in nutrient-poor sites (Jones et al., 1999; 

Mendham et al., 2003; Smith et al., 2000; Tiarks et al., 2000; Tutua et al., 2008). Various 

manage techniques have been introduced to keep residues. The in situ retention of harvest 

residues is an alternative management practice that includes either even distribution or 

placement in a windrow of residues. Even distribution of residues is now widely 

recognized as an important strategy for maintaining SOM that has been implemented in 
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southeast Queensland (Mathers et al., 2003a; Mathers and Xu, 2003) and other parts of 

the world (Huang et al., 2013; Klockow et al., 2013; Kumaraswamy et al., 2014; Zerpa et 

al., 2010). Windrows of harvest residues, as a means of clearing the planting area for the 

following rotation, has been used in several plantation forests with different inter-

windrow spaces driven by the nature of the available machinery, costs and workplace 

health and safety (Blumfield et al., 2004a; Blumfield et al., 2006). Incorporating logging 

residues into the soil during site preparation has also been used (Busse et al., 2009; 

Gómez-Rey et al., 2007; Sanchez et al., 2009).  

1.2.3 Residue decomposition 

Harvest residue consists of leaf, bark, twig, branch and stem material, but most of the 

harvest residue are logs, bark and branches, while leaves just represent a small proportion 

(Hernández et al., 2009). The concentration of different nutrients varied among different 

components of trees, with leaves usually holding the highest concentrations of N, P and 

K (Laclau et al., 2000). For example, Hernández et al., (2009) concluded that leaves 

accumulated the highest concentrations of N, P and K, followed by the bark, while logs 

had the lowest concentrations of all the nutrients. Hernández et al., (2009) also found that 

the distribution of different nutrients varied among the different parts of the tree. For 

example, the concentration of Ca in different components of the tree showed a huge 

difference, while P and Mg had a much more even distribution, with an exception of 

leaves having higher P concentration. Furthermore, coarse residues (stumps, coarse roots 

and branches) have high proportions of resistant organic substrates and low nutrient 

concentrations compared with fine residues (foliage, fine roots and twigs) (Hyvönen et 

al., 2000). Consequently, the fine residues are the most important source of nutrients after 

clear-cutting whereas it takes several years or even decades for the nutrients in the coarse 
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residues to be released (Hyvönen et al., 2000; Laiho and Prescott, 1999).  

Many studies agree that environmental conditions, residue chemical composition, 

decomposer community structure, and accessibility to residues largely influence the 

decomposition of plant residues (Mackensen et al., 2003; Sanchez, 2001). In detail, high 

concentrations of nutrients and solutes, low C/N and C/P ratios, sufficient N/P ratio and 

low lignin contents enhance decomposition (Silver and Miya, 2001). Furthermore, the 

size, volume and density of residues are also important deciding factors (Mackensen et 

al., 2003). This can be proved by the fact that the half-life of leaves is much shorter than 

that of bark (Blumfield et al., 2004b; Guo et al., 2006), which can be attributed to higher 

N and P concentrations, a higher proportion of soluble compounds, and a lower proportion 

of lignin in leaves (Palviainen et al., 2004). This could explain why there are wide 

differences in the amounts of nutrients returned to the harvest site, depending on the 

species of trees (Palviainen et al., 2004). For example, the spruce roots and needles had a 

lower mass loss rate than those of pine and birch in similar environments, probably due 

to spruce needles contain higher concentrations of lignin than pine needles and birch 

leaves (Johansson, 1995). Differently, Smith et al., (1994) stressed the importance of litter 

in the accumulation of nutrients in a second rotation. The rates of nutrient recycling by 

litter decomposition in eucalyptus plantations of different ages in New Zealand were 

higher in comparison with those in similar plantations in Australia, which probably due 

to the fact that New Zealand has a wetter climate than Australia (Frederick et al., 1985).  

According to previous studies on logging or harvest residues, the single exponential decay 

model is more suitable to describe the decomposition of woody residues, such as bark and 

larger branch residues (Blumfield et al., 2004b; Palviainen et al., 2004; Shammas et al., 

2003). In contrast, the double exponential model best described the patterns of weight 
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loss from materials containing larger amounts of labile constituents, such as leaves and 

small branches (O'Connell, 1997). For other more slowly decomposing residues that lost 

weight at a more uniform rate, the single exponential model provided an adequate 

description of the experimental data. 

As regards the nutrients, K is lost most rapidly and Ca the slowest, while N, P and Mg 

losses are generally more gradual, and proportional to the decomposition rate. In addition, 

N and P in harvest residues usually show a net increase in the decomposition period, and 

therefore harvest residues were regarded as net sinks for N and P (Palviainen et al., 2004). 

On the other hand, harvest residues are a net source of Ca, Mg and K, with K being the 

most mobile nutrient and Ca the least mobile (Sanchez, 2001; Shammas et al., 2003).  

The application of solid-state 13C nuclear magnetic resonance (13C NMR) spectroscopy 

in the characterization of plant C chemistry is a step forward in understanding the 

chemical nature of harvest residues (Blumfield et al., 2004b; Mathers et al., 2007). Many 

of these studies showed that as decomposition proceeds, the O-alkyl C compounds 

decreased while the alkyl C compounds increased concomitantly. Thus, the ratio of alkyl-

to-O-alkyl C (A/O-A) could be used as an indicator of decomposition. Some studies, 

however, suggest that the carbohydrate C-to-methoxyl C ratio (CC/MC) is a better 

indicator of the extent of decomposition (Blumfield et al., 2004b; Mathers et al., 2007). 

C compounds revealed by 13C NMR spectroscopy have also been linked to residue N and 

P transformations (Ha et al., 2007; Mathers et al., 2007; Wang et al., 2004). They proved 

to be better predictive factors for the mineralization of C and nutrients in plant materials 

than molecular level indicators such as lignin and polyphenol contents (Wang et al., 2004). 
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1.2.4 Impacts of residue management on soil C pools 

Soil C is a very significant component of total C accumulation in native forests and forest 

plantations, but has received much less attention from forest scientists than C in tree 

components, so understanding the impacts of harvest residue management on soil C is of 

vital importance (Harrison et al., 1995; Tate et al., 1997). Many studies have detected 

increases in soil C induced by residue retention, however, majority of the increases 

appeared in the early stage and ephemeral, that disappear after a few months or years 

(Huang et al., 2011a; Smaill et al., 2008). Moreover, some studies have found little or no 

response (Busse et al., 2009; Mendham et al., 2003; Zerpa et al., 2010). This probably 

due to the fact that the addition of mobilized labile C from harvest residues could be 

rapidly decomposed (Huang et al., 2011b). Therefore, it is not difficult to understand why 

almost all shorter-term studies (≤ 10-year) found at least some significant treatment 

differences (Jones et al., 2008; Mendham et al., 2003), compared to only few studies 

having investigated significant harvest residue management impacts beyond 10 years. 

Moreover, some authors have found that retention or removal of slash did not have any 

significant effect on soil C, while there were significant treatment influences on microbial 

biomass C (Kumaraswamy et al., 2014). So it is necessary to distinguish between labile 

and stable pools of soil C when considering the effects of residue management (Jandl et 

al., 2007; Pérez-Batallón et al., 2001). 

Residue management influence soil C pools not only in a quantitative way but also in a 

qualitative way (Huang et al., 2011a; Mathers et al., 2003a). For example, Mathers et al. 

(2003b) reported that the structural compositions of SOM in hoop pine plantations from 

areas under and between the windrows of harvest residues were similar, but relative 

intensities of each structural component varied among the sites. Specifically, there was 
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less intensity (6.8%) of methoxyl C region for SOM under the windrows than between 

the windrows (8.9%), as did the alkyl C region. This is most likely due to the synthesis 

of these structures during decomposition in the areas between the windrows where the 

extent of decomposition was greater.  

1.2.5 Impacts of residue management on soil N pools 

Most soil N is organically bound (Jones et al., 2008). Additionally, the correlation 

between loss of litter mass and N release shows that residue C and N are released at 

similar rates (Zeller et al., 2000). Thus, it is not surprising that soil total N showed closely 

corresponding trend to soil total C, particularly in the first several years after 

establishment of harvest residue management (Blumfield et al., 2004a; Blumfield et al., 

2006; Hu et al., 2014; Jones et al., 2011). Similar to C, the impacts of residue management 

on soil N concentrations are short-lived, highly significant in the first years after 

establishment but decreased afterwards (Hu et al., 2014). 

However, soil total N usually does not follow the same pattern as soil total C in the later 

period because residue N is apparently immobilized within the residues following an 

initial release of the most labile N fraction (Blumfield et al., 2004a). Ammonium N, as 

the initial product of N mineralization, usually is the principal form of mineral N 

immediately following harvest and can be lost through volatilization in high-pH soils and 

leaching in sandy soils (Blumfield and Xu, 2003). However, microbial immobilization of 

ammonium N is well documented, particularly when there is an adequate supply of 

available C (Nierop et al., 2006; Puri and Ashman, 1999). Nitrate, requiring reduction, is 

therefore more difficult to be consumed by microbial organisms (Puri and Ashman, 1999). 

Subsequently, nitrate is hard to be immobilized if ammonium N existed, unless there is a 
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sufficient supply of available C (Attiwill and Adams, 1993; Stark and Hart, 1997). Hence, 

it is reasonable that areas with greater levels of available C have higher rates of N 

immobilization compared to those areas with low C availability (Weston and Attiwill, 

1996). It is probable that available C will be exhausted as the progress of residue 

decomposition, thus immobilization of N derived from decomposing residues would 

diminish, thereby stimulate the release of immobilized N at a later stage of decomposition. 

Specifically, the C: N ratio of residue, exert a significant influence on N immobilization, 

like woody residues (branches) with high C: N ratio, may have a high potential for N 

immobilization during decomposition (Gómez-Rey et al., 2007). However, with the 

continuation of decomposition, the C: N ratio of the remaining residues will decrease, 

thereby cause a release of immobilized N in the final stage of decomposition (Parfitt et 

al., 2001), allowing for a greater lateral spread and for residue-derived nutrients to be 

made available to trees in the between-windrow area. In contrast, non-woody residues 

(leaves, especially green leaves, bark and twigs) enhanced N leaching, due to the higher 

N concentration and a lower C: N ratio (Gómez-Rey et al., 2007). Furthermore, the size 

of residue particles also influences N immobilization, namely, N leaching from larger size 

residue is greater than small size, probably due to its better accessibility to microbial 

attack (Ambus et al., 2001). 

In contrast, high nitrification rates appear when C: N ratio is lower than 15, indicating 

that the onset of nitrification is probably not as immediate as N immobilization, but still 

very quickly (Attiwill and Adams, 1993). It is therefore reasonable that coniferous forest 

soils have a low nitrification potential compared to the hoop pine soils. As nitrification 

has the ability to enrich soil δ15N in forest soils (Connin et al., 2001), nitrification would 

mask the dilution of soil δ15N of the labile N fractions, thereby leading to no significant 

difference in δ15N in the later period (Blumfield et al., 2004a). This would also result in 
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an inconsistent pattern between soil δ15N and soil total N with the continuation of residue 

decomposition (Blumfield et al., 2004a). 

1.2.6 Impacts of residue management on soil microbial communities  

Soil bacteria play important roles in several biogeochemical soil processes, including 

organic matter decomposition, humus formation and nutrient cycling (Courty et al., 2010; 

Falkowski et al., 2008). Many studies have investigated the effects of harvest residue 

retention on soil bacterial community, including both indirect techniques and high 

throughput sequencing technology (Fernandez, 2015; Semenov et al., 2012; Su et al., 

2017; Wang et al., 2012). Harvest residue retention, providing increasingly diverse 

substrates, has the potential to influence soil bacterial community. However, only some 

specific bacterial groups responding readily to labile C and N, including Proteobacteria 

and Bacteroidetes at the phylum level and, Arthrobacter, Burkholderiales, Myxococcales, 

Pseudomonadales, Sphingomonadales at the order level, commonly increased after the 

application of residues (Ceja-Navarro et al., 2010; De la Cruz-Barrón et al., 2017; 

Navarro-Noya et al., 2013; Negassa et al., 2015). This was probably due to the stimulation 

by the addition of mobilized labile C and N from retained harvest residues (Huang et al., 

2011a; Huang et al., 2011b; Smaill et al., 2008). 

Soil fungi have the ability to decompose both easily decomposable and recalcitrant 

organic inputs (Kamolmanit et al., 2013). Generally, phyllosphere fungi contribute only 

to decomposition of soluble compounds (Osono, 2006), followed by saprotrophs utilizing 

soluble compounds and, finally, by fungi, which degrade more complex substrates like 

cellulose and lignin (Frankland, 1998). Like soil bacterial communities, it has been well 

documented that the structure of soil fungal communities responded sensitively to the 
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biochemical quality of organic input (Li et al., 2017; Ng et al., 2014; Waldrop et al., 2006).  

For example, Lindahl et al. (2007) observed a shift in the fungal community between soil 

horizons of a boreal forest induced by the differences in substrate quality. Wallenstein et 

al. (2007) also found the substrate quality induced a shift in the abundance of Ascomycota 

and Zygomycota. However, soil fungal communities become progressively more involved 

in degradation of complex compounds when most of the easily available C had already 

been consumed by soil bacteria (Wang et al., 2014). Moreover, fungi, unlike bacteria, can 

bridge the soil-residue interface and simultaneously utilize the spatially separated C and 

N resources (Beare et al., 1992). In comparison with the effects of harvest residue 

retention on soil bacterial communities, the impacts on soil fungal communities received 

much less attention (Poll et al., 2010; Wang et al., 2016), let alone the long-term impacts.  

1.2.7 Factors affecting the duration of the impact of residue 

management  

Several studies indicated that time since harvest residue retention is an important 

predictor of the effects of residue management on soil C and N dynamics. Specifically, 

the effects of harvest residue retention on soil C and N pools diminish with time 

(Blumfield et al., 2004a, 2006). For example, Olsson et al. (1996) detected no significant 

differences between treatments in soil C pools, presumably because of the long time since 

harvest over a period of 15-16 years after clear-felling. However, there are also few 

studies showing significant harvest residue management effects over longer time. For 

example, Thiffault et al. (2006) reported a significant treatment effect, that whole-tree 

harvesting had less soil organic C than stem-only harvesting over a period of 15 to 20 

years after harvest, probably due to its low mean annual temperature (1°C) retarding 

decomposition. Jones et al. (2011) also found that harvest residue management treatments 
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still exercise an influence on C stocks in the forest floor after 15 years. 

Soil layer is another key factor deciding the harvest impacts on soil C and N storage 

(Kumaraswamy et al., 2014; Mendham et al., 2003; Zerpa et al., 2010). For example, 

Nave et al. (2010) found that forest floor C storage was significantly more vulnerable to 

decline following harvest than mineral soil C storage based on a meta-analysis, which 

was attributed to the significant differences in pool sizes, turnover times, and molecular 

characteristics of C stored at different soil layers. Similarly, Hu et al. (2014) also found 

significant differences in soil C concentrations between different residue treatments at 0-

10 cm depth, but no significant differences among the treatments in 10-20 and 20-40 cm 

layers. The study of Huang et al. (2013) showed how the time together with soil layer 

influenced the effects of harvest residue management on soil C.  

Climate condition is another factor responsible for the variation in soil C and N responses 

to residue management. Collins et al. (2008) found forest soils in east-central USA have 

higher potential to accumulate C than that of soils in the humid sub-tropics. Similarly, 

Busse et al. (2009) also detected that the increase duration in the southern United States 

forest soils is shorter relative to that of soils in other regions and forest types. Tree species 

is a significant predictor of variation in soil C and N pools among different residue 

management treatments. Generally speaking, coniferous forests are more likely to be 

influenced by harvest residue treatments. In contrast, residues had little or no effect on 

soil C and N in hardwood or mixed forests from a widely varied set of conditions (Johnson 

and Curtis, 2001). However, some studies also show little or no effect of residues on soil 

C in coniferous forests (Olsson et al., 1996), probably because the short-term impacts of 

various treatments had diminished with time. Additionally, many other factors, such as 

soil texture (e.g. clay content) and geographic conditions also exert influence to the 
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decomposition rate of the labile C and N, probably explaining the divergent results of the 

impacts of various harvest residue management treatments on soil C and N pools. 

1.3 Mine rehabilitation 

1.3.1 Why revegetation?  

Surface mining usually involves the removal of land surface to reach the mineral resource 

because mineral resources are usually underground. The original vegetation will be 

destroyed inevitably, leaving the mine spoil under severe erosion condition. 

Simultaneously, a volume of mine spoil heaps will be created (Bradshaw, 1997). These 

heaps are composed of coarse rocks that are not suitable for both plant and microbial 

growth because of deficiency of water and essential nutrients, extreme pH, coarse texture 

and compacted structure (Agrawal et al., 1993; Dutta and Agrawal, 2000). All these issues 

have prompt mineral industries to devise strategies to meet the concept of sustainable 

development (Azapagic, 2004). It is now widely accepted that a vegetation cover can be 

effective in providing the necessary surface stability to prevent soil erosion and a stable 

soil of satisfactory texture, particularly water retaining ability, because the roots bind the 

substrate and form stable aggregates of soil particles (Singh et al., 2004). The nutrients 

stored in plant biomass could be transferred to the soil allowing a slow build-up of soil 

nutrients. Moreover, the plant-derived organic substrates could accelerate a rapid growth 

of soil microorganisms, which are responsible for organic matter decomposition and 

nutrients cycling, that is particularly important for almost biologically-dead mine spoil 

(Bradshaw, 1997, 2000).  
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However, different plant species vary in ability of stabilizing and enriching soil due to 

their different nutrient cycling characteristics, such as litter chemistry and decomposition 

(Montagnini et al., 1995). For example, plant species with high nutrient-use efficiency 

would be more effective nutrient sinks than other species (Lugo, 1992). Generally 

speaking, grasses and legumes are the most effective plant materials for controlling 

erosion in early stages of reclamation (Singh et al., 2004). Tree and shrubs need little or 

no additional after-care or maintenance. Trees are able to loosen compacted soil to greater 

depths than grasses due to deep roots, which also allows trees can uptake nutrients from 

deeper depth than herbaceous vegetation (Singh et al., 2004). Trees are good choice for 

creating new self-sustaining top soils given time (Filcheva et al., 2000). However, due to 

the great variation in physical, chemical and biological factors among mine wastes, 

successful revegetation only appeared in specific sites instead of large-scale sites. Native 

species are always better choice due to their high adaption to the local environment.  

1.3.2 Difficulties for revegetation in mine spoil 

Compaction, caused by heavy machinery transportation of mine wastes, is one of the 

physical constraints of mine rehabilitation, which would inhibit root growth. Very coarse 

waste rock of mine spoil, with very poor water holding capacity, is another physical 

problem that usually exposed mine spoil to surface drought (Dutta and Agrawal, 2002; 

Fisher, 2010). Toxicities, such as extreme pH, also exert strong inhibition for vegetation 

establishment. Extreme pH-tolerant species have often been selected for initial vegetation 

establishment (Bradshaw, 2000). The deficiency of essential nutrients is a common and 

decisive barrier for initial vegetation establishment (Dragovich and Patterson, 1995; 

Fisher, 2010). Deficiencies of some elements, such as P, K, Mg and Ca, could be solved 

via fertilizer application instead of natural ways. Although some minerals contain 



 

18 
 

substantial amounts of these elements, it usually takes long time to release the nutrients 

via weathering (Fisher, 2010). Lack of clay minerals and organic matter in mine spoil 

could cause rapid leaching of inorganic fertilizers. Therefore, vegetation establishment, 

which could provide organic matter, would be a decisive step for mine rehabilitation. 

However, given the high amounts of N requirements for fully functioning soil, that is up 

to 1000 kg N per ha in temperate regions, it will be too expensive to solve N deficiency 

via N fertilizer application (Bradshaw, 2000). Moreover, N is quickly leached and has to 

be added annually. Therefore, building N capital has been widely accepted as the most 

important criterion for assessing the success of mine spoil rehabilitation (Banning et al., 

2008; Bauhus and Khanna, 1999; Dutta and Agrawal, 2002).  

1.3.3 Biochar as a promising method for mine rehabilitation? 

Biochar, produced through pyrolysis of a wide range of biomass sources (Lehmann et al., 

2006), has porous structure, high surface area, and affinity for charged particles (Keech 

et al., 2005). It has been well documented that biochar can improve soil water storage and 

nutrient retention (Bélanger et al., 2004; Major et al., 2010; Novak et al., 2012), regulates 

soil pH, reduce the bioavailability of heavy metals (Park et al., 2011), alters cation-

exchange capacity (CEC) (Glaser et al., 2002) and electrical conductivity (Asai et al., 

2009). All of these will establish favorable environments for plant growth and offer 

potential to influence plant physiology (Asai et al., 2009; Graber et al., 2010). Moreover, 

it has been well documented that biochar could improve soil N retention via regulating 

soil CEC, pH, inducing microbial N immobilization (Cayuela et al., 2014; Deenik et al., 

2010; Dempster et al., 2012; Van Zwieten et al., 2014). Research on biochar effects on 

soil N pools has focused on crops and forest systems (Cayuela et al., 2014; Deenik et al., 

2010; Dempster et al., 2012; Van Zwieten et al., 2014). However, little information is 
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available regarding the mining sites. 

1.3.4 How elevated CO2 affects mine rehabilitation? 

The rapid increase of atmospheric CO2 during the past two centuries, due to fossil fuel 

combustion, deforestation and land-use changes (IPCC, 2013), has great impacts on 

ecosystem productivity and function (Bradford et al., 2008; Dijkstra et al., 2005). It has 

been widely reported that exposure of plants into elevated CO2 increase plant biomass via 

stimulating photosynthesis (Ainsworth et al., 2003; Niklaus et al., 2001; Parsons et al., 

2003; Woodward et al., 2002), accumulating substantial amounts of non-structural 

carbohydrates (NSC), such as starch and soluble sugar to dilute N concentrations of plant 

tissue (Hobbie et al., 2001; Stock and Evans, 2006). However, the increase of plant 

production would simultaneously increase plants demands for nutrients and water, 

leading to intensified resources, especially N limitation. Hence, it is highly likely that 

elevated atmospheric CO2 concentration would exacerbate the N depletion of mine spoil 

and thus, exert further difficulties to mine rehabilitation, which is seldom studied.  

1.4 Research questions and hypotheses  

Based on the above literature review, the following hypotheses were tested in various 

chapters and, the overview of the current study is illustrated in Fig. 1.1. 

(1) Since soil total N usually does not follow the same pattern as soil total C in the 

later period because residue N is apparently immobilized within the residues following 

an initial release of the most labile N fraction. Hence, harvest residues may decrease N 

leaching and thus, improve N retention in a relatively longer term compared to soil C 

pools (Chapter 3). 



 

20 
 

(2) Harvest residue C and N may become more recalcitrant and decrease in quantity 

with progress of residue decomposition. Hence, the long-term harvest residue retention 

probably would select and activate different bacterial groups from short-term studies, 

with the ability to utilize recalcitrant C and N and survive in oligotrophic conditions 

(Chapter 4). 

(3) Nitrogen availability following biochar addition is commonly invoked to explain 

the diverse plant growth responses to biochar amendment. Similarly, N availability was 

found to affect the responses of plant growth to elevated CO2 in massive body of research. 

Therefore, biochar, with negligible amounts of N, would induce the same plant responses 

as elevated CO2 in the N-deficient mine spoil. Moreover, since elevated CO2 would also 

increase plant demand for N, the disadvantages of biochar application in improving N 

availability would be exacerbated by elevated atmospheric CO2 in the N-deficient mine 

spoil. Hence, elevated CO2 would probably deprive the potential of biochar application in 

improving plant growth (Chapter 5). 

(4) Biochar could improve N retention of mine spoil via adsorption of NO3
- or NH4

+, 

increase microbial N immobilization etc. Hence, biochar application has a potential for 

mine rehabilitation in terms of building soil N capital. In view of the extremely poor 

nutrition status of mine spoil, particularly N-depletion, it is highly unlikely that the mine 

spoil would satisfy the plant nutrition requirement under elevated CO2. Hence, elevated 

atmospheric CO2 concentration would exacerbate the nutrient depletion of mine spoil 

(Chapter 6).  
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Fig. 1.1 Overview of this study

Chapter 2 General methods and materials  

2.1 Experiment 1 

2.1.1 Experimental design and treatment  

This harvest residue management experiment, referred to as experiment 321GYM, 
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located at Toolara State Forest (26°00´S, 152°49´E), Maryborough district, southeast 

Queensland, Australia (see map on Fig. 2.1). Most of the soils in this area are developed 

from Mesozoic sand stones, and are acidic with deep to shallow sandy soils classified as 

a grey podsol (Isbell, 2016), and high to moderate drainage. More detailed information 

about the initial soil chemical and physical properties were described elsewhere (Simpson 

et al., 2004). The first-rotation slash pine plantation was harvested in November 1995 at 

age of 29.4 years, with a stocking density of 679 stems ha-1.  

In February 1996, the harvest residue retention experiment was established by Forestry 

Plantations Queensland. The experiment was a randomized complete block with six 

treatments and four blocks (Fig. 2.2). Gross plots were 12 rows by 12 trees at 3 × 3 m 

spacing and net plots were 8 rows by 8 trees. The current study focused on the first three 

treatments: (1) no harvest residue retained, where both litter and logging debris from first-

rotation harvest were removed; (2) harvest residue retained, where both litter and logging 

debris from first-rotation harvest, approximately 60 t ha-1 dry matter, were retained and 

evenly distributed; and (3) double harvest residue retained, where litter and logging debris 

from the first-rotation harvest were retained and harvest residues from no slash plots were 

added, approximately 140 t ha-1 dry matter. We referred these treatments as R0, R1 and 

R2, respectively, hereafter.  

Seedlings of a hybrid between slash pine (P. elliotti) and Caribbean pine (P. caribaea) 

were planted in May 1996 at 3 × 3 m spacing (1111 stems ha-1), with gross plot area of 

approximately 0.13 ha. Triple superphosphate was applied at the rate of 50 kg P ha-1 for 

all treatments. 
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2.1.2 Soil sampling and analysis  

Soil sampling was carried out in March 2015, 19 years after the establishment of the 

evenly-distributed harvest residue experiment (Fig. 2.3). We took five cores to make a 

composite soil at the depths of 0-10, 10-20, and 20-30 cm in each plot. 

Fresh composite samples were sub-sampled into three components. Sub samples for DNA 

extraction were stored at -80 °C and processed within 2 weeks of sampling and, sub 

samples for water extraction were stored at 4 °C and processed within 2 weeks of 

sampling, while sub-samples for hot water extraction, 13C NMR spectroscopy and 

chemical analysis via isotope-ratio mass spectrometry (IRMS) were passed through a 2-

mm sieve before air-drying and grinding in a Rocklab puck and ring grinder.  

 

Fig. 2.1 Map of Toolara and Imbil State Forests; Red placemarkes show the position of 

Experiments 1 and 2  
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Fig. 2.2 Map showing the distribution of the plots in Toolara State; Treatments we 

sampled are marked by a red square 
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Fig. 2.3 Soil sampling in Toolara State Forest 

2.2 Experiment 2 

2.2.1 Experimental design and treatment of Experiment 2 

The sampling sites were located within the Imbil State Forest (26°32´S, 152°37´E) in 

southeast Queensland, Australia (Fig. 2.1). The residue materials were collected in 1998 

from second rotation hoop pine plantations and placed into two windrows. The windrows, 

spaced 15 m apart, were approximately 2.5 m in width and contained 522 t ha-1 of dry 

matter. The windrow residue materials were classified by size and original structure into 

the following categories: bark; recognizable foliage; small wood (diameter <5 cm), which 

had intact bark and included small twigs and branches; large wood (diameter >5 cm), 

which comprised larger branches and stems with bark removed; and newly incorporated 

organic matter that was unrecognizable as foliage but difficult to manually separate from 

the soil.  
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2.2.2 Soil sampling of Experiment 2 

Soil samples were taken from 11 positions (A-J, M) along three transects across the two 

windrows, respectively (4.8 m apart) in March 2015, 17 years after the establishment of 

this experiment. We took 4 augured cores (ID =7.5 cm) at each sampling point to make 

composite soil samples from 0-5, 5-10 and 10-20 cm depths, with 1.2 m distance between 

sampling points (Fig. 2.4). Samples were sub-sampled into two components. Sub-samples 

for water extractable C and N pools were stored at 4°C and processed within 2 weeks of 

sampling, while sub-samples for hot water extraction and chemical analysis via isotope-

ratio mass spectrometry (IRMS) were passed through a 2-mm sieve before air-drying and 

grinding in a Rocklab puck and ring grinder.  

 

Fig. 2.4 Sample layout along the transect in Imbil State Forest; Positions A-J and M are 

the soil sampling positions 

2.3 Experiment 3 

2.3.1 Experimental design and treatment of Experiment 3 

Mine spoil sampling and biochar production 

We sampled the mine spoil in the Mount Owen Coal Mine Complex in September 2013 

(Thiess Pty Ltd). The Mount Owen Coal Mine Complex is located in the central Hunter 

 

M 
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valley, 20 km northwest of Singleton, New South Wales (NSW), Australia.  

The sampling site was divided into 40 m × 40 m subplots. For each subplot, 1 tonne of 

spoil was collected. Spoil samples were transported in a cooling truck to the laboratory at 

the Hawkesbury Institute for the Environment (University of Western Sydney, Penrith, 

NSW, Australia). The mine spoil was composed of coarse rocks that are not suitable for 

both plant and microbial growth because of the deficiency of water and essential nutrients, 

extreme pH, up to 9.7, coarse texture and compacted structure (Fisher, 2010). The 

material (10 tons) was sieved with a stainless steel mesh with 104 mm sieve opening 

(height 10 cm; diameter 30 cm), homogenized and stored at 4 °C until use (within 1 week 

after sampling). The spoil soil was mixed and homogenized with 8% biochar by weight. 

Pinewood (Pinus radiata) was chosen as the feedstock of biochar production. Biochar 

was produced through slow pyrolysis at 650, 750 and 850 °C, respectively. Specifically, 

the pinewood sawdust with a particle size of 25 mm was fed into the reactor continuously 

at 180 kg h-1, with a rotation of 2 rpm, for 8 h per temperature. This allowed for a biomass 

residence time of 25 minutes. The biochar produced was released via a jacketed cooling 

screw. The basic properties of biochar are listed in Table 2.1. 

Table 2.1 Pine biochar chemical and physical characteristics 

Chemical and physical characteristics 
Biochar types 

B650 B750 B850 

Total C (%) 90 83 91 

Total N (%) 0.1 0.0 0.1 

δ13C (‰) -26.9 -26.5 -27.3 

δ15N (‰) 5.7 NA NA 

pH 8.27 8.30 8.31 

Volatile matter (%) 9.8 7.2 4.2 
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NA: not available; B650, B750 and B850: biochar produced via slow pyrolysis at 650, 

750 and 850 °C respectively. 

Establishment of plants 

Seeds of E. crebra, A. floribunda, A. littoralis, A. ramossissima, A. tenuior, D. micrantha, 

I. nodosa, L. longifolia and T. australis (Greening Australia, Richmond, NSW, Australia) 

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). Plastic containers (7500 cm3) were filled with ~ 6 kg of mine spoil and 

wetted to 10% volumetric water content (based on dry weight). Uniform 24-week-old 

seedlings (plumule length 10 cm) were selected and transferred to containers (three 

seedlings per container), which were put into one of four controlled CO2 flow cabinets.  

CO2 controlled cabinets 

Pots were incubated in four controlled CO2 flow cabinets (4 m × 5 m × 3 m; Climatic 

Chambers, Vancouver, Canada). Each cabinet provided an airtight system (13000 L 

airtight units) enabling the maintenance of a constant atmospheric CO2 level of 400 

(ambient) or 700 (elevated) μL L-1. The CO2 concentrations were maintained 

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) 0.010 0.019 0.014 

Pore size –adsorption (Å) NA NA 28.4 

Pore size –desorption (Å) 26.05 32.61 158.47 
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automatically using mass flow controllers (Brooks Smart, DMFC, Emmerson process 

Management, Pittsburg, PA, USA). A board infrared gas analyser (IRGA, CARBOCAP, 

GMT222, Dual Wavelength NDIRsensor, Vaisala, Oyj, Finland) was fitted in each of the 

flow cabinets to control the correct delivery of CO2. The elevated CO2 concentration (700 

μL L-1) was obtained by injection of CO2 from a pressurized cylinder and the ambient 

(400 μL L-1) by removal of CO2 from the air by a solid carbon soda filter (Sofnoline, 

Sigma, St Louis, MO, USA). In each CO2 flow cabinet, maximum daily temperatures 

ranged from 25 to 26°C; daily minimum temperatures ranged from 15 to 16 °C. Light 

intensity averaged 250 μE, with a 16-h photoperiod and a relative humidity of 70%. 

Climate data for the cabinets were stored digitally during the entire incubation period (3 

years). 

Experimental design 

The experiment was set-up according to a split-plot design. In this design, we considered 

the CO2 flow cabinets as whole plot, while the plant species (Table 2.2) and four types of 

biochar treatments (without biochar addition (B0), B650, B750 and B850) were 

considered as sub-treatments. Within each CO2 flow cabinet there were 36 pots.  

Table 2.2 List of the nine plant species used in the current study 

 Latin name 
Common 

Name 
Provenance Properties 

Photosynthetic 

pathway 

Trees 
Eucalyptus 

crebra 

Narrow 

Leaf 

Ironbark 

Glenmore 

Park, 
ECM C3 

Shrubs 

Acacia floribunda 
White Sally 

Wattle 
Rouse Hill N-fixing C3 

Allocasuarina 

littoralis 
  N-fixing C3 
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Grasses 

Austrostipa 

ramossissima 

Stout 

Bamboo 

Grass 

The Ponds 
AMF/not-N-

fixing 
C3 

Austrodanthonia 

tenuior 

Wallaby 

Grass 
The Ponds 

AMF/not-N-

fixing 
C3 

Dichelachne 

micrantha 

Shorthair 

Plume 

Grass 

Erskine 

Park 

AMF/not-N-

fixing 
C3 

Themeda 

australis 

Kangaroo 

Grass 

Orchard 

Hills 

AMF/not-N-

fixing 
C4 

Sedges 

Rushes 

Isolepis nodosa 
Knobby 

Club Rush 
Rouse Hill 

not AMF/ 

not-N-fixing 
C3 

Lomandra 

ongifolia 
Mat Rush 

Orchard 

Hills 

not AMF/ 

not-N-fixing 
C3 

All the places in Provenance column are located in New South Wales, Australia; ECM: 

ectomycorrhizal fungi and, AMF: Arbuscular mycorrhizal fungi. 

Weeds were removed upon detection, and the soil moisture content was maintained at 10% 

using demineralized water. Within each chamber, all pots were shuffled after each 

watering period to reduce potential position effects within the growth chambers. 

2.3.2 Soil and plant samples sampling of Experiment 3 

Soil and plant samples were carried out 3 years after incubation, when plants were 

dominated by shoot growth (Fig. 2.5). At harvesting, plant biomass was divided into 

different plant components, including leaves and roots, and roots were shaken gently to 

remove loosely adhering soil. Plant samples were dried at 65 °C to a constant weight, and 

the dry weights of leaves and roots were measured. We definded the N-use-efficiency 

(NUE) as the weight (g) of plant biomass produced per N (g). That is, the inverse of the 

N concentration in the biomass (Berendse and Aerts 1987). The oven-dried samples were 

ground to fine powder by a RocklabsTM ring grinder. 

Approximately 80% of the initial soil remained in the pots, and this portion was 
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considered as bulk soil. We took soil samples from the ‘bulk soil’ of each individual pot 

and mixed it thoroughly and then sieved through a 2-mm mesh. Approximately, two sub-

samples of 50 g were collected from the mixed soil randomly at each pot and packed into 

plastic bags. All visible roots and plant remains were carefully removed by hand picking. 

Fresh sub-samples were refrigerated after sampling at 4 °C prior to analysis. The air-dried 

sub-samples were ground to fine powder by a RocklabsTM ring grinder. 

 

Fig. 2.5 Sampling of soil and plant samples in University of Western Sydney

Chapter 3. Long-term impact of two different types of 

harvest residue retention on soil C and N pools in forest 

plantations 

3.1 Abstract 

Harvest residues could provide inputs of labile carbon (C) and nitrogen (N) into soil, and 
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thus improve soil C and N pools. The impacts are relatively ephemeral since these labile 

C and N are easily decomposed. However, soil total N usually does not follow the same 

pattern as soil total C in the later period because residue N is apparently immobilized 

within the residues following an initial release of the most labile N fraction. Hence, it is 

highly likely that harvest residues may decrease N leaching and thus, improve N retention 

in a relatively longer term compared to soil C pools. To test this, we conducted two 

different types of long-term harvest residue retention experiments, including both even 

distribution (19-year) and placement in a windrow (17-year) of residues. The evenly-

distributed one showed that the retention of harvest residues diminished N leaching as 

suggested by the significant decreases of soil δ15N (P < 0.001) and thus, increased soil 

hot water-extractable total N (HWETN) at depths of 10-20 cm in comparison with no 

significant changes in soil C pool. In contrast, no significant increase was observed in soil 

labile C or total C pools across all the three sampling depths. Similarly, the retention of 

windrowed-harvest residues showed that the position M just beneath the windrowed-

residues had significantly the highest soil water extractable total N (WETN) and HWETN 

and total N, whereas only had significantly the highest soil hot water- and water-

extractable organic C. Hence, our study strongly suggested that harvest residue retention 

improved N pools in a relatively longer term compared to soil C pools probably via 

decrease N leaching.  

3.2 Introduction 

While forest areas are slowly expanding and land use changes still cause high 

deforestation rates (MacDicken, 2015), forest plantations have emerged as an important 

option to reduce the pressure on natural forests, providing a growing share of the demand 

for wood, fiber, fuel, and non-wood forest products (Paquette and Messier, 2010). 
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Globally, the role of forest plantations as an important measure to sequester carbon (C) 

from the atmosphere and to mitigate future climate change is well recognized (Berthrong 

et al., 2009). However, the harvest of biomass for forest product, can significantly affect 

soil C storage, especially with increasing global demand for cleaner, renewable energy 

sources, and more residue material is being removed from forests at harvest, which makes 

the situation worse (Jandl et al., 2007; Nave et al., 2010; Nunery and Keeton, 2010).  

Fortunately, a significant proportion of harvest residues are left on the site after the export 

of commercial product. Harvest residues generally contain large stores of nutrients 

(Hernández et al., 2009), providing nutrients and organic matter into the soil and thus, 

can play an important role in sustaining site C and nitrogen (N) capital and contribution 

to nutrient supply for the next rotation plantations (Eisenbies et al., 2009; Robertson and 

Thorburn, 2007). Many studies have detected increases in soil C and N with the residue 

retention. However, majority of the increases disappear after a few months or years 

(Huang et al., 2011a; Smaill et al., 2008). Moreover, some studies have found little or no 

response to residue retention (Busse et al., 2009; Chen and Xu, 2005; Huang et al., 2011a). 

These relatively ephemeral impacts have been ascribed to the fact that the addition of 

mobilized labile C and N from harvest residues could be rapidly decomposed, leaving the 

C and N concentrations in the heavy fraction unchanged (Huang et al., 2011b). Hence, it 

is necessary to distinguish between labile and stable pools of soil C and N when 

considering the effects of residue management (Kumaraswamy et al., 2014).  

Most soil N is organically bound (Jones et al., 2008). Furthermore, the correlation 

between loss of litter mass and N release shows that residue C and N are released at 

similar rates (Zeller et al., 2000). This is probably why soil total N showed closely 

corresponding trend to soil total C, particularly in the first several years after 
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establishment of harvest residue management (Hu et al., 2014; Jones et al., 2011). 

However, soil total N usually does not follow the same pattern as soil total C in the later 

period because residue N is apparently immobilized within the residues following an 

initial release of the most labile N fraction, particularly when there is an adequate supply 

of available C (Nierop et al., 2006). Hence, harvest residues may decrease N leaching and 

thus, improve N retention in a relatively longer term compared to soil C pools (Jones et 

al., 2008; Palviainen et al., 2010). 

To test if residue retention affects soil N pools in a longer term than C pools, we conducted 

two different types of long-term harvest residue retention experiments, including both 

even distribution and placement in windrows of residues. In order to study the effects of 

residue retention on soil C and N pools, we also investigated both soil labile and total C 

and N pools.  

3.3 Methods and materials 

3.3.1 Experimental design and treatment 

The experimental design and treatment were described in detail in Chapter 2, including 

both Experiments 1 and 2. 

3.3.2 Soil sampling and chemical and physical analysis  

Soil sampling of Experiments1 and 2 could be found in Chapter 2. Fresh composite 

samples were sub-sampled into two components. Sub-samples for water extraction were 

stored at 4 °C and processed within 2 weeks of sampling, while sub-samples for hot water 

extraction and chemical analysis via isotope-ratio mass spectrometry (IRMS) were passed 
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through a 2-mm sieve before air-drying.  

Mass spectrometer analysis 

The air-dried sub-samples were ground to fine powder by a RocklabsTM ring grinder. 

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

mm × 8 mm tin capsule. The powders were then assessed for total C (TC %), total N 

(TN %), and C and N isotope composition (δ13C and δ15N) using a Eurovector Elemental 

Analyser (Isoprime-EuroEA 3000, Milan, Italy). Stable isotope ratios are expressed in 

conventional δ notation as: 

δ13C sample or δ15Nsample = ((Rsample - Rstd)/Rstd)  

where δ13Csample or δ15Nsample is the sample of interest, Rsample is its 13C/12C or 15N/14N ratio, 

Rstd is the 13C/12C or 15N/14N ratio of standard, specifically, PDB (Pee Dee Belemnite) 

standard for δ13C and the atmospheric air standard for δ15N. The results for δ13C and δ15N 

are reported as parts per thousand (‰) deviations from the PDB standard and atmospheric 

air, respectively. 

Hot-water and water extractable C and N pools 

The fresh and air-dried sub-samples were used for hot-water and water extraction. Hot 

water and water extracts were prepared using the method explained in Chen and Xu (2005) 

with some modifications to determine hot-water- and water-extractable organic C 

(HWEOC and WEOC, respectively). Briefly, 7.0 g air-dried soil sample (fresh sample for 

water extracts) was mixed with 35 mL of distilled water, then incubated in a hot-water 

bath at 70 °C for 18 h followed by shaking for 5 min on an end-over-end shaker (shaking 
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1 h without incubation for water extract). After this, the suspension was centrifuged for 

10 min at 10,000 rpm before filtering through Whatman 42 filter papers. Finally, the 

extracts were passed through a 0.45-μm filter membrane before 25 mL of the extract was 

used for analysis using a Shimadzu TOC-VCSH/CSN total organic C and total N analyzer. 

Soil moisture content was performed by oven drying field moist samples to a constant 

weight. Soil pH and cation exchange capacity (CEC) were measured at a 1:2 soil/water 

(w/v) ratio.  

3.3.3 Statistical analysis 

A one-way ANOVA was conducted to determine if soil chemical and physical properties 

tested in this study were significantly different under the three harvest residue treatments 

for the evenly-distributed experiment or the different sampling positions for the 

windrowed-residue experiment (n = 4 and 3, respectively). We used Shapiro-Wilk test to 

assess whether the data were normally distributed (P > 0.05). The homogeneity of 

variances was assessed by Levene’s test for equality of variances (P > 0.05). If 

homogeneity of variances was met, we kept the results of the standard one-way ANOVA. 

When homogeneity of variances was violated, we carried out the analysis with a one-way 

Welch ANOVA. The mean values were given along with the standard error for replicate 

measurements. Means and standard errors were based on the replicates for each harvest 

residue treatment. Tukey HSD test (P < 0.05) was used to determine the significance of 

differences among the treatments or the different sampling positions when the effect was 

significant. 
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3.4 Results 

3.4.1 Effects of the retention of evenly-distributed harvest residues on 

soil C and N pools 

No statistically significant effect of harvest residue retention has been detected on soil 

moisture, pH, water-extractable organic C and total N (WEOC and WETN, respectively), 

hot-water-extractable organic C (HWEOC), total C and N (TC and TN) and C isotope 

ratio (δ13C) across all the three sampling depths (Table 3.1). In contrast, soil N isotope 

ratio (δ15N) significantly increased from R0 treatment to the R2 treatment at all the three 

depths (Fig. 3.1a). On an individual depth level, soil hot-water-extractable total N 

(HWETN) and cation exchange capacity (CEC) significantly increased from R0 treatment 

to the R2 treatment at the depth of 10-20 cm (Fig. 3.1b, c). 



 

38 
 

Table 3.1 Soil moisture, pH, water and hot-water-extractable organic carbon (WEOC, HWEOC), water-extractable total nitrogen (WETN), total 

C, total N and stable carbon isotope ratios (δ13C) in depths of 0 -10, 10 - 20, 20 - 30 cm under the reside removal (R0), single residue retention 

(R1) and double reside retention (R2) treatments  

Depth (cm) RT Moisture (%) pH WEOC 

(µg g-1) 

WETN 

(µg g-1) 

HWEOC 

(µg g-1) 

TC (%) TN (%) δ13C (‰) 

          

0 - 10 

R0 10.6 (1.2) a 4.98 (0.08) a 114 (12) a 7.05 (1.97) a 274 (35) a 1.66 (0.25) a 0.030 (0.004) a -27.38 (0.40) a 

R1 9.9 (0.8) a 4.92 (0.04) a 102 (4) a 5.87 (0.50) a 308 (26) a 1.61 (0.16) a 0.035 (0.005) a -27.48 (0.29) a 

R2 8.8 (0.2) a 4.75 (0.10) a 125 (16) a 6.19 (0.78) a 417 (66) a 2.07 (0.32) a 0.045 (0.010) a -27.76 (0.16) a 

10 - 20 

R0 8.5 (1.0) a 5.10 (0.10) a 66 (8) a 3.77 (0.70) a 110 (10) a 0.51 (0.08) a 0.013 (0.003) a -25.44 (0.11) a 

R1 10.8 (2.3) a 5.12 (0.04) a 67 (13) a 3.07 (0.52) a 135 (11) a 0.66 (0.06)a 0.015 (0.003) a -25.54 (0.21) a 

R2 8.2 (1.1) a 5.05 (0.06) a 74 (12) a 3.84 (0.34) a 177 (28) a 1.15 (0.25) a 0.023 (0.003) a -26.10 (0.29) a 

20 - 30 

R0 5.2 (0.9) a 5.10 (0.09) a 49 (6) a 3.49 (1.10) a 74 (8) a 0.34 (0.06) a 0.010 (0.000) a -24.60 (0.17) a 

R1 6.6 (0.3) a 5.15 (0.01) a 48 (5) a 2.53 (0.69) a 96 (6) a 0.47 (0.02) a 0.010 (0.000) a -24.42 (0.36) a 

R2 5.2 (1.0) a 5.23 (0.06) a 61 (6) a 2.22 (0.24) a 97 (12) a 0.47 (0.05) a 0.010 (0.000) a -25.01 (0.22) a 

          

Values shown are mean (SE) (n = 4); RT: residue treatments; The same lower case letters indicated no-significant differences at P = 0.05. 
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Fig. 3.1 Soil stable nitrogen isotope ratios (δ15N) (a), hot-water-extractable total N (HWETN) 

and, cation exchange capacity (CEC) (c) in depths of 0 -10, 10 - 20, 20 - 30 cm under the reside 

removal (R0), single residue retention (R1) and double reside retention (R2) treatments. Values 

are mean ± SE (n = 4) 

3.4.2 Effects of the retention of windrowed harvest residues on soil C and N 
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pools 

Position M (just under windrows) had the significantly highest soil moisture, WEOC, HWEOC 

and CEC in the depths of 0-5 and 5-10 cm, except for soil WEOC in depth of 5-10 cm, where 

both positions M and I had the highest concentrations of WEOC (Table 3.2; Fig 3.2a, c; Fig. 

3.3a, c).  

The highest soil WETN, HWETN total N, and δ15N appeared in the position M across all the 

three sampling depths, except for WETN in depth of 5-10 cm, where positions A had the highest 

WETN (Fig 3.2b, d, f, h; Fig. 3.3b, d, f, h; Fig. 3.4b, d, f, h).  

While position M showed the highest soil total C across all the three sampling depths, but not 

statistically significant (Figs. 3.2e, 3.3e, 3.4e), soil pH were the highest at position M, but only 

statistically significant in the depth of 5-10 cm (Table 3.2). In contrast, no significant difference 

was found in soil δ13C among the 11 sampling positions across all the three depths (Figs. 3.2g, 

3.3g, 3.4g). 
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 Table 3.2 Effects of sampling position on soil moisture, pH, and cation exchange capacity 

(CEC), at three sampling depths: 0-5, 5-10 and 10-20 cm 

Asterisks denote level of significance: ns = not significant (P > 0.05), *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001; A-J+M: sampling positions A-J and M 

Depth Position Moisture (%) pH CEC (cmol kg-1) 

0-5 cm 

A 14.37 (0.25) b 5.25 (0.14) a 101.97 (16.36) b 

B 16.02 (0.71) b 5.21 (0.23) a 109.60 (13.97) b 

C 15.77 (1.16) b 4.85 (0.36) a 26.95 (0.95) c 

M 22.81 (2.88) a 5.54 (0.26) a 255.43 (36.16) a 

D 15.52 (1.28) b 4.74 (0.01) a 46.17 (9.07) bc 

E 13.72 (0.35) b 4.95 (0.06) a 61.80 (3.46) bc 

F 13.65 (0.81) b 5.07 (0.08) a 73.25 (8.57) bc 

G 12.99 (0.87) b 5.03 (0.08) a 84.60 (6.29) bc 

H 13.01 (0.91) b 4.81 (0.32) a 29.50 (2.43) c 

I 11.75 (1.79) b 4.97 (0.15) a 50.50 (8.58) bc 

J 14.15 (1.05) b 5.08 (0.03) a 72.03 (13.36) bc 

5-10 cm 

    

A 14.38 (0.22) bc 4.95 (0.22) ab 66.37 (21.21) b 

B 15.07 (0.38) bc 4.91 (0.16) ab 74.03 (27.27) b 

C 14.68 (0.64) bc 4.51 (0.18) b 37.56 (13.43) b 

M 17.67 (1.34) a 5.34 (0.09) a 206.97 (61.35) a 

D 14.14 (0.55) c 4.31 (0.06) b 22.54 (2.73) b 

E 13.61 (0.20) c 4.51 (0.04) b 34.97 (6.46) b 

F 13.60 (0.27) c 4.67 (0.06) ab 44.37 (8.78) b 

G 11.71 (0.97) c 4.75 (0.18) ab 58.47 (22.97) b 

H 13.52 (0.88) c 4.44 (0.21) b 20.77 (1.30) b 

I 13.06 (0.74) c 4.70 (0.10) ab 60.03 (30.58) b 

J 13.06 (1.28) c 4.67 (0.05) ab 37.23 (3.00) b 

10-20 cm 

    

A 13.89 (0.22) a 4.80 (0.18) a 60.10 (3.35) a 

B 15.46 (1.21) a 4.61 (0.18) a 26.80 (1.04) b 

C 14.64 (0.45) a 4.30 (0.13) a 64.25 (10.71) a 

M 16.15 (0.87) a 4.87 (0.23) a 35.10 (0.12) b 

D 13.97 (0.16) a 4.31 (0.06) a 19.49 (0.12) b 

E 14.25 (0.70) a 4.38 (0.06) a 23.48 (1.05) b 

F 14.06 (0.37) a 4.57 (0.11) a 33.75 (0.84) b 

G 14.06 (0.85) a 4.53 (0.02) a 28.60 (4.45) b 

H 12.55 (0.28) a 4.45 (0.22) a 17.99 (0.68) b 

I 14.68 (0.60) a 4.50 (0.13) a 23.62 (0.91) b 

J 13.52 (0.34) a 4.54 (0.07) a 29.45 (8.03) b 
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Fig. 3.2 Soil water-extractable organic carbon (WEOC) (a), water-extractable total N (WETN) 

(b), hot-water-extractable total C (HWEOC) (c), hot-water-extractable total N (HWETN) (d), 

total C (TC) (e), total N (TN) (f), stable carbon isotope ratio (δ13C) (g), and stable nitrogen 

isotope ratio (δ15N) (h) at 0-5 cm depth under different sampling positions (A-J, and M) along 

the transect, Imbil State Forest. Values are mean ± SE (n = 4). 
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Fig. 3.3 Soil water-extractable organic carbon (WEOC) (a), water-extractable total N (WETN) 

(b), hot-water-extractable total C (HWEOC) (c), hot-water-extractable total N (HWETN) (d), 

total C (TC) (e), total N (TN) (f), stable carbon isotope ratio (δ13C) (g), and stable nitrogen 

isotope ratio (δ15N) (h) at 5-10 cm depth under different sampling positions (A-J, and M) along 

the transect, Imbil State Forest Values are mean ± SE (n = 4). 



 

44 
 

 

Fig. 3.4 Soil water-extractable organic carbon (WEOC) (a), water-extractable total N (WETN) 

(b), hot-water-extractable total C (HWEOC) (c), hot-water-extractable total N (d), total C (TC) 

(e), total N (TN) (f), stable carbon isotope ratio (δ13C) (g), and stable nitrogen isotope ratio 

(δ15N) (h) at 10-20 cm depth under different sampling positions (A-J, and M) along the transect, 

Imbil State Forest. Values are mean ± SE (n = 4). 

3.5 Discussion 

3.5.1 Effects of the retention of evenly-distributed harvest residues on soil C 
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and N pools 

As expected, no significant increases was observed in soil labile-C pools (WEOC and 

HWEOC), the same for total C across all the three sampling depths (Table 3.1). This indicates 

that most of the harvest residues have been decomposed after 19 years of residue retention and 

stopped to provide further inputs of organic matter into the soil. Moreover, although previous 

studies had detected significant increase in soil C pools in this experiment site (Chen and Xu, 

2005), which could be ascribed to addition of the mobilized labile C from harvest residues 

(Huang et al., 2011b), these readily available C could be rapidly decomposed, and only a small 

fraction of the C would be retained in soil organic matter but taken up by the trees in the few 

years (Mendham et al., 2003).  

However, we detected a significant increase in soil HWETN at depth of 10-20 cm (Fig. 3.1b) 

instead of 0-10 cm (Fig. 3.1b), which was probably due to N leaching from upper to lower soil 

layer. This was further supported by the significant increase in soil CEC at depth of 10-20 cm 

(Fig. 3.1c). Thus, our data probably supported the hypothesis that the effects of harvest residue 

retention on improving N retention could exist a longer period, beyond 19 years in comparison 

with soil C pool. This probably due to the fact that N is immobilized within the harvest residues 

following an initial release of the most labile N fraction, which would subsequently diminish 

N leaching and thus improving soil N retention (Jones et al., 2008; Nierop et al., 2006; 

Palviainen et al., 2010). No significant increase in soil total N appeared with residue retained 

(Table 3.1), which probably indicate that the N release was diminishing after 19 years and not 

enough to increase soil total N pools. This is in consistent with other studies that soil labile N 

pools are more sensitive to residue retention in comparison with soil total N pools (Huang et 

al., 2011b; Kumaraswamy et al., 2014). 
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Significant decreases in soil δ15N appeared at all the three depths (Fig. 3.1a). Residue retention 

reducing N losses through ammonium volatilization, nitrification, and denitrification, against 

the heavier 15N isotope because of discrimination, would probably contributed to the variations 

of soil δ15N values (Bai et al., 2015b; Ibell et al., 2010, 2013; Wang et al., 2015). Moreover, it 

has been well documented that N leaching, especially NO3
–-N leaching could substantially 

increase soil δ15N due to isotopic discrimination (Bai et al., 2015; Ibell et al., 2010, 2012; Wang 

et al., 2015). In view of the fact that the sandy soil has a high potential for N leaching, it is 

more likely that residue retention reducing N leaching probably played a dominant role in 

decreasing soil δ15N. Hence, these significant decreases in soil δ15N probably further suggested 

the existence of decreased N leaching with residue retention.  

3.5.2 Effects of retention of windrowed harvest residues on soil C and N pools 

Significantly higher concentrations of HWEOC and WEOC existed in the beneath-windrow 

position (M) in the depths of 0-5 and 5-10cm (Fig. 3.2a, c; Fig. 3.3a, c), probably suggesting 

that the remaining residues still release labile C into soil beneath after 17 years. The absence 

of the significantly higher concentrations of HWEOC and WEOC at position M in the depth of 

10-20 cm is in consistent with other studies that the decomposition of hoop pine harvesting 

residues might mainly affect soil C pools in the surface soil (Blumfield et al., 2006; Huang et 

al., 2013). The additions of less δ13C-enriched harvest residues would decrease soil δ13C values 

(Blumfield et al., 2004a; Blumfield et al., 2006; Pu et al., 2001). Blumfield et al., (2006) have 

reported that soil δ13C showed lower signal compared to C pools, which could be ascribed to 

the dilution by the normally 13C-enriched soil C pool. No significant differences in soil δ13C 

appeared among all the sampling positions in our study (Figs. 3.2g, 3.3g, 3.4g), probably 

indicated that the amounts of labile C from windrowed-residues was diminishing. No 

significantly higher levels of soil total C in position M (Figs. 3.2e, 3.3e, 3.4e) also released a 
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signal of diminishing amounts of labile C from windrowed-residues that were not enough to 

cause significant increase in soil total C pool.  

Moreover, in view of the much shorter half-life of leaves compared to other residue materials 

(Blumfield et al., 2004a; Guo et al., 2006), it is highly unlikely that this labile C influx caused 

by the rapid degradation of the water-soluble sugars and amino acids, mainly from foliage as 

in the short-term studies of the same experiment site (Blumfield et al., 2006; Pu et al., 2001). 

The continuing decomposition of hoop pine larger size branch and/or wood materials under the 

windrows might contribute to the higher concentrations of HWEOC and WEOC in the position 

M (Pu et al., 2001). Additionally, the negligible differences existed in soil HWEOC and WEOC 

concentrations among other positions (Fig. 3.2a, c; Fig. 3.3a, c; Fig. 3.4a, c), which were also 

found in short-term studies of this experiment site and attributed to the redistribution of smaller 

size hoop pine harvesting residues (Pu et al., 2001). Here, it is more likely that after the quick 

decomposition of the remaining residues in the inter-windrow areas, the hoop pine harvesting 

residues of larger size were difficult to be moved from the windrows to the areas between the 

windrows by rain and wind as smaller-sized residues (Blumfield et al., 2004a; Pu et al., 2001). 

We also detected significantly higher concentrations of WETN and HWETN under position M, 

especially evident in the sampling depth of 0-5 cm (Fig. 3.2b, d; Fig. 3.3b, d; Fig. 3.4b, d), 

indicating that labile N fraction from harvest residues entering into soil. The significantly 

higher soil δ15N values in the position of M (Fig. 3.2h; Fig. 3.3h; Fig. 3.4h) also suggested 

previously immobilized 15N-labled N from windrowed-residues was released into soil (Pu et 

al., 2001). Moreover, different from soil total C pools, position M held the highest soil total N 

levels among all the positions at depth of 5-10 cm (Fig. 3.3f), which was probably caused by 

the N leaching from the depth of 0-5 cm as in the evenly-distributed residues experiment. Hence, 

it is highly likely that the windrowed-residues also improved soil N retention probably via N 
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immobilization in a longer term compared with soil C pool (Jones et al., 2008; Palviainen et 

al., 2010). 

3.6 Conclusion 

We conducted two different types of long-term harvest residue retention experiments to test 

whether harvest residues might decrease N leaching and thus, improve N retention in a 

relatively longer term compared to soil C pools. The experiment with evenly-distributed 

residues showed that the retention of harvest residues diminished N leaching as suggested by 

the significant decreases of soil δ15N (P < 0.001) and thus, increased soil HWETN at depths of 

10-20 cm in comparison with no significant changes in soil C pool. Similarly, the retention of 

windrowed-harvest residues appeared to significantly increase both soil labile (WETN and 

HWETN) and total N pools, whereas only significantly increased soil labile C pools (WEOC 

and HWEOC). Hence, our study strongly suggested that harvest residues retention improve N 

pools in a relatively longer term compared to soil C pools via decreasing N leaching.  

Chapter 4. Impact of 19-year harvest residue retention on 

soil bacterial communities in sub-tropical Australia 

4.1 Abstract  

Harvest residues could provide labile carbon (C) and nitrogen (N) into soil to sustain soil C 

and N capital, which would increase the abundances of some bacterial groups responsive to 

labile C and N in short-term. However, available C and N would become more recalcitrant and 

decrease in quantity as the progress of residue decomposition, which probably would select 
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and activate different bacterial groups. We conducted a 19-year experiment, including 

treatments with no harvest residue retained (R0), harvest residue retained (R1) and double 

quantities of harvest residue retained (R2), to study the long-term effects of harvest residue 

retention on soil bacterial community. Residue retention significantly increased the relative 

abundances of Actinobacteria (P = 0.016) and Spartobacteria (P < 0.001). These 

microorganisms are specialized on the degradation of more recalcitrant C and N compounds 

and able to thrive under oligotrophic conditions. We also found significant decrease in soil 

bacterial diversity as indicated by the Shannon index (P = 0.025). Hence, our study suggested 

that long-term harvest residue retention would favor the oligotrophic bacterial groups 

specialized on the degradation of more recalcitrant C and N compounds and thus, caused the 

significant decrease in the soil bacterial diversity.   
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4.2 Introduction 

Soil bacteria play important roles in several biogeochemical soil processes, including organic 

matter decomposition, humus formation and nutrient cycling (Courty et al., 2010; Falkowski 

et al., 2008). Many studies have investigated the effects of harvest residue retention on soil 

bacterial community, including both indirect techniques and high throughput sequencing 

technology (Fernandez et al., 2015; Semenov et al., 2012; Su et al., 2015; Wang et al., 2012). 

Harvest residue retention, providing increasingly diverse substrates, has the potential to 

significantly affect soil bacterial community. However, only some specific bacterial groups 

responding readily to labile C and N, including Proteobacteria and Bacteroidetes at phylum 

level and, Arthrobacter, Burkholderiales, Myxococcales, Pseudomonadales, 

Sphingomonadales at order level, commonly increased after the application of residues (Ceja-

Navarro et al., 2010; De la Cruz-Barrón et al., 2017; Navarro-Noya et al., 2013; Negassa et al., 

2015). This could be ascribed to the stimulation by the addition of mobilized labile C and N 

from retained harvest residues (Huang et al., 2011a, b; Smaill et al., 2008).  

However, as residue decomposition progresses, available C and N will become more 

recalcitrant (Busse et al., 2009; Huang et al., 2011a, b; Smaill et al., 2008). This could 

profoundly influence the composition of the soil bacterial community (Fan et al., 2014; 

Semenov et al., 2012; Su et al., 2017). Hence, it is probably that the long-term retention of 

harvest residues would select and activate different bacterial groups from the short term 

experiments and these organisms would be expected to have the ability to utilize recalcitrant C 

(Hypothesis 1). Moreover, as the nutrients released from the residues will be exhausted as the 

residue decomposition progresses, these organisms also are likely to be oligotrophic 

(Hypothesis 2). In contrast, due to the low effect of long-term residue retention on soil 

characteristics, it is highly likely that the effects of harvest residue retention on bacterial 



 

51 
 

community structure would be small (De la Cruz-Barrón et al., 2017; Fernandez, 2015; He et 

al., 2005) (Hypothesis 3).  

To test these three hypotheses, we conducted a long-term (19 years) harvest residue retention 

experiment at Toolara State Forest in Queensland, subtropical Australia, via investigating soil 

bacterial communities. We also used solid-state 13C nuclear magnetic resonance (NMR) 

spectroscopy to determine the chemical functional group composition of soil organic matter 

(SOM). 

4.3 Methods and materials 

4.3.1 Experimental design and treatment 

The experiment design and treatment of Experiment 1 were described in chapter 2. 

4.3.2 Soil sampling and nuclear magnetic resonance (NMR) spectroscopy 

analysis  

Soil sampling was described in chapter 2. Only the samples obtained from the depth of 0-10 

cm were used for this study. Sub-samples for DNA extraction were stored at -80 °C and 

processed within 2 weeks of sampling, while sub-samples for solid-state cross-polarisation 

magic angle spinning (CPMAS) 13C nuclear magnetic resonance (13C NMR) spectroscopy 

analysis were passed through a 2-mm sieve before air-drying and grinding in a Rocklab puck 

and ring grinder. The CPMAS 13C NMR is non-destructive and can analyze solid soil fractions 

or bulk soil samples and gives reliable information about the structure and composition of SOM 

(Tutua, 2008).The powders were then pre-treated with 2% hydrofluoric acid (HF) as 

recommended by Skjemstad et al. (1994) to remove magnetic materials and concentrate the 



 

52 
 

organic matter. The solid-state 13C NMR spectra of soil samples were obtained from the Varian 

Unity Inova 400 (Varian Inc., CA) spectrometer operating at a 13C frequency of 100.6 MHz. 

Samples were packed into a 7 mm silicon nitride rotor and spun at 5000 Hz at the magic angle. 

A standard cross-polarizastion pulse sequence was applied, with a single contact time of 2 ms, 

acquisition time of 14 ms and recycle delay of 2.5 s (Tutua, 2008). The 13C NMR spectra were 

obtained using the same method as Mathers and Xu, (2003). The 13C NMR spectra were divided 

into the four common chemical shift regions: alkyl C (0–45 ppm), O-alkyl C (45–110 ppm), 

aromatic C (110–162 ppm) and carbonyl C (162–215 ppm). The O-alkyl C was further divided 

into methoxyl C (45–60 ppm), carbohydrate C (60–90 ppm) and di-O-alkyl C (90–110 ppm); 

and aromatic C into aryl C (110–142 ppm) and phenolic C (142–165 ppm) (Tutua, 2008). The 

relative intensities for each region were determined by integration using the Varian NMR 

software package (Version 6.1c, Varian Inc., CA). The alkyl C to O-alkyl C ratio (A/O-A ratio 

Eq. (1)) and the aromaticity (Eq. (2)) were also determined as indices of the degree of 

decomposition or the quality of SOM as a substrate for microbial degradation (Mathers and Xu 

2003). 

A/O − A =
Alkyl C region intensity (0 −  45 ppm)

𝑂 −  alkyl C region intensity (45 −  110 ppm)
 

                                                                                                                                          Eq. (1) 

Aromaticity (%) = [
Aromatic C (110 −  162 ppm)

Aromatic C + Alkyl C +  𝑂 −  alkyl C (0 − 162 ppm)
]  × 100 

                                                                                                                                         Eq. (2) 

4.3.3 DNA extraction, amplification of 16S rRNA genes and pyrosequencing 

Total genomic DNA was extracted from approximately 0.3 g of homogenised soil by 

employing the MoBio Powersoil DNA isolation Kit (MO BIO Laboratories, Carlsbad, CA, 

USA) as recommended by the manufacturer, with the final dilution step in deionised water. 



 

53 
 

DNA concentrations were quantified using a NanoDrop spectrophotometer (Thermo scientific) 

according to the manufacturer’s protocol. 

Extracted gDNA was then processed for diversity profiling. The bacterial 16S rRNA genes 

were amplified using primer 27F (5’- AGAGTTTGATCMTGGCTCAG-3’) and 519R (5’- 

GWATTACCGCGGCKGCTG-3’), which targets at the V1-V3 region of the 16S rRNA gene 

(Harter et al., 2014). PCR amplification of 16S rRNA genes and sequencing using an Illumina 

MiSeq platform were undertaken by the Australian Genome Research Facility (AGRF) Next 

Generation Sequencing with the protocols described by Caporaso et al. (2012). Sequence 

analysis and reporting of taxonomic distribution were also performed by AGRF (McGrath et 

al., 2014). 

Reads were assigned to OTUs using a closed-reference OTU picking protocol using the QIIME 

version 1.5.0 software pipeline (Caporaso et al., 2010), where uclust was applied to search 

sequences against a subset of the Greengenes database (DeSantis et al., 2006; Edgar, 2010) 

filtered at 97% identity. Reads were assigned to OTUs based on their best hit to this database 

at greater than or equal to 97% sequence identity. Reads that did not match a reference sequence 

were discarded. Taxonomy was assigned to each read by accepting the Greengenes taxonomy 

string of the best matching Greengenes sequence. OTUs were classified to the SILVA database. 

The OTUs were further clustered within a 0.03 difference with Vegan package of R to calculate 

community richness and community diversity (Oksanen et al., 2013). 

4.3.4 Statistical analysis 

A one-way ANOVA was conducted to determine if the relative intensities of chemical shift 

regions revealed by 13 C NMR, bacterial diversity indices and richness estimators and the 

relative abundance of bacterial phyla were significantly different under the three harvest 
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residue treatments (n = 4). We used Shapiro-Wilk test to assess whether the data were normally 

distributed. The homogeneity of variances was assessed by Levene’s test for equality of 

variances. While if homogeneity of variances was met, we kept the results of the standard one-

way ANOVA. When homogeneity of variances was violated, we carried out the analysis with 

a one-way Welch ANOVA. The mean values were given along with the standard error for 

replicate measurements. Means and standard errors were based on the replicates for each 

harvest residue treatment. Tukey HSD test (P < 0.05) was used to determine the significance 

of differences among the treatments when the effect was significant. All analyses were 

performed using SPSS 22. 

To identify pair-wise relationships between the relative intensities of chemical shift regions and 

the relative abundance of bacterial phyla Proteobacteria, Actinobacteria, Acidobacteria, 

Verrucomicrobia, Planctomycetes, Chloroflexi and Bacteroidetes or bacterial class 

Actinomycetales, Betaproteobacteria, Spartobacteria, a Pearson correlation matrix was 

calculated incorporating all chemical shift regions and the relative abundance of all bacterial 

phyla and class with significant differences among the three residue treatments. Sample sizes 

for every variable in both Pearson correlation matrices was n =12. Pearson correlations were 

considered significant at P ≤ 0.05. All analyses mentioned above were performed using SPSS 

22. 

To determine the effects of harvest residue retention on soil bacterial community structure, we 

used the Adonis routine of Vegan package of R (Oksanen et al., 2013). Adonis represents a 

multivariate analysis of variance that allows simultaneous testing of multiple factors and 

covariates based on permutation tests. Nonmetric multidimensional scale (NMDS) based on 

Bray-Curtis was used to visualize the differences in soil microbial community composition 

among different harvest residue treatments. 
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4.4 Results 

4.4.1 Effects of harvest residue retention on chemical shift regions revealed 

by 13 C NMR 

No statistically significant effects of harvest residue retention were detected on the relative 

intensities of all the chemical shift regions, A/O-A ratios and aromaticities obtained from the 

13 C NMR spectra (Table 4.1). 

4.4.2 Effects of harvest residue retention on soil bacterial community 

diversity and structure  

Total OTU richness exhibited no significant variation among the residue treatments as 

presented by non-parametric Chao 1 and ACE richness estimators (Table 4.2). Shannon 

diversity index indicated that harvest residue retention significantly decreased bacterial 

community diversity (6.54 ± 0.03, 6.48 ± 0.05 and 6.36 ± 0.04 for R0, R1 and R2, respectively; 

Table 4.2). 

We detected seven bacterial groups at the phylum level with the relative abundance higher than 

0.01% (Fig. 4.1). They were Proteobacteria, Actinobacteria, Acidobacteria, Verrucomicrobia, 

Planctomycetes, Chloroflexi and Bacteroidetes in decreasing order of relative abundance (Fig. 

4.1). Only Actinobacteria phylum showed significant increase from R0 to R2 treatment (Fig. 

4.1), and this increased trend could also be observed at its class level of Actinobacteria (Fig. 

4.2), order level of Actinomycetales (Table 4.3) and family level of Conexibacteraceae (data 

not shown).  
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However, at the class level, Betaproteobacteria, belonging to phylum of Proteobacteria, 

significantly decreased, whereas Spartobacteria of Verrucomicrobia phylum increased with the 

residues retained (Fig. 4.2). At the order lever, harvest residue retention only significantly 

affected Actinomycetales (Table 4.3). In contrast, no statistically significant effects of residue 

retention on other classification level have been detected (data not shown).   
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Table 4.1 Relative intensities (%), A/O-A ratios and aromaticities obtained from the 13C NMR spectra of soil under the reside removal (R0), single 

residue retention (R1) and double reside retention (R2) treatments. Means followed by the same letter in each column are not significantly different 

between the treatments (P > 0.05) 

Residue 

treatment 

NMR chemical shift region A/O-A 

ratio 
Aromaticity 

 

Alkyl C O-alkyl C  Aromatic C 
Carbonyl 

C 
  

 
Methoxyl 

C 

Carbohydrate 

C 

Di-O-alkyl 

C 
 Aryl C O-aryl C    

R0 19.56 (2.53) 1.84 (1.05) 9.57 (1.97) 2.98 (1.19)  4.00 (1.91) 
3.77 

(1.11) 
7.18 (1.15) 1.49 (0.26) 16.90 (4.40) 

R1 24.85 (3.30) 2.81 (1.52) 13.14 (3.55) 4.76 (1.76)  5.76 (2.08) 
4.31 

(1.43) 
5.01 (0.81) 1.39 (0.24) 16.98 (1.82) 

R2 25.28 (2.63) 4.03 (1.02) 16.34 (3.93) 6.21 (1.57)  7.80 (1.67) 
6.77 

(1.72) 

10.25 

(3.51) 
1.17 (0.10) 20.58 (0.53) 

Values shown are mean (SE) (n = 4); ns = not significant (p > 0.05) 

Table 4.2 Bacterial diversity indices and richness estimators at OUT’s level under the reside removal (R0), single residue retention (R1) and double 

reside retention (R2) treatments. Means followed by the same letter in each column are not significantly different between the treatments (P > 

0.05) 

Residue 

treatment 

Diversity indices  Richness estimators 

Shannon Simpson 
 

S.chao1 Se. ACE 

R0 6.54 (0.03) a 0.9934 (0.0004)   4606 (239)  38.92 (1.45)  

R1 6.48 (0.05) ab 0.9926 (0.0003)  
 

4487 (194)  38.57 (1.05)  

R2 6.36 (0.04) b 0.9930 (0.0002)  
 

4174 (211)  37.74 (1.27)  
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Values shown are mean (SE) (n = 4). Asterisks * indicate significance at 0.001 < P < 0.05 and ns = not significant (P > 0.05); Different lower case 

letters indicated significant differences. 

Table 4.3 Analysis of variance for harvest residue retention on the relative abundances of soil bacterial order groups 

Residue 

Management 

Rhizobiales 
a 

(%) 

Rhodospirillales a 

(%) 

Actinomycetales 
a 

(%) 

Acidobacteriales a 

(%) 

Solirubrobacterales 
a  

(%) 

Burkholderiales 
a 

(%) 

Xanthomonadales 
a 

(%) 

Significance ns ns ** ns ns ns ns 

Residue 

Management 

Ellin6513 a 

(%) 

Chthoniobacterales 
a 

(%) 

Acidimicrobiales 
a 

(%) 

Gaiellales a 

(%) 

Solibacterales a 

(%) 

Gemmatales a 

(%) 

Caulobacterales a 

(%) 

Significance ns ns ns ns ns ns ns 

Residue 

Management 

Ellin329 a 

(%) 

Myxococcales a 

(%) 

Pedosphaerales a 

(%) 

Pseudomonadales 
b 

(%) 

Sphingomonadales b 

(%) 

Arthrobacter b 

(%) 

other 

(%) 

Significance ns ns ns ns ns NA *** 

Asterisks *** indicate significance at P ≤ 0.001; ** indicate significance at 0.001 ≤ P ≤ 0.05 and, ns = not significant (P > 0.05). 

a bacterial order groups with relative abundances higher than 0.01%; b bacterial order groups with relative abundances lower than 0.01%; Other: 

including all Unassigned or bacterial phyla groups with relative abundances lower than 0.01%; NA: not available  
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Fig. 4.1 Soil bacterial taxonomic distribution at phylum level. Proteobacteria, Actinobacteria, 

Acidobacteria, Verrucomicrobia, Planctomycetes, Chloroflexi, Bacteroidetes: bacterial phyla 

groups with relative abundances higher than 0.01%; Other: including all unassigned or bacterial 

phyla groups with relative abundances lower than 0.01%; R0: reside removal; R1: single 

residue retention; and R2 double reside retention. Values are mean ± SE (n = 4). Different lower 

case letters above the bars indicated significant difference at P < 0.05. 

 



 

60 
 

 

Fig. 4.2 The relative abundance of bacterial class groups with significant differences among 

no harvest residue retained (R0), harvest residue retained (R1) and double harvest residue 

retained (R2). Values are mean ± SE (n = 4). Different lower case letters above the bars 

indicated significant difference at P < 0.05. 

4.4.3 Relationships between chemical shift regions revealed by 13 C NMR 

and the relatively abundance of bacterial taxonomic groups 

The relative intensities of alkyl C showed significant positive relationship with the relative 

abundance of Actinobacteria phylum (Fig. 4.3a), which could be observed at its class level of 

Actinobacteria as well (r = 0.628, P < 0.05; Table 4.4). A not statistically significant positive 

relationship also appeared between the intensities of alkyl C and the abundance of 

Spartobacteria class (r = 0.568, P = 0.054; Fig. 4.3b). 

The intensities of O-aryl C, aryl C or alkyl C showed significant negative relationships with 

the abundance of Chloroflexi phylum (r = -0.604, P < 0.05; r = -0.617, P < 0.05; r = -0.580, P 
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< 0.05, respectively; Table 4.4). Significant negative relationship was detected between the 

carbonyl C and Planctomycetes phylum (r = -0.589, P < 0.05; Table 4.4), which also appeared 

between alkyl C and Betaproteobacteria class (r = -0.622, P < 0.05; Table 4.4). 

4.4.4 Comparison of soil bacterial community structure 

The non-parametric multivariate statistical test, adonis, showed no significant difference in 

bacterial community structure among the three harvest residue retention treatments (R2
Adonis = 

14%, P = 0.429 for R0 and R1; R2
Adonis = 14%, P = 0.477 for R0 and R2; R2

Adonis = 17%, P = 

0.221 for R1 and R2), as visualized by nonmetric multidimensional scaling (NMDS) (stress = 

0.126) (Fig. 4.4).   
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Table 4.4 Pearson’s correlation coefficients between chemical shift regions (%) revealed by 13C NMR analysis and the relatively abundance of 

bacterial taxonomic groups (%) under the reside removal (R0), single residue retention (R1) and double reside retention (R2) treatments. 

Bacterial 

taxonomic groups 

 NMR chemical shift region 

Alkyl C O-alkyl C  Aromatic C Carbonyl C 

 Methoxyl C Carbohydrate C Di-O-alkyl C  Aryl C O-aryl C  

Phylum Level         

Proteobacteria  -0.184 ns -0.121 ns -0.115 ns -0.200 ns  -0.225 ns -0.223 ns -0.356 ns 

Actinobacteria  - 0.223 ns 0.379 ns 0.413 ns  0.367 ns 0.413 ns 0.505 ns 

Acidobacteria  0.054 ns 0.252 ns 0.164 ns 0.211 ns  0.301 ns 0.278 ns 0.233 ns 

Verrucomicrobia  -0.319 ns -0.132 ns -0.264 ns -0.230 ns  -0.219 ns -0.275 ns -0.274 ns 

Planctomycetes  -0.443 ns -0.201 ns -0.326 ns -0.321 ns  -0.367 ns -0.497 ns -.589* 

Chloroflexi  -.580* -0.508 ns -0.528 ns -0.570 ns  -.617* -.604* -0.516 ns 

Bacteroidetes  0.066 ns 0.017 ns 0.079 ns 0.040 ns  0.066 ns 0.146 ns 0.280 ns 

Class level         

Spartobacteria  - 0.511 ns 0.543 ns 0.540 ns  0.492 ns 0.479 ns 0.365 ns 

Actinobacteria  .628* 0.390 ns 0.523 ns 0.530 ns  0.484 ns 0.512 ns 0.560 ns 

Betaproteobacteria  -.622* -0.308 ns -0.437 ns -0.473 ns  -0.477 ns -0.490 ns -0.481 ns 

n = 12; Asterisks * indicate significance at 0.001< P < 0.05 and ns = not significant (P > 0.05)  



 

63 
 

  

Fig. 4.3 The relationships between the Alkyl C intensities and the relative abundance of 

Acidobacteria phylum (a) or Spartobacteria class (b) under residue treatments of no harvest 

residue retained (R0), harvest residue retained (R1) and double harvest residue retained (R2). 

n =12. 
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Fig. 4.4 Nonmetric multidimensional scaling (NMDS) analysis of the soil microbial 

community under no harvest residue retained (R0), harvest residue retained (R1) and double 

harvest residue retained (R2) using Bray-Curtis similarity coefficient. One-way adonis revealed 

no significant community structure differences between the microbial communities (R0 and R1 

treatments, P = 0.429, R2 = 14%; R0 and R2 treatments, P = 0.477, R2 = 14%; R1 and R2 

treatments, P = 0.221, R2 = 17%) 

4.5 Discussion 

4.5.1 Effects of harvest residue retention on soil microbial community 

structure 

We observed significant increase in Actinobacteria with residue retention (Fig. 4.1). Members 

of this phylum are specialized in degrading recalcitrant compounds of high molecular weight, 

such as lignin (Bernard et al., 2007; Book et al., 2014; Hartmann et al., 2012; JenkinsA et al., 

2010; Khodadad et al., 2011; Su et al., 2017). Thrive of Actinobacteria has been previously 

 

Stress = 0.126 
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R1
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detected at the end of decomposition of potato tissue, which was ascribed by the fact that 

Actinobacteria increased at the expense of consumers of easily available sugars from the green 

tissue, such as Pseudomonas and Arthrobacter (Semenov et al., 2012). Hence, the increase of 

Actinobacteria supported our hypothesis 1 that the labile C and N sources would be 

decomposed after 19 years of application and, only a proportion of recalcitrant organic input 

probably retained in the soil, which would select and activate specific groups in the soil. 

Likewise, Spartobacteria of Verrucomicrobia phylum specialized on the degradation of more 

recalcitrant C compounds (Fierer et al., 2013), was favoured by the retention of harvested 

residues (Fig. 4.2) and thus, also supported our hypothesis 1. This hypothesis was further 

supported by the positive relationships of alkyl C with Actinobacteria and Spartobacteria (Fig. 

4.3a, b), since the alkyl C region was assigned to recalcitrant long-chain aliphatic structures 

such as waxes, lipids, cutins and resins (Helfrich et al., 2006; Mathers and Xu, 2003).  

On the contrary, no significant change was detected for Proteobacteria (Fig. 4.1). This phylum 

was well known to respond readily to labile C sources and favoured by application of residues, 

mainly at the initial stages (de Gannes et al., 2013; De la Cruz-Barrón et al., 2017; Ramirez-

Villanueva et al., 2015; Su et al., 2017; Wallenstein et al., 2007). Likewise, Bacteroidetes, 

known to exploit easy C sources (Fierer et al., 2007) and appeared to increase in the treatments 

with crop residue retention (Navarro-Noya et al., 2013), exhibited no changes with the residue 

retention here (Fig. 4.1). At order level, Arthrobacter, Burkholderiales, Myxococcales, 

Pseudomonadales and Sphingomonadales were widely reported to increase transiently after 

application of residues (Bernard et al., 2007; Ceja-Navarro et al., 2010; De la Cruz-Barrón et 

al., 2017; Navarro-Noya et al., 2013; Negassa et al., 2015). However, no significant changes 

were detected for these bacterial groups in the current study, especially for Arthrobacter, was 

not identified in the current study (Table 4.3). Therefore, the absence of the enrichment of these 

organisms under treatments of reside retention supported our hypothesis 1 in an opposite 
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perspective. 

Moreover, the increase of Actinobacteria usually appeared in oligotrophic conditions 

(JenkinsA et al., 2010). For example, the study of Kuffner et al. (2012) showed more occurrence 

of Actinobacteria in winter when the substrate supply reduced. Hence, the increase in 

Actinobacteria with residue retained also offered a qualified support to our hypothesis 2 that 

the long-term residue retention would activate oligotrophic organisms. Specifically, residue 

retention may accelerate microbial growth at the first few years of application, which could be 

confirmed by the previous studies conducted at the same experiment site (Chen and Xu, 2005). 

However, the amounts of C and nutrient released from the residues were decreasing as the 

progress of residues decomposition, such reduced substrate availability and quality were 

expected to leading to antagonism through higher competition for resources (JenkinsA et al., 

2010). This relatively oligotrophic condition probably offered a favorable environment for 

Actinobacteria as observed here (Fig. 4.1). Similarly, Verrucomicrobia were widely reported 

to thrive under conditions of limited nutrient availability (Da Rocha et al., 2010; Fierer et al., 

2013). Therefore, the decrease of Spartobacteria belonging to Verrucomicrobia phylum with 

residue retained offered further support to our hypothesis 2 (Fig. 4.2). The significant decrease 

of Betaproteobacteria supported our view from an opposite perspective (Fig. 4.2). This was 

due to the fact that Betaproteobacteria growth was positively associated with the quantity and 

quality of soil nutrients (Lin et al., 2010; Meng et al., 2013). 

As expected, harvest residue retention showed no significant effects on soil bacterial 

community structure (Fig. 4.4), which was in consistent with other studies (De la Cruz-Barrón 

et al., 2017; Fernandez et al., 2015; He et al., 2006).  

4.5.2 Effects of harvest residue retention on soil microbial community 
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diversity and richness 

Different from the previous studies that organic matter addition promoted soil biological 

diversity (Ceja-Navarro et al., 2010; De la Cruz-Barrón et al., 2017), our results showed that 

bacterial OTU diversity was lowered by the harvest residue retention as indicated by the 

Shannon indices (Table 4.2). Some studies reported decreased bacterial diversity following 

organic material amendment, which was ascribed to the incorporated material favoring 

coptiotrophic taxa (Fernandez et al., 2016; Fierer et al., 2012). We prefer to ascribe this 

decrease in microbial diversity to the decreased substrate availability and quality favoring the 

oligotrophic organisms. This was consistent with our observation of increased occurrence of 

Actinobacteria and Spartobacteria as typical oligotrophs as described above (Figs. 4.1 and 4.2). 

4.6 Conclusion 

Different from the short-term studies reporting increases in abundances of Proteobacteria and 

Bacteroidetes, which are well known to respond readily to labile C and N, we found significant 

increases in the relative abundances of Actinobacteria and Spartobacteria with residue 

retention. These microorganisms are specialized on the degradation of more recalcitrant C and 

N compounds and able to thrive under oligotrophic conditions. This conclusion was further 

supported by the positive relationships of alkyl C with Actinobacteria and Spartobacteria, 

since the alkyl C region was assigned to recalcitrant long chain aliphatic structures. Hence, our 

study suggested that available C and N from residues would become recalcitrant and decrease 

in quantity as the progress of residue decomposition, which would select and activate different 

bacterial groups with the ability to utilize recalcitrant C and N. Moreover, the reduced substrate 

availability and quality are expected to cause antagonism and thus, these bacterial groups are 

expected to be oligotrophic microorganisms.
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Chapter 5. Plant responses to biochar addition in mine spoil 

under elevated CO2 concentrations 

5.1 Abstract 

Nitrogen (N) limitation is one of the major constrain factors for biochar in improving plant 

growth, the same for elevated atmospheric CO2. Hence, we hypothesised that (1) biochar would 

induce the same plant responses as elevated CO2 under N-poor conditions; (2) elevated CO2 

would decrease the potential of biochar application in improving plant growth. To test these 

hypotheses, we assessed the effects of pinewood biochar, produced at three pyrolytic 

temperatures (650, 750 and 850°C, respectively), on carbon (C) and N allocation at the whole-

plant level of three plant species (Austrostipa ramossissima, Dichelachne micrantha and 

Isolepis nodosa) grown in the N-poor mine spoil under both ambient (400 μL L-1) and elevated 

(700 μL L-1) CO2 concentrations. Our data showed that biochar addition: (1) significantly 

decreased leaf total N and δ15N (P < 0.05); (2) decreased leaf total N and δ15N more 

significantly than those of root; (3) resulted in more pronounced effects on improving plant 

biomass under ambient CO2 than under elevated CO2 concentration. Hence, it remains a strong 

possibility that biochar addition induced the same plant responses as elevated CO2 in the N-

deficient mine spoil, which partially offered an explanation for the diverse responses of plant 

biomass to biochar addition from the perspective of plant physiology. As expected, elevated 

CO2 decreased the ability of biochar addition in improving plant growth.  

5.2 Introduction 

Biochar is a carbon-rich product that is produced via pyrolysis of a wide range of biomass 
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sources (Lehmann et al., 2007). It has been well documented that biochar application to soils 

brings a number of benefits, including improving soil water storage (Reverchon et al., 2015; 

Wang et al., 2016), liming effect (Van Zwieten et al., 2010b) and reducing nutrient leaching 

(Bai et al., 2015; Biederman and Harpole 2013). The improved soil quality by biochar addtion 

is expected to increase plant growth.  

However, biochar has a limited capacity in improving nitrogen (N) availability for plant uptake 

(Biederman and Harpole, 2013; Bruun et al., 2012; Nelson et al., 2011). Hence, there is a broad 

spectrum of plant growth responses to biochar additon, including positive, neutral and negative 

results (Biederman and Harpole 2013; Kammann et al., 2015; Rajkovich et al., 2012). Previous 

studies have shown that positive effects of biochar application on plant growth usually 

appeared in the following cases: (1) biochar produced from specific feedstocks (e.g. manure) 

has relatively high contents of N (Hass et al., 2012; José and Knicker, 2011; Nguyen et al., 

2017); (2) the combination of biochar amendment with N fertilisers (Kammann et al., 2015; 

Nguyen et al., 2017), or (3) N-sufficient soils, mostly are agricultural soils (Olmo et al., 2014). 

However, it has also been reported that different plant species show different responses to the 

same biochar addition (Biederman and Harpole, 2013; Van Zwieten et al., 2010a). Moreover, 

some plants can even maintain growth stimulation under N-deficient conditions following 

biochar application (Jeffery et al., 2011; Liu et al., 2013). These observations indicate that plant 

physiology is also partially responsible for the diverse responses. Therefore, it is necessary to 

elucidate the physiological driving factors of plant growth response to biochar addition, which 

has been seldom studied (Kammann et al., 2011). 

Nitrogen availability following biochar addition is commonly invoked to explain these diverse 

responses (Biederman and Harpole, 2013; Bruun et al., 2012; Nelson et al., 2011; Rajkovich et 

al., 2012). Similarly, N availability was found to affect the CO2 responses of plant biomass in 
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massive body of research, and has been ascribed as the primary factor for the diverse plant 

growth responses to elevated CO2 (McMurtrie et al., 2008; Oren et al., 2001). Therefore, we 

hypothesized that biochar, with negligible amounts of N, would induce the same plant 

responses as elevated CO2 in the N-poor soil. If so, this probably would provide insights to 

elucidate the diverse responses of plant growth to biochar amendment from the perspective of 

plant physiology. 

Moreover, in the context of steadily rising atmospheric CO2 concentrations (IPCC, 2013), it is 

necessary to evaluate if elevated CO2 concentration would influence the potential of biochar 

application in improving plant growth. Since elevated CO2 would also increase plant demand 

for N (Finzi et al., 2006; Langley and Megonigal, 2010), it is highly likely that under N-limited 

conditions, the disadvantages of biochar application in improving N availability would be 

exacerbated by elevated atmospheric CO2. The CO2-enrichment studies have shown that 

limited N availability would constrain plant production (Elser et al., 2007; LeBauer and 

Treseder, 2008). Furthermore, if N availability is lower than the N demand, plants would 

increase their loss of carbon (C) through root turnover, respiration or exudation (Drigo et al., 

2007, 2008; Hungate et al., 1997). Therefore, if our hypothesis that biochar addition would 

induce the same responses as elevated CO2 under N-limited conditions is tenable, elevated CO2 

would probably deprive the potential of biochar application in improving plant biomass.  

Hence, the current study was to (1) elucidate the diverse responses of plant growth to biochar 

amendment from the perspective of plant physiology via investigating if biochar with low level 

of N would induce the same plant responses as elevated CO2 under N-deficient conditions; and 

(2) evaluate the influence of elevated CO2 on the potential of biochar addition in improving 

plant growth. To achieve these goals, we choose three out of nine plant species from experiment 

3, including Austrostipa ramossissima (A. ramossissima), Dichelachne micrantha (D. 
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micrantha) and Isolepis nodosa (I. nodosa), with application of three types of biochar in the 

N-depleted mine spoil under both ambient (400 μL L-1) and elevated (700 μL L-1) CO2 

atmospheric concentrations. It have been well documented that foliar total C concentrations 

and δ13C values are sensitive measurements of plant photosynthetic capacity, and have been 

shown to respond to elevated CO2 (Leakey et al., 2009; Meyers, 2014; Schubert and Jahren, 

2015). Meanwhile, foliar total N concentrations and δ15N values provide an effective means to 

trace plant N sources (Craine et al., 2009). Plants with high foliar total N concentrations and 

enriched δ15N values are on average found in regions with high N availability (Craine et al., 

2009; Kahmen et al., 2008). Decreased foliar total N concentrations and δ15N values are 

commonly seen under elevated CO2 (BassiriRad et al., 2003; Billings et al., 2002; Taub and 

Wang, 2008). Hence, we assessed the effects of biochar on C and N allocation at the whole-

plant level to elucidate the physiological implications. To avoid the N supply from biochar 

itself, we used N-depleted biochar in the current study with N content of ≤ 0.1% (Table 2.1). 

5.3 Material and methods 

5.3.1 Experimental design 

The information of experiment design (Experiment 3) was provided in chapter 2. 

5.3.2 Sample collection and analysis 

We choose only three plant species (A. ramossissima, D. micrantha and I. nodosa) of 

Experiment 3 for this study. At harvesting, plant biomass was divided into different plant 

components, including leaves and roots, and roots were shaken gently to remove loosely 

adhering soil. Plant samples were dried at 65 °C to a constant weight, and the dry weights of 
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leaves and roots were measured. We definded the N-use-efficiency (NUE) as the weight (g) of 

plant biomass produced per N (g). That is, the inverse of the N concentration in the biomass 

(Berendse and Aerts, 1987). The oven-dried samples were ground to fine powder by a 

RocklabsTM ring grinder. Approximately 8 mg of the ground root or leaf samples were then 

transferred to 5 mm × 8 mm tin capsules. The powders were then assessed for total C (TC), 

total N (TN), and C and N isotope compositions (δ13C and δ15N, respectively) using a 

Eurovector Elemental Analyser (Isoprime-EuroEA 3000, Milan, Italy). Stable isotope ratios 

were expressed in conventional δ notation as: 

δ13Csample or δ15Nsample = ((Rsample - Rstd)/Rstd)  

where δ13Csample or δ15Nsample was the sample of interest, Rsample was its 13C/12C or 15N/14N ratio, 

Rstd was the 13C/12C or 15N/14N ratio of standard, specifically, PDB (Pee Dee Belemnite) 

standard for δ13C and the atmospheric air standard for δ15N. The results for δ13C and δ15N were 

reported as parts per thousand (‰) deviations from the PDB standard and atmospheric air, 

respectively.  

5.3.3 Statistical analysis 

We assessed biochar effects under ambient and elevated CO2 concentrations separately. A one-

way ANOVA was conducted to determine if plant properties measured in the current study were 

significantly different under the four biochar treatments (B0, B650, B750 and B850) (n = 4). 

We used Shapiro-Wilk test to assess whether the data were normally distributed (P > 0.05). The 

homogeneity of variances was assessed by Levene’s test for equality of variances (P > 0.05). 

If homogeneity of variances was met, we kept the results of the standard one-way ANOVA. 

When homogeneity of variances was violated, we carried out the analysis with a one-way 

Welch ANOVA. The mean values were given along with the standard error for replicate 
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measurements. Means and standard errors were based on the four replicates for each biochar 

treatment. Tukey test (P < 0.05) was used to determine the significance of differences among 

the treatments. All analyses were performed using SPSS 22. 

5.4 Results 

5.4.1 The effects of biochar addition on plant C and N 

Leaf total N concentrations significantly decreased following biochar addition for species D. 

micrantha under ambient CO2 and I. nodosa under both ambient and elevated CO2, where 

significant increases in leaf total C content (TCweight) were also detected (Tables 5.1 and 5.2; 

Fig. 5.1b, c). In contrast, no significant alteration in leaf total N concentrations were observed 

for A. ramossissima under both CO2 concentrations or D. micrantha under elevated CO2, 

accompanied by the absence of increase in leaf TCweight (Tables 5.1 and 5.2; Fig. 5.1a, b). A. 

ramossissima under elevated CO2 even exhibited significant reduction in leaf TCweight (Fig. 

5.1a). On the other hand, biochar addition exerted negligible changes in root total N 

concentrations across the three plant species and the CO2 treatments (Tables 5.1 and 5.2).  
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 Table 5.1 Leaf and root total nitrogen concentration (TN), stable nitrogen isotope ratio (δ15N) and total nitrogen content (TNWeight) of A. ramossissima, D. 

micrantha and I. nodosa under different biochar treatments exposed to ambient CO2 (400 μL L-1) 

Species 

 Total N concentration (%) Total N content (mg/plant) δ15N (‰) 

 Leaf Root Leaf Root Leaf Root 

A. ramossissima 

B0 0.903 (0.381) a 0.765 (0.188) a 11.70 (3.81) a 12.18 (6.95) a 0.593 (0.266) a 0.338 (0.632) a 

B650 0.460 (0.070) a 0.255 (0.021) a 9.40 (2.17) a 12.40 (2.06) a -0.835 (0.518) a -1.628 (0.417) a 

B750 0.608 (0.087) a 0.245 (0.012) a 16.75 (3.03) a 14.38 (2.31) a -1.248 (0.524) a -0.473 (0.468) a 

B850 0.485 (0.054) a 0.325 (0.055) a 8.75 (1.03) a 12.58 (2.91) a -1.173 (0.645) a -1.485 (0.454) a 

D. micrantha 

       

B0 0.910 (0.044) a 0.408 (0.035) a 8.18 (1.51) a 2.18 (0.42) b 2.158 (0.498) a 0.803 (0.395) a 

B650 0.518 (0.067) b 0.298 (0.014) a 9.50 (2.33) a 11.33 (1.89) a -0.693 (0.491) ab -0.658 (0.479) a 

B750 0.485 (0.035) b 0.515 (0.099) a 6.50 (0.20) a 7.90 (1.83) ab -0.733 (0.666) ab -0.403 (0.367) a 

B850 0.293 (0.014) c 0.355 (0.046) a 4.53 (2.53) a 5.78 (1.51) ab -1.615 (1.064) b 3.798 (4.630) a 

I. nodosa 

       

B0 0.920 (0.170) a 0.330 (0.058) a 17.01 (1.57) a 2.53 (1.59) c 1.345 (0.182) a 0.883 (0.519) a 

B650 0.398 (0.016) b 0.225 (0.010) a 20.33 (3.11) a 12.63 (1.55) b -0.248 (0.767) a 0.440 (0.590) a 

B750 0.348 (0.030) b 0.248 (0.013) a 14.40 (2.42) a 18.83 (1.49) a -0.920 (0.738) a -0.858 (0.598) a 

B850 0.318 (0.020) b 0.308 (0.038) a 13.85 (1.15) a 19.65 (0.54) a -0.100 (0.745) a 0.615 (0.429) a 

Values shown are mean (SE) (n = 4). B0: without biochar addition; and B650, B750 and B850: biochar produced via slow pyrolysis at 650, 750 and 850 °C, 

respectively. Different lower case letters indicated significant differences.  
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Table 5.2 Leaf and root total nitrogen concentration (TN), stable nitrogen isotope ratio (δ15N) and total nitrogen content (TNWeight) of A. ramossissima, D. 

micrantha and I. nodosa under different biochar treatments exposed to elevated CO2 (700 μL L-1) 

Species 

 Total N concentration (%) Total N content (mg/plant) δ15N (‰) 

 Leaf  Root Leaf  Root Leaf  Root 

A. ramossissima 

B0 0.793 (0.097) a 0.298 (0.021) a 30.78 (10.72) a 10.15 (4.88) a 0.670 (0.388) a -0.473 (0.412) a 

B650 0.715 (0.123) a 0.353 (0.067) a 5.35 (1.07) a 4.95 (2.06) a -0.740 (0.405) ab -2.058 (0.344) a 

B750 0.518 (0.048) a 0.310 (0.038) a 12.13 (2.03) a 14.33 (3.68) a -1.283 (0.342) b -0.710 (0.474) a 

B850 0.758 (0.251) a 0.433 (0.097) a 9.95 (2.15) a 4.40 (2.22) a -1.400 (0.273) b -1.275 (0.550) a 

D. micrantha 

       

B0 0.678 (0.075) a 0.330 (0.012) b 13.15 (2.93) a 3.70 (1.92) b 1.538 (0.099) a 0.783 (0.700) a 

B650 0.465 (0.046) a 0.345 (0.027) b 5.40 (0.99) a 8.98 (0.72) ab -0.485 (0.523) b -0.783 (0.830) a 

B750 0.578 (0.086) a 0.533 (0.064) a 7.35 (0.89) a 13.60 (1.36) a -0.868 (0.075) b -0.820 (0.598) a 

B850 0.490 (0.039) a 0.365 (0.019) b 7.23 (0.83) a 12.00 (2.87) a -1.495 (0.693) b -1.088 (0.433) a 

I. nodosa 

       

B0 0.738 (0.067) a 0.258 (0.003) a 16.33 (0.68) a 16.90 (0.33) b 1.548 (0.104) a 1.240 (0.208) a 

B650 0.303 (0.031) b 0.213 (0.017) a 20.10 (3.38) a 34.35 (3.17) a -1.175 (0.381) b -0.675 (0.365) b 

B750 0.335 (0.019) b 0.213 (0.018) a 16.95 (1.70) a 21.53 (3.96) ab -0.108 (0.832) ab 0.065 (1.087) a 

B850 0.358 (0.011) b 0.210 (0.015) a 20.93 (3.15) a 24.35 (4.13) ab -0.213 (0.422) ab 0.293 (1.023) a 

Values shown are mean (SE) (n = 4). B0: without biochar addition; and B650, B750 and B850: biochar produced via slow pyrolysis at 650, 750 and 850 °C, 

respectively. Different lower case letters indicated significant differences. 
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Table 5.3 Leaf and root biomass of A. ramossissima, D. micrantha and I. nodosa under 

different biochar treatments in combination with ambient (400 μL L-1) and elevated (700 μL L-

1) CO2 

Values shown are mean (SE) (n = 4). B0: without biochar addition; and B650, B750 and B850: 

biochar produced via slow pyrolysis at 650, 750 and 850 °C, respectively. Different lower case 

letters indicated significant differences. 

Biochar addition significantly increased root total N content (TNweight) whereas it exhibited no 

significant influence on leaf TNweight for species D. micrantha and I. nodosa under both CO2 

treatments (Tables 5.1 and 5.2). In contrast, A. ramossissima showed no significant changes in 

either leaf or root TNweight following biochar amendment under both CO2 concentrations 

(Tables 5.1 and 5.2). Significant improvements in NUE following biochar addition were 

detected across the plant species and CO2 treatments, except for A. ramossissima under 

elevated CO2 concentration (Fig. 5.2). Biochar addition significantly decreased leaf δ15N values 

across the species and CO2 treatments, except for I. nodosa and A. ramossissima under ambient 

CO2 (Tables 5.1 and 5.2). However, there were no significant effects of biochar application on 

root δ15N values across plant species and CO2 treatments, except for the application of biochar 

produced at 650 °C significantly decreasing root δ15N value for I. nodosa under elevated CO2 

Species 

 Ambient CO2 (400 μL L-1) Elevated CO2 (700 μL L-1) 

 Leaf (g) Root (g) Leaf (g) Root (g) 

A. ramossissima 

B0 1.49 (0.37) a 1.42 (0.62) a 4.61 (2.20) a 3.52 (1.63) a 

B650 2.09 (0.47) a 4.98 (0.86) a 0.82 (0.23) b 1.77 (0.89) a 

B750 2.70 (0.21) a 5.73 (0.64) a 2.33 (0.21) b 4.92 (1.39) a 

B850 1.85 (0.50) a 4.60 (1.68) a 1.45 (0.14) b 1.25 (0.67) a 

D. micrantha 

     

B0 0.89 (0.14) a 0.57 (0.16) b 2.05 (0.50) a 1.09 (0.56) a 

B650 1.80 (0.28) a 3.89 (0.75) a 1.13 (0.10) a 2.69 (0.42) a 

B750 1.36 (0.10) a 1.78 (0.56) ab 1.34 (0.20) a 2.69 (0.42) a 

B850 1.55 (0.86) a 1.85 (0.63) ab 1.47 (0.09) a 3.37 (0.88) a 

I. nodosa 

     

B0 2.08 (0.46) b 0.80 (0.48) b 2.31 (0.30) b 6.64 (0.21) b 

B650 5.06 (0.59) a 5.65 (0.80) a 6.61 (0.68) a 16.40 (1.79) a 

B750 4.10 (0.52) a 7.76 (0.89) a 5.00 (0.24) a 10.23 (2.06) ab 

B850 4.34 (0.09) a 6.64 (0.69) a 5.86 (0.84) a 11.67 (1.91) ab 
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(Tables 5.1 and 5.2). While biochar addition significantly decreased leaf δ13C values for I. 

nodosa under both CO2 concentrations, no significant changes appeared in leaf δ13C for A. 

ramossissima and D. micrantha under both CO2 treatments (Fig. 5.3). 

5.4.2 The effects of biochar addition on plant growth 

Biochar amendment significantly increased leaf biomass for I. nodosa under both ambient and 

elevated CO2, whereas biochar addition exhibited no significant effects on leaf biomass for D. 

micrantha under both CO2 treatments (Table 5.3). Moreover, biochar application even 

significantly decreased leaf biomass for A. ramossissima under elevated CO2 (Table 5.3). For 

root biomass, significant improvements were observed for I. nodosa under both CO2 treatments 

and for D. micrantha when exposed to ambient CO2 concentration (Table 5.3). Total biomass 

showed significant improvement across the plant species and CO2 treatments, except for A. 

ramossissima and D. micrantha under elevated CO2 concentration (Fig. 5.4). 
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Fig. 5.1 Effects of biochar addition on leaf total carbon content (TC (g)) of (a) A. ramossissima, 

(b) D. micrantha and (c) I. nodosa under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 

concentrations. Values are mean + SE (n = 4). 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. 5.2 Effects of biochar addition on N-use-efficiency (NUE) of (a) A. ramossissima, (b) D. 

micrantha and (c) I. nodosa under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 

concentrations. Values are mean + SE (n = 4). 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. 5.3 Effects of biochar addition on leaf stable carbon isotope ratio (δ13C) of (a) A. 

ramossissima, (b) D. micrantha and (c) I. nodosa under ambient (400 μL L-1) and elevated (700 

μL L-1) CO2 concentrations. Values are mean + SE (n = 4). 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. 5.4 Effects of biochar addition on plant total biomass of (a) A. ramossissima, (b) D. 

micrantha and (c) I. nodosa under ambient (400 μL L-1) and elevated (700 μL L-1) CO2 

concentrations. Values are mean + SE (n = 4). 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. 

5.5 Discussion 

5.5.1 Plant C and N responses to biochar addition  

Our results showed that biochar addition significantly decreased leaf TN concentrations for 

species D. micrantha under ambient CO2 and I. nodosa under both ambient and elevated CO2 

(Tables 5.1 and 5.2). There are few studies that reported decreases in leaf TN concentrations 

following biochar addition (Kammann et al., 2011; Lehmann et al., 2003; Noguera et al., 2010; 

Rondon et al., 2007), which have been ascribed to adsorption or immobilization of N induced 

by biochar incorporation (O’Toole et al., 2013; Rajkovich et al., 2012). Decreases in leaf TN 

concentration are commonly seen under elevated CO2 and the dilution due to accumulation of 

non-structural carbohydrates (NSC) has been proposed as the primary reason (Gifford et al., 

2000; Taub and Wang, 2008). Interestingly, the corresponding significant increases in leaf 

TCweight in these cases suggested that dilution of NSC provides a likely explanation for the 

significant decrease in leaf TN following biochar addition (Fig. 5.1). This dilution mechanism 
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is further confirmed by the concurrence of the absences of significant decrease in leaf TN and 

increase in leaf TCweight of A. ramossissima under both CO2 concentrations and D. micrantha 

when exposed to elevated CO2 (Tables 5.1 and 5.2; Fig. 5.1).  

However, it has been widely proved that dilution is not solely responsible for decreasing leaf 

TN cencentration under elevated CO2 (Poorter et al., 1997; Taub and Wang, 2008). 

Alternatively, many studies suggested that plants decreased N investment in photosynthetic 

apparatus, particularly Ribulose 1,5 bisphosphate carboxylase (rubisco) and thus, potentially 

distributes more N in root, which was involved in obtaining the resources that would be needed 

most (Hermans et al., 2006). In this way, plants could achieve optimal N distribution and thus 

obtain greater NUE to meet the higher N demand under elevated CO2 (Cotrufo et al., 1998; 

Taub and Wang, 2008; Wolfe et al., 1998). The significant increase in root TNweight, along with 

the absence of significant alteration in leaf TNweight of D. micrantha and I. nodosa (Tables 5.1 

and 5.2), suggested that the shift in N partitioning from leaves to roots in the presence of 

biochar probably also played a role in reducing leaf N concentration. The exception of A. 

ramossissima probably suggested the relatively lower potential for improving NUE (Tables 5.1 

and 5.2). The near-ubiquitous NUE improvement in this study lent further qualified support to 

this conclusion, which also offered a possibility for the plant total biomass enhancement (Figs. 

5.2, 5.4) in spite of the N deficiencies of biochar and mine spoil soil used in this study (Fisher, 

2010). Therefore, our results at least partially explained why some plants could even maintain 

growth stimulation under N-deficient conditions following biochar application (Jeffery et al., 

2011; Liu et al., 2013).  

Further evidence in support of the hypothesis that biochar addition induced closely resembled 

plant responses to elevated CO2 comes from leaf δ15N values. Significant depletion in plant 

δ15N values under elevated CO2 has been observed in many previous studies (BassiriRad et al., 
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2003; Billings et al., 2002). This was primarily attributed to increased plant reliance on 

mycorrhizal fungi for N uptake with the rising of CO2 since substantial N isotopic fractionation 

occurred during transferring from mycorrihizal fungi to plant (BassiriRad et al., 2003; Garten 

et al., 2011; Polley et al., 2015). Our data showed significant decreases in leaf δ15N of A. 

ramossissima and D. micrantha following biochar addition, although the decrease in case of A. 

ramossissima under ambient CO2 was not statistically significant (Tables 5.1 and 5.2). 

Moreover, the absence of significant decrease in leaf δ15N of I. nodosa under ambient CO2 

concentration (Table 5.1) supported our hypothesis in a different perspective in view of the fact 

that I. nodosa relied on root for N uptake while A. ramossissima and D. micrantha were 

associated with arbuscular mycorrhizal (AM) fungi (Table 2.2). However, the significant 

decrease in leaf δ15N of I. nodosa when exposed to elevated CO2 (Table 5.2) released a signal 

of some level of N limitation (Garten et al., 2011). This is not out of expectation since both 

CO2 enrichment and biochar addition would induce higher N demand. 

Another line of evidence derived from our observation that biochar application tended to reduce 

TN and δ15N of leaves more pronouncedly than those of roots (Tables 5.1 and 5.2), which were 

commonly seen under elevated CO2 (BassiriRad et al., 2003; Cotrufo et al., 1998). Hence, it 

remains a strong possibility that biochar addition induced the same plant responses as elevated 

CO2 in the N-deficient environment in this study, which deserves further investigation. 

5.5.2 Plant growth responses to biochar addition under elevated CO2 

As expected, when exposed to elevated CO2, A. ramossissima exhibited no significant 

improvements in plant total biomass in the presence of biochar (Fig. 5.4a). Additionally, though 

not statistically significant, root biomass of A. ramossissima even showed some level of 

decrease in response to biochar addition (Table 5.3). This suggested that N demand was 
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probably not fully met and thus, A. ramossissima might increase its root turnover, which is 

consistent with our hypothesis that disadvantages of biochar application in improving N 

availability would be exacerbated under elevated atmospheric CO2 and thus, elevated CO2 

would deprive the potential of biochar application in improving plant biomass. Further support 

came from the growth responses of D. micrantha to biochar addition. That is, while biochar 

amendment significantly improved total biomass of D. micrantha under ambient CO2 

concentration, no significant increase existed under elevated CO2 (Fig. 5.4b). 

Conversely, biochar addition significantly increased total biomass of I. nodosa under both CO2 

concentrations (Fig. 5.4c). It is interesting to notice that biochar amendment triggered 

significant decrease in leaf δ13C of I. nodosa (Fig. 5.3c), which is commonly seen under 

elevated CO2 and could be partially ascribed to improved photosynthetic capacity (Leakey et 

al., 2009; Meyers, 2014; Schubert and Jahren, 2015). This might suggest that I. nodosa would 

have larger potential for increasing NUE compared to A. ramossissima or D. micrantha and 

thus, allowed greater improvement in plant photosynthesis. Further support for this view was 

derived from our observation that I. nodosa exhibited the only significant increase in leaf 

biomass in response to biochar addition (Table 5.3). Therefore, it is highly likely that the higher 

potential for improving NUE of I. nodosa would continue to sustain the enhancement in plant 

biomass for I. nodosa following biochar addition when exposed to elevated CO2. This is 

probably why different plant species show different responses to the same biochar addition 

(Biederman and Harpole, 2013; Van Zwieten et al., 2010a). 

5. 6 Conclusion 

The decreases in leaf N and δ15N have been commonly observed under elevated atmospheric 

CO2. This could be ascribed to the fact that under N-deficient conditions, plants could decrease 
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N investment in leaf and thus, potentially distribute more N in root, which was involved in 

obtaining the resources that would be needed most. In this way, plants could achieve optimal 

N distribution. Meanwhile, plants could also increase reliance on mycorrhizal fungi for N 

uptake to adapt to N deficiency, which would result in the decrease in leaf δ15N. Biochar 

application has limited ability in improving soil N availability, our data showed biochar 

addition induced the same plant responses as elevated atmospheric CO2 in decreasing leaf total 

N and δ15N. This offered an optional explanation for the broad spectrum of plant growth 

responses to biochar additon from the perspecitve of plant physiology, which was consistent to 

our data. Moreover, since elevated CO2 would increase plant N demand, it is highly likely that 

elevated CO2 would exacerbate the disadvantages of biochar application in improving plant 

growth, which was supported by our data. That is, biochar addition significantly increased plant 

total biomass of A. ramossissima and D. micrantha under ambient CO2 concentration, whereas 

exhibited no significant influence under elevated CO2. Conversely, biochar application 

significantly increased total biomass of I. nodosa under both CO2 concentrations.   
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Chapter 6 Assessing the potential of biochar addition in 

mine rehabilitation under elevated CO2  

6.1 Abstract 

Re-establishment of soil nitrogen (N) capital and microbial activity are priorities in mine 

rehabilitation. The potential of biochar addition in mine spoil rehabilitation has been restricted 

by its limited capacity in improving soil N pool. Moreover, the effect of the steadily rising 

atmospheric CO2 concentration on mine rehabilitation remains unknown. This study aimed to 

assess the effects of using pinewood biochar, produced at three pyrolytic temperatures (650, 

750 and 850 °C), on improving mine spoil N pools with eight different plant species under 

ambient (400 μL L-1) and elevated (700 μL L-1) atmospheric CO2 concentrations. The plant 

species included a tree species (Eucalyptus crebra), N-fixing shrubs (Acacia floribunda and 

Allocasuarina littoralis, respectively), C3 and C4 grasses (Austrostipa ramossissima, 

Austrodanthonia tenuior, Dichelachne micrantha and Themeda australis) and Sedges Rush 

(Lomandra longifolia). Plants were grown for three years in controlled climate chambers at the 

ambient and elevated CO2 concentrations. Our results suggest that soil total N concentrations 

significantly increased following biochar application across all species except for T. australis. 

E. crebra had the highest soil total N (0.197%, 0.198% and 0.212% for B650, B750 and B850, 

respectively). Different from the negligible influence of elevated CO2 on soil properties under 

the grasses and the N-fixing shrubs, elevated CO2 significantly increased soil water and hot 

water extractable organic C and decreased total C under E. crebra, indicating that the nutrients 

demand were not met. Taken together, biochar addition showed the potential in mine 

rehabilitation in terms of improving soil N pool, especially with E. crebra. However, it would 

be more difficulty to rehabilitate mine spoils in future with the rising atmospheric CO2 
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concentration. 

6.2 Introduction 

Surface mining usually involves destruction of the existing vegetation and loss or dilution of 

topsoil (Rate et al., 2004; Sonter et al., 2014a, b). Simultaneously, a volume of mine spoil heaps 

will be created (Bradshaw, 1997). These heaps are composed of coarse rocks that are not 

suitable for plant growth because of deficiency of water and essential nutrients, extreme pH, 

coarse texture and compacted structure (Agrawal et al., 1993; Dutta and Agrawal, 2000). All 

these issues have prompted mineral industries to devise strategies to meet the concept of 

sustainable development (Azapagic, 2004). Deficiencies in some elements, such as phosphorus, 

potassium, magnesium and calcium, could be solved via the application of fertilizers (Fisher, 

2010). However, given the high amounts of nitrogen (N) requirements for fully functioning 

soil, it will be too expensive to solve N deficiency via N fertilizer application alone (Bradshaw, 

2000). Therefore, building N capital is a priority in mine rehabilitation.  

Biochar, produced through pyrolysis of a wide range of biomass sources (Lehmann et al., 2006), 

could improve soil water storage (Chen et al., 2010; Novak et al., 2012; Shackley et al., 2010), 

soil nutrient retention (Bai et al., 2014, 2015; Biederman and Harpole, 2013; Major et al., 2010), 

and regulate soil pH due to its porous structure, high surface area, and affinity for charged 

particles (Keech et al., 2005). Therefore, many studies have been devoted to determine the 

potential of biochar in environmental remediation (Anawar et al., 2015; Gwenzi et al., 2015; 

Reverchon et al., 2014). Moreover, biochar could improve soil N retention via the following 

mechanisms (Robertson and Groffman, 2007). These include: (1) NH4
+, NH3, NO3

− and 

organic N adsorption increased due to increase in soil cation exchange capacity (CEC) and 

changes in soil pH after biochar addition (Cayuela et al., 2014; Dempster et al., 2012; Van 
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Zwieten et al., 2014); (2) biochar addition increased microbial N immobilization since the 

presence of volatile matter in biochar could fuel microorganisms (Deenik et al., 2010); and (3) 

biochar addition reduced N2O emissions from soils (Kammann et al., 2012; Yanai et al., 2007). 

Research on biochar addition effects on soil N pools has focused on crops and forest systems 

(Cayuela et al., 2014; Deenik et al., 2010; Dempster et al., 2012; Van Zwieten et al., 2014). 

However, little information is available regarding the mining sites. 

In the context of steadily rising atmospheric CO2 concentration (IPCC, 2013), it is necessary 

to evaluate if elevated atmospheric CO2 concentration would influence the success of mine 

rehabilitation after biochar application. It has been well documented that elevated atmospheric 

CO2 concentration can improve plant production (Leakey et al., 2009; Woodward et al., 2002), 

which offers the possibility to increase inputs of organic matter in soil and, subsequently 

enhance soil C storage (De Graaff et al., 2006; Drigo et al., 2010; Finzi et al., 2006). However, 

the CO2-stimulated plant growth will also increase demand for water and mineral nutrients 

(Hillbert et al., 1991; Lu et al., 2014), particularly for N (Finzi et al., 2006; Langley and 

Megonigal, 2010). Once the demands are not met by either increased resource availability or 

efficiency of resource use, plants may increase their loss of C through root turnover, respiration 

or exudation (Hungate et al., 1997; Drigo et al., 2007, 2008). This has been supported by the 

results of numerous studies (Clemmensen et al., 2013; Phillips et al., 2012). Only a small 

portion of these readily available C sources can remain in soil organic matter (SOM) through 

physical protection by clays (Eusterhues et al., 2003; Marschner et al., 2008). This could 

provide additional substrate to soil microorganisms (Cheng, 1999; Curlevski et al., 2014), 

thereby accelerate SOM decomposition due to the so-called ‘priming effect’ (Dalenberg and 

Jager, 1989). This has been proposed as the cause for the absence of additional soil C accrual 

or even loss in response to greater organic C inputs under elevated atmospheric CO2 

concentration (Drake et al., 2011; Sulman et al., 2014; Van Groenigen et al., 2014). Therefore, 
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it is necessary to take C and N interactions into consideration when study soil C sequestration 

under elevated CO2 (De Graaff et al., 2006). This is particularly important for mine spoils due 

to the extremely low N level of mine spoil (Dragovich and Patterson, 1995). Little information 

is available on the effect of elevated atmospheric CO2 concentration on soil abiotic and biotic 

properties in degraded lands (Bradford et al., 2008; Pendall and King, 2007; Zhou et al., 2016). 

To address these gaps of knowledge, here we selected eight plant species from Experiment 3, 

including a tree species (Eucalyptus crebra), N-fixing shrubs (Acacia floribunda and 

Allocasuarina littoralis, respectively) and C3 and C4 grasses (Austrostipa ramossissima, 

Austrodanthonia tenuior, Dichelachne micrantha, Lomandra longifolia and Themeda australis, 

respectively). We aimed to evaluate the potential of using biochar in building N pools in mine 

spoil with these eight plant species under elevated atmospheric CO2 concentration. Due to 

isotopic discrimination against both 13C and 15N during biological C and N transformation 

processes, any C or N loss can result in a distinct increase in soil δ13C or δ15N (Choi et al., 2001; 

Högberg, 1997; Peri et al., 2012). This is the main reason why both soil δ13C and δ15N are 

widely used as representatives of microbial activity in the soil. Specifically, soil δ13C are 

generally more enriched in microorganisms than that in substrates and high soil δ15N value 

demonstrates an acceleration of N cycling (Dawson et al., 2002; Ibell et al., 2010; Peri et al., 

2012). Hence, this study used soil δ13C or δ15N to as tools to gain insight into C and N cycling 

in soil. 

Given different physiology properties of the eight plant species, we hypothesize that biochar 

would show species-specific characters in improving mine spoil N pool. Furthermore, in view 

of the extremely poor nutrition status of mine spoil, particularly N depletion, which is highly 

likely not satisfying the plant nutrition requirement under elevated CO2, we also hypothesize 

that elevated atmospheric CO2 concentration would exacerbate the nutrient depletion of mine 
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spoil.  

6.3 Material and methods 

6.3.1 Experimental design 

The Experimental design of Experiment 3 was described in Chapter 2. 

6.3.2 Sample collection and analysis 

Soil sampling was described in Chapter 2. Fresh sub-samples were refrigerated after sampling 

at 4 °C prior to analysis. The air dried sub-samples were ground to fine powder by a 

RocklabsTM ring grinder. Approximately 40 mg of the ground soil from each sample was then 

transferred to a 5 mm × 8 mm tin capsule. The powders were then assessed for total C (TC), 

total N (TN), and C and N isotope compositions (δ13C and δ15N, respectively) using a 

Eurovector Elemental Analyser (Isoprime-EuroEA 3000, Milan, Italy). Stable isotope ratios are 

expressed in conventional δ notation as: 

δ13Csample or δ15Nsample = ((Rsample - Rstd)/Rstd)  

where δ13Csample or δ15Nsample is the sample of interest, Rsample is its 13C/12C or 15N/14N ratio, Rstd 

is the 13C/12C or 15N/14N ratio of standard, specifically, PDB (Pee Dee Belemnite) standard for 

δ13C and the atmospheric air standard for δ15N. The results for δ13C and δ15N are reported as 

parts per thousand (‰) deviations from the PDB standard and atmospheric air, respectively. 

Hot water and water extracts were prepared using the method explained in Chen and Xu (2005) 

with little modification to determine hot water and water extractable organic C (HWEOC and 
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WEOC, respectively). Briefly, 7.0 g air-dried soil sample (fresh sample for water extracts) was 

mixed with 35 mL of distilled water, then incubated in a hot water bath at 70 °C for 18 h 

followed by shaking for 5 min on an end-over-end shaker (shaking 1 h without incubation for 

water extract). After this, the suspension was centrifuged for 10 min at 10,000 rpm before 

filtering through Whatman 42 filter papers. Finally, the extracts were passed through a 0.45-

μm filter membrane before 25 mL of the extract was used for analysis using a Shimadzu TOC-

VCSH/CSN total organic C and total N analyser. Soil moisture content was performed by oven 

drying field moist samples to a constant weight (Rayment and Higginson 1992). Soil pH was 

measured at a 1: 2 soil: water (w: v) ratio.  

6.3.3 Statistical analysis 

Statistical significances of the effects of biochar application, CO2 level (ambient or elevated) 

on soil properties tested in this study were determined by analysis of variance (ANOVA) with 

CO2 concentrations, biochar addition as main factors. We analyzed the effects of biochar, CO2 

and their interactions for each plant species separately. Moreover, since interactions of biochar 

application and CO2 levels on soil properties are generally not significant (Table 6.3), we 

discussed the effects of biochar and CO2 treatments separately. To assess biochar effects, data 

were pooled across ambient and elevated CO2 concentrations (n = 6). To assess the effects of 

CO2 level, data were pooled across the four biochar treatments (B0, B650, B750 and B850, 

respectively) (n = 12). The mean values were given along with the standard error for replicate 

measurements. Tukey HSD test (P < 0.05) was used to determine the significance of differences 

among the treatments when the effect was significant. All analyses were performed using SPSS 

22. 
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6.4 Results 

6.4.1 Effects of biochar addition on soil properties 

Biochar addition, regardless of pyrolysis temperature, significantly (P < 0.05) increased soil 

TC and TN concentrations, whereas decreased soil δ13C values across all species, with the 

exception observed under the C4 grass T. australis where no significant (P > 0.05) effects on 

soil TN concentration were found (Tables 6.1 and 6.3; Fig. 6.2). Similarly, soil HWETN 

significantly improved in the presence of all the three types of biochar across all species, except 

for A. ramossissima with only the addition of biochar produced at 650 °C significantly 

increasing soil HWETN compared with the control pots (Fig. 6.2). Biochar application 

significantly increased soil δ15N values under A. floribunda in comparison with the control pots, 

with no significant influence under other species, except B850 positively shift soil δ15N value 

under E. crebra (Fig. 6.3). Significant improvements in soil moisture under A. floribunda, A. 

ramossissima, D. micrantha, L. longifolia and E. crebra were detected following biochar 

amendment (Tables 6.1 and 6.3). Biochar application significantly decreased soil pH around 

0.3 units across all species except for B750 on A. floribunda, B850 on A. littoralis and all the 

three types of biochar on C3 grass A. tenuior and D. micrantha (Tables 6.1 and 6.3).  
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Table 6.1 Soil moisture, pH, total carbon (TC), stable carbon isotope ratios (δ13C) and total carbon to nitrogen ratios (C: N) of various plant species 

under different biochar treatments 

Species 
Biochar  

treatment 
Moisture (%) pH TC (%) δ13C (‰) C: N 

       

A. floribunda  

B0 17 (4) b 8.35 (0.07) a 7.25 (0.16) b -22.21 (0.15) a 55 (2) b 

B650 23 (2) ab 8.00 (0.05) b 15.78 (0.63) a -25.38 (0.09) b 104 (5) a 

B750 26 (2) a 8.23 (0.08) a 14.12 (0.60) a -25.14 (0.06) b 96 (3) a 

B850 22 (2) ab 8.01 (0.06) b 14.79 (0.41) a -25.19 (0.11) b 94 (2) a 

A. littoralis  

B0 18 (3) a 8.58 (0.07) a 6.81 (0.09) b -21.96 (0.02) a 52 (0) b 

B650 22 (3) a 8.23 (0.08) b 16.46 (0.91) a -25.31 (0.13) b 101 (5) a 

B750 24 (3) a 8.22 (0.16) b 15.03 (0.38) a -25.23 (0.08) b 101 (3) a 

B850 24 (3) a 8.53 (0.04) a 14.83 (0.16) a -25.26 (0.05) b 100 (2) a 

A. ramossissima 

B0 11 (1) b 8.76 (0.28) a 7.16 (0.20) b -22.12 (0.15) a 56 (2) c 

B650 27 (2) a 8.50 (0.05) b 14.65 (0.66) a -25.51 (0.12) b 104 (3) a 

B750 23 (1) a 8.58 (0.08) ab 14.78 (0.26) a -25.23 (0.06) b 96 (6) ab 

B850 24 (1) a 8.51 (0.07) b 13.48 (0.35) a -25.29 (0.09) b 93 (2) b 

 

A. tenuior  

B0 25 (2) a 8.80 (0.06) a 6.80 (0.16) b -22.24 (0.12) a 53 (1) b 

B650 27 (2) a 8.64 (0.09) a 14.16 (0.61) a -24.93 (0.12) b 96 (4) a 

B750 22 (6) a 8.75 (0.07) a 14.32 (0.79) a -24.98 (0.10) b 97 (3) a 

B850 23 (7) a 8.81 (0.02) a 13.45 (0.38) a -25.01 (0.12) b 98 (2) a 

D. micrantha 
B0 13 (1) b 8.82 (0.02) a 6.84 (0.17) b -22.14 (0.05) a 50 (1) b 

B650 26 (2) a 8.71 (0.06) a 15.09 (0.65) a -25.44 (0.20) b 96 (3) a 
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Values shown are mean (SE) (n = 6). B0: without biochar addition; and B650, B750 and B850: biochar produced via slow pyrolysis at 650, 750 

and 850 °C, respectively. Different lower case letters indicated significant differences in individual plant species.  

B750 21 (1) a 8.65 (0.06) a 13.91 (0.85) a -25.18 (0.18) b 96 (3) a 

B850 20 (2) a 8.63 (0.05) a 14.05 (0.46) a -25.39 (0.24) b 94 (2) a 

E. crebra 

B0 18 (0) b 8.57 (0.02) a 7.56 (0.00) b -21.85 (0.00) a 51 (0) b 

B650 23 (3) ab 8.18 (0.02) bc 13.90 (0.49) a -24.45 (0.08) b 71 (4) a 

B750 27 (2) a 8.12 (0.06) c 14.29 (0.60) a -24.60 (0.21) bc 73 (7) a 

B850 25 (4) ab 8.26 (0.09) b 14.88 (0.65) a -25.11 (0.11) c 76 (10) a 

L. longifolia 

B0 12 (1) b 8.72 (0.05) a 8.16 (1.01) b -22.83 (0.48) a 57 (7) b 

B650 24 (1) a 8.35 (0.04) b 15.11 (0.98) a -25.25 (0.13) b 93 (4) a 

B750 24 (1) a 8.42 (0.03) b 14.30 (0.64) a -25.13 (0.10) b 92 (2) a 

B850 24 (1) a 8.44 (0.07) b 14.47 (0.42) a -25.27 (0.15) b 89 (2) a 

T. australis 

B0 26 (1) a 8.81 (0.04) a 6.70 (0.41) b -22.03 (0.10) a 50 (2) b 

B650 26 (3) a 8.52 (0.07) b 14.60 (0.43) a -25.15 (0.05) b 98 (3) a 

B750 24 (2) a 8.68 (0.12) ab 13.66 (0.37) a -24.96 (0.07) b 96 (2) a 

B850 28 (4) a 8.49 (0.05) b 13.69 (0.20) a -25.07 (0.03) b 94 (1) a 
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Fig. 6.1 Effects of biochar addition on soil total nitrogen (TN) concentrations of (a) A. 

floribunda, (b) A. littoralis (c) A. ramossissima (d) A. tenuior (e) D. micrantha (f) E. crebra (g) 

L. longifolia and (h) T. australis. Values are mean + SE (n = 6). 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. 6.2 Effects of biochar addition on soil hot water extractable total nitrogen (HWETN) 

concentrations of (a) A. floribunda, (b) A. littoralis (c) A. ramossissima (d) A. tenuior (e) D. 

micrantha (f) E. crebra (g) L. longifolia and (h) T. australis. Values are mean + SE (n = 6). 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. 6.3 Effects of biochar addition on soil stable nitrogen isotope ratios (δ15N) of (a) A. 

floribunda, (b) A. littoralis (c) A. ramossissima (d) A. tenuior (e) D. micrantha (f) E. crebra (g) 

L. longifolia and (h) T. australis. Values are mean + SE (n = 6). 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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6.4.2 Effects of elevated atmospheric CO2 concentration on soil properties 

No significant effect of elevated atmospheric CO2 concentration was detected on any soil 

properties measured in this study under the grasses A. floribunda, A. tenuior and T. australis, 

except significant improvements in soil moisture under A. tenuior and soil pH under A. 

floribunda (Tables 6.2 and 6.3). Similarly, elevated CO2 only exerted negligible effects on 

labile C pools for A. littoralis, A. ramossissima, D. micrantha and L. longifolia. Specifically, 

significant decreases in HWEOC were detected for A. littoralis, A. ramossissima and D. 

micrantha, whereas significant increase was observed for L. longifolia when exposed to 

elevated CO2. In contrast, larger responses to elevated atmospheric CO2 concentration were 

detected under E. crebra. Specifically, E. crebra had significant increases in soil WEOC, 

HWEOC and TN concentrations, whereas significant decreases in soil pH and TC were 

observed (Tables 6.2 and 6.3). 

6.4.3 Interactions of biochar addition and elevated atmospheric CO2 

concentration on soil properties 

Interactions of biochar addition and elevated atmospheric CO2 concentration on soil properties 

were generally negligible (Table 6.3). Specifically, while no significant interactive effect was 

detected for D. micrantha and A. littoralis, we only observed significant interactive effects in 

soil moisture and WEOC for the grasses A. tenuior and T. australis, respectively (Table 6.3). 

Significant interactions existed in soil moisture, pH, WEOC and total N for the N-fixing shrub 

A. floribunda, whereas appeared in soil WEOC, HWEOC and δ13C for A. ramossissima (Table 

6.3). Similarly, significant interactions were detected in soil pH, HWEOC and total N for E. 

crebra and L. longifolia, with the exception of soil pH for L. longifolia (Table 6.3). 
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Table 6.2 Soil moisture, pH, water and hot water extractable organic carbon (WEOC, HWEOC), total C and N (TC and TN), and stable carbon 

and nitrogen isotope ratios (δ13C and δ15N) under ambient (400 μL L−1) and elevated CO2 (700 μL L−1) beneath different plant species 

Species 
CO2 

(μL L−1) 
Moisture (%) pH 

WEOC  

(µg g-1) 

HWEOC  

(µg g-1) 
TC (%)  TN (%) δ13C (‰) δ15N (‰) 

A. floribunda 

700 21 (2) a 8.22 (0.07) a 71 (5) a 143 (4) a 12.93 (1.01) a 0.150 (0.003) a -24.50 (0.39) a 1.58 (0.12) a 

400 24 (1) a 8.08 (0.04) b 56 (3) a 115 (5) a 13.04 (1.12) a 0.145 (0.005) a -24.46 (0.41) a 1.17 (0.22) a 

A. littoralis 

700 22 (2) a 8.40 (0.09) a 62 (3) a 100 (11) b 13.39 (1.22) a 0.147 (0.003) a -24.48 (0.44) a 2.41 (0.30) a 

400 22 (1) a 8.37 (0.07) a 62 (3) a 129 (13) a 13.18 (1.16) a 0.147 (0.006) a -24.40 (0.43) a 1.97 (0.20) a 

 

A. ramossissima 

700 20 (2) a 8.62 (0.18) a 58 (5) a 54 (4) b 12.57 (1.04) a 0.145 (0.004) a -24.50 (0.47) a 1.69 (0.37) a 

400 23 (2) a 8.55 (0.05) a 53 (2) a 82 (9) a 12.46 (0.92) a 0.141 (0.004) a -24.56 (0.39) a 1.11 (0.12) a 

A. tenuior 

700 26 (1) a 8.73 (0.06) a 69 (3) a 87 (6) a 11.71 (0.91) a 0.140 (0.003) a -24.20 (0.36) a 3.20 (0.48) a 

400 23 (2) b 8.77 (0.03) a 59 (5) a 82 (6) a 12.65 (1.08) a 0.142 (0.003) a -24.38 (0.37) a 3.28 (0.44) a 

D. micrantha 

700 17 (1) a 8.75 (0.03) a 52 (4) a 79 (7) b 11.71 (0.98) a 0.143 (0.004) a -24.41 (0.42) a 3.10 (0.81) a 

400 22 (2) a 8.65 (0.04) a 58 (4) a 104 (6) a 13.23 (1.10) a 0.152 (0.002) a -24.67 (0.44) a 2.31 (0.39) a 

E. crebra 

700 23 (2) a 8.21 (0.07) b 57 (3) a 135 (13) a 12.26 (0.86) b 0.210 (0.013) a -23.94 (0.38) a 3.28 (0.28) a 

400 23 (1) a 8.35 (0.05) a 44 (1) b 68 (3) b 13.05 (1.03) a 0.168 (0.005) b -24.06 (0.41) a 3.41 (0.47) a 

L. longifolia 

700 21 (2) a 8.51(0.06) a 113 (4) a 91 (6) a 13.61 (1.03) a 0.158 (0.003) a -24.76 (0.33) a 4.43 (0.66) a 

400 21 (2) a 8.46 (0.05) a 95 (5) b 90 (9) a 12.41 (0.95) a 0.153 (0.003) a -24.48 (0.38) a 4.30 (0.81) a 

T. australis 
700 26 (2) a 8.67 (0.06) a 62 (3) a 100 (4) a 11.93 (1.02) a 0.143 (0.004) a -24.30 (0.39) a 2.69 (0.30) a 

400 25 (2) a 8.58 (0.07) a 66 (4) a 94 (4) a 12.39 (0.95) a 0.143 (0.002) a -24.30 (0.41) a 2.11 (0.26) a 

Values shown are mean (SE) (n = 12). Different lower case letters indicated significant differences in individual plant species.  
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Table 6.3 Analysis of variance for CO2 treatment, biochar treatment and their interactions on soil moisture, pH, water, water and hot water 

extractable organic carbon (WEOC and HWEOC), total C and N (TC and TN), and stable carbon and nitrogen isotope ratios (δ13C and δ15N) under 

different plant species 

Asterisks denote level of significance: ns = not significant (P > 0.05), * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001

 Species Moisture (%) pH 
WEOC 

(µg g-1) 

HWEOC 

(µg g-1) 
TC (%) TN (%) δ13C (‰) δ15N (‰) 

Biochar 

A. floribunda * *** * * *** *** *** *** 

A. littoralis * * ns ns *** ** *** * 

A. ramossissima *** * *** *** *** *** *** ns 

A. tenuior ns ns ** * *** * *** ns 

D. micrantha *** ns ns *** *** * *** ns 

E. crebra * *** ns *** *** ** *** *** 

L. longifolia *** *** * ** *** *** *** ns 

T. australis ns * * ns *** ns *** ns 

CO2 

A. floribunda ns * ns ns ns ns ns ns 

A. littoralis ns ns ns * ns ns ns ns 

A. ramossissima ns ns ns *** ns ns ns ns 

A. tenuior ** ns ns ns ns ns ns ns 

D. micrantha *** ns ns *** ** * ns ns 

E. crebra ns * * * ** * ns ns 

L. longifolia ns ns * ns ns * ns ns 

T. australis ns ns ns ns ns ns ns ns 

Biochar * CO2 

A. floribunda ** * *** ns ns * ns ns 

A. littoralis ns ns ns ns ns ns ns ns 

A. ramossissima ns ns *** * ns ns * ns 

A. tenuior ** ns ns ns ns ns ns ns 

D. micrantha ns ns ns ns ns ns ns ns 

E. crebra ns *** ns *** ns * ns ns 

L. longifolia ns ns ns *** ns * ns ns 

T. australis ns ns * ns ns ns ns ns 



 

101 
 

6.5 Discussion 

6.5.1 Effects of biochar addition on soil properties 

It has been well documented that biochar application could directly affect soil total C, C: N 

ratio, and δ13C with its intrinsic properties of high total C, C: N ratio, and low δ13C (Reverchon 

et al., 2014; Reverchon et al., 2015; Wang et al., 2016). Here, our study showed consistent 

results that biochar amendment, regardless of pyrolysis temperature, increased soil total C and 

C: N ratios and reduced δ13C (Tables 6.1 and 6.3). Similarly, biochar addition significantly 

enhanced soil moisture across the species due to its porous structure, except for A. littoralis, A. 

tenuior and T. australis (Tables 6.1 and 6.3), which is consistent with findings of other studies 

(Chen et al., 2010; Lehmann and Joseph, 2015). Contrasting with other studies exhibiting 

increase in soil pH due to the higher pH of biochar than that of soil (Nelissen et al., 2012; 

Rajkovich et al., 2012; Reverchon et al., 2014), soil pH decreased significantly across the 

species, except for the addition of biochar produced at 750 °C under A. littoralis, at 850 °C 

under A. littoralis and all the three types of biochar under A. tenuior and D. micrantha (Tables 

6.1 and 6.3). We attribute the decreases to the fact that pH of the mine spoil used as the growing 

medium was extremely high, up to 9.7 (Fisher, 2010).  

Biochar addition, regardless of pyrolysis temperature, significantly increased soil total N across 

all species except for C4 grass, T. australis (Fig. 6.1). Although some studies have reported 

significant increase in soil total N, which could be attributable to the N from biochar that is 

enriched in N (Bai et al., 2015b; Xu et al., 2015), most studies showed that biochar amendment 

exhibited no significant difference in soil total N (Reverchon et al., 2014, 2015). Since the 

biochar used in the current study had extremely low level of N (data not shown), this indicated 



 

102 
 

the existence of other processes responsible for the statistically significant improvement in soil 

total N (Fig. 6.1). Biochar could adsorb NO3
- or NH4

+, subsequently decrease soil N leaching 

and thus increase soil N retention (Clough et al., 2013; Lehmann et al., 2003; Liang et al., 2006; 

Spokas et al., 2012). Although it has been argued that the adsorption of NH4
+ and NO3

- by 

biochar is short-lived (Kameyama et al., 2012; Sohi et al., 2010), Bai et al., (2015a) have 

reported that significant adsorption of NO3
- by biochar could exist at least one year. Therefore, 

biochar adsorption of NO3
- or NH4

+ could be potential mechanisms to improve soil N retention 

in this study. It has been well documented that biochar addition has the potential to increase 

microbial N immobilization due to the fact that the labile C from biochar could fuel soil 

microorganisms and thus induce soil microbial N immobilization (Güereña et al., 2013; Jones 

et al., 2012). Therefore, biochar, produced at low temperature and fast pyrolysis, containing 

significant amounts of labile C, is more likely to induce microbial N immobilization (Bruun et 

al., 2012; Smith et al., 2010). The biochar used in the present study was produced via slow 

pyrolysis and the lowest temperature was 650 °C. However, in viewing of the poor N fertility 

of mine spoil used in the current study as the growing medium, it is likely that the biochar has 

comparably high quantity of labile C to increase microbial N immobilization. Therefore, 

increased soil microbial N immobilization leading to decreased soil N leaching, could be an 

optional mechanism responsible for the increased soil N retention (Clough et al., 2013). This 

conclusion is confirmed by the significant increases in HWETN (Fig. 6.2) since hot water 

extracted C and N pools have been widely reported to be closely related to soil microbial 

biomass (Ghani et al., 2003). Additionally, enhanced biological N2 fixation could be the key 

driving factors for the significant improvement in soil total N concentrations in cases of the N-

fixing shrubs (Fig. 6.2) (DeLuca et al., 2015; Van Zwieten et al., 2015). 

Moreover, decreased N leaching would lead to decrease in soil δ15N (Adams and Grierson, 

2001; Grierson, 2001; Högberg, 1997). However, we did not encounter any significant decrease 
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in soil δ15N value following biochar addition, and the addition of all the three types of biochar 

under A. floribunda and biochar produced at 850 °C under E. crebra even caused significant 

increases (Fig. 6.3). One plausible explanation could be the increased reliance on mycorrhizal 

fungi for N uptake of the plant species following biochar addition, which would leave 

mycorrhizal fungi enriched in 15N (Hobbie and Colpaert, 2003; Högberg, 1997). Therefore, the 

15N-enriched mycorrhizal fungal biomass could offset the depletion of δ15N by leaching 

reduction. This is further confirmed by the foliar δ15N that was significantly reduced by biochar 

addition (data not shown), which could be attributed to the increased reliance on mycorrhizal 

fungi for N (Hobbie et al., 2001; Hobbie and Colpaert, 2003). Enhanced plant N uptake, 

preferentially consuming light N with relatively heavy N left in the bulk soil could be another 

possible reason (Clarkson et al., 2005). Both of these two processes tend to occur when N 

become limited (Garten et al., 2011), which makes it tenable explanations in view of the 

extremely N-depleted mine spoil used as the growing medium here. Hence, it deserves further 

study to test these explanations. Moreover, we cannot rule out the other possibilities, such as 

decreased gaseous N losses (Güereña et al., 2013), or the effects of N input from biochar, which 

probably also played a role in increasing soil δ15N with its high δ15N values, at least for biochar 

produced at 650 °C (Table 2.1). Although we could not separate the relevance of the potential 

processes for increasing soil N retention here, the significant increase in soil total N 

demonstrated the promising prospects of biochar as a means to reduce environmentally harmful 

N fluxes. 

6.5.2 The effects of elevated atmospheric CO2 concentration on mine 

rehabilitation  

The absence of responses to elevated atmospheric CO2 concentration in all soil properties 

measured in this study beneath the grass species, except soil moisture of C3 grass A. tenuior 
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(Tables 6.2 and 6.3), could be attributed to spoil nutrient limitation, e.g. N, which is consistent 

with other studies (De Graaff et al., 2006; Nowak et al., 2004). In contrast, elevated CO2 

exhibited no significant effect on soil total C for A. littoralis, D. micrantha or L. longifolia, 

whereas significantly affected soil labile C pools (WEOC or HWEOC) (Tables 6.2 and 6.3). 

This is consistent with many other studies, which has been attributed to accelerated soil C 

cycling instead of storage (Blagodatskaya and Kuzyakov, 2008; Hungate et al., 1997). 

Surprisingly, elevated atmospheric CO2 concentration only exert negligible influence on the N-

fixing shrubs of A. floribunda and A. littoralis (Tables 6.2 and 6.3), which was against the 

hypothesis that there is a competitive advantage for N-fixing plants over non-N-fixing ones 

when grown at elevated atmospheric CO2 concentration (Rogers et al., 2009). This could be 

ascribed to the fact that symbiotic N fixation is energetically expensive (Hungate et al., 1999) 

and thus, substantial amounts of fixed-C would be transferred to root nodules instead of 

increasing plant biomass (Fotelli et al., 2011), subsequently leading to negligible response in 

soil properties to elevated atmospheric CO2 concentration. This explanation is particularly 

tenable in this study because the N-fixing shrubs are likely to rely largely on atmospheric N 

sources due to the extremely poor fertility of the mine spoil.  

On the contrary, Elevated CO2 showed a significant increase in soil WEOC and HWEOC but 

significant decrease in soil TC under E. crebra (Tables 6.2 and 6.3). This might reflect the CO2-

stimulated demands of the E. crebra plants for the water and nutrients, particularly for N (Finzi 

et al., 2006; Langley and Megonigal, 2010), which were not met by the extremely nutrient poor 

mine spoil. Therefore, E. crebra might struggle to survive in this harsh environment via 

increasing C loss through root turnover, respiration or exudation (Hungate et al., 1997), leading 

to significant increase in soil WEOC and HWEOC. Higher accruals of WEOC and HWEOC 

under tree species could induce greater SOM decomposition and thus result in higher C cycling, 



 

105 
 

instead of C storage (Blagodatskaya et al., 2010; Lagomarsino et al., 2009), which might be 

the main reason for the significant decrease in soil TC concentration of E. crebra. This 

suggested that the nutrient depletion of mine spoil is exacerbated when exposed to elevated 

atmospheric CO2 concentration and thus it would be more difficult to rehabilitate mine spoil 

under elevated atmospheric CO2 concentration.  

6.6 Conclusions 

Biochar addition significantly increase soil total N concentrations under all plant species except 

for T. Australis. Among the eight plant species, E. crebra had the highest soil total N. Hence, 

biochar addition showed the potential in mine rehabilitation in terms of improving soil N pool, 

especially with E. crebra. When exposed to elevated CO2, E. crebra probably tried to survive 

in the harsh environment via increasing loss of C through root turnover, respiration or exudation, 

which could be the key driver for the significantly increase in soil WEOC and HWEOC. The 

increases in soil WEOC and HWEOC would subsequently induce greater SOM decomposition, 

leading to significant decrease in soil TC under E. crebra. This indicates that elevated CO2 

exacerbated the nutrient depletion of mine spoil and thus would exert more difficulty for mine 

rehabilitation.  

Chapter 7. General conclusions and future work 

perspectives 

7.1 General conclusions  

Forest plantations become the main timber resource and produce over two-thirds of logs 

harvested in Australia on average each year. In view of the environmental concerns regarding 
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new land clearings and harsh land competition, Australia's plantation estate may stabilize at the 

current level of around 2 million hectares. Hence, future wood production will rely on second-

rotation plantations. However, the intensive harvesting of plantation biomass can lead to 

substantial reductions in soil C and N that can persist throughout the rotation, especially N. 

This factor, joining together with the poor soil fertility status of forest plantations, presents a 

major challenge in sustaining or expanding wood production levels.  

Mining in Australia is a significant primary industry and contributor to the Australian economy 

and extends into most of Australia’s eastern coastline. Surface mining takes over from 

conventional coal mining due to its advantages of simplifying the mining process, thus 

reducing operating costs and supplying coal of higher quality. However, surface mining usually 

destroys the existing vegetation and creates a volume of mine spoil, which is extremely 

depleted in water and essential nutrients, has extreme pH, coarse texture and compacted 

structure.  

This thesis focused on the above two major environment problems of Australia. Harvest residue 

retention has emerged as a promising sustainable soil fertility maintenance strategy in forest 

plantations. This is because the labile C and N released from the retained harvest residues could 

help to sustain site C and N capital and thus provide increasingly diverse substrate, 

subsequently affect soil bacterial community. Moreover, the retention of residues can also act 

as a buffer against nutrient losses by reducing leaching. Since the decomposition of harvesting 

residues might mainly affect soil C and N pools in the surface soil, most previous studies were 

constrained in the surface soil. However, it is highly likely that in a longer term of harvest 

residue retention, the labile C and N could leach from the surface soil layer to the lower layer. 

Moreover, soil labile C and N pools are theoretically more sensitive to residue retention in 

comparison with the total C and N pools. However, most previous studies tend to examine the 
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changes in soil total C and N pools, with majority of them being short-term studies, less than 

10 years. Hence, this thesis examined the effects of two different types of harvest residue 

retention on both soil labile and total C and N pools, as well as bacterial community 

composition on three different sampling depths. In this way, we try to provide a comprehensive 

understanding of the long-term effects of harvest residue retention on different fractions of soil 

C and N pools and bacterial communities.  

Re-establishment of the original vegetation can bring lots of benefits, including maintaining 

surface stability to prevent soil erosion, improving soil texture and water retaining ability, 

build-up of soil nutrients due to the organic input of plant biomass. Hence, re-vegetation has 

emerged as the most promising method for mine rehabilitation. However, extreme pH, coarse 

texture and compacted structure, especially the deficiency of water and essential nutrients of 

mine spoil have presented decisive barrier for initial vegetation establishment. Deficiencies in 

most elements could be solved via fertilizers. However, given the large amounts of N needed 

for plant growth, it would be too expensive to solve N deficiency via N fertilizer application. 

Additionally, N is quickly leached in mine spoil due to its lack of clay minerals and organic 

matter. Therefore, building N capital is a priority for mine spoil rehabilitation. 

Biochar application to soils brings a number of benefits, including improving soil water storage 

and nutrient retention, regulating soil pH etc. The improved soil quality by biochar addtion is 

expected to increase plant growth. However, biochar has limited capacity in improving N 

availability and thus N limitation is one of the major constrain factors for biochar for improving 

plant growth. This is probably why that most positive effects of biochar application on plant 

growth usually appeared when either biochar itself has relatively high concentrations of N or 

the combination of biochar amendment with N fertilizers, or N-sufficient soils, mostly are 

agricultural soils. However, some plants can even maintain growth stimulation under N-
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deficient conditions following biochar application, which indicates that plant physiology also 

plays a role in regulating plant growth response to biochar addition. Similarly, N availability 

was found to affect the CO2 responses of plant biomass in lots of research, and has been 

ascribed as the primary factor for the diverse plant growth responses to elevated CO2. Therefore, 

it is highly likely that biochar, with negligible amounts of N, would induce the same plant 

responses as elevated CO2 in the N-poor soil. If so, this probably would provide insights to 

elucidate the diverse responses of plant growth to biochar amendment from the perspective of 

plant physiology and thus, help us to better understand what kind of plant species would benefit 

most from biochar addition growing in mine spoil. Biochar application could improve soil N 

retention. However, soil properties are important factors affecting biochar on improving soil N 

retention. While most studies in the literature were focused on agricultural soils, very few 

studies have paid attention to mine spoil.  

Hence, in this study we assessed the potential of using biochar in mine rehabilitation in terms 

of improving plant growth and building soil N capital in mine spoils. Moreover, in the context 

of steadily rising atmospheric CO2, it is necessary to evaluate whether elevated CO2 would 

influence the potential of biochar application in mine rehabilitation. To our knowledge, this 

thesis would be the first study to evaluate the influence of elevated CO2 on mine rehabilitation 

with different biochar treatments. 

In Chapter 3, we examined the effects of long-term harvest residue retention on both soil labile 

and total C and N pools in two experiments, including even distribution (19-year) and 

placement in a windrow (17-year) of harvest residues. Our results showed that the retention of 

even-distributed residues neither significantly affected soil labile C pool nor total C pools, 

which was in consistent with most long-term studies. However, we detected significant increase 

in soil HWETN at depth of 10-20 cm instead of depth 0-10 cm, which was probably caused by 
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N leaching from upper to lower soil layer. Moreover, significant decrease in soil δ15N values 

existed with the residue retained, probably indicated that harvest residue retention reduced N 

leaching and thus increased soil N retention. This is because N leaching, especially NO3
–-N 

leaching could substantially increase soil δ15N due to isotopic discrimination. This explanation 

is particularly tenable in the current study in view of the fact that the sandy soil has a high 

potential for N leaching. For the windrowed harvest residue retention experiment, we detected 

significantly higher concentrations of HWEOC and WEOC under position M (just beneath 

windrowed-residues), whereas no significant changes in soil total C. This indicated that the 

diminishing amounts of labile C from windrowed-residues that were not enough to cause 

significant increase in soil total C pool after 17 years. In contrast, significantly higher soil 

WETN, HWETN and δ15N existed under the position M, indicating that previously 

immobilized 15N-labled N from harvest residues entering into soil. Moreover, the highest soil 

total N also appeared at the position M in depth of 5-10 cm, which was probably caused by the 

N leaching from the depth of 0-5 cm as in the evenly-distributed residues experiment. Hence, 

our study highlighted four key findings: (1) labile C and N pool were more sensitive than the 

total C and N pools; (2) effects of harvest residue retention could improve soil N retention via 

N immobilization in a longer term compared with soil C pool, which is very important since 

most forests are N limited; (3) soil δ15N was the most sensitive tool to study the long-term 

effects of harvest residue retention; and (4) N was usually leached from the surface layer to the 

lower layer, which probably offered a reasonable explanation for the most absence of the 

increase in soil N pools of other long-term studies.  

In Chapter 4, we investigated the impact of 19-year harvest residue retention on soil bacterial 

communities in subtropical Australia. To our knowledge, this was the longest-term experiment 

to study harvest residue retention effects on soil bacterial community composition. Many short-

term studies have found significant increase in some bacterial groups responsive to labile C 
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and N, which are the expected results given large amounts of labile C and N released from 

harvest residues. We detected increases in the relative abundance of Actinobacteria and 

Spartobacteria, which are specialized in degrading recalcitrant C and N and prefer to appear 

under oligotrophic conditions. Similarly, different from the short-term studies that organic 

matter addition increased soil bacterial diversity, our results showed that bacterial OTU 

diversity was lowered by the harvest residue retention as indicated by the Shannon indices. 

Hence, our study suggested that harvest residue retention still exerted an influence on soil 

bacterial community after 19 years. The changes in soil bacterial community composition was 

consistent with the expected changes in available C and N released from harvest residues, 

which would become more recalcitrant and decrease in quantity as the progress of residue 

decomposition. 

In Chapter 5, we assessed the effects of biochar on C and N allocation at the whole-plant level 

to elucidate the physiological implications for the plant growth responses to biochar addition. 

Since elevated CO2 would also increase plant demand for N, we examined if under N-limited 

conditions, elevated atmospheric CO2 would constrain the ability of biochar in improving plant 

growth. We detected significant decrease in leaf total N and δ15N and the decreases were more 

pronounced in leaf samples than those in root samples. Plants could abtain higher N-use-

efficiency via decreasing leaf N, which was commonly seen under elevated CO2. This is 

because under N-deficient conditions, plants could decrease N investment in leaf and thus, 

potentially distribute more N in root, which was involved in obtaining the resources that would 

be needed mostly. In this way, plants could achieve optimal N distribution and thus, higher N-

use-efficiency. Hence, plants could improve N-use-efficiency to some extent to relieve N 

limitation via decreasing leaf total N, which was consistent with our data. Specifically, our 

results showed that biochar addition significantly decreased leaf total N for species D. 

micrantha under ambient CO2 and I. nodosa under both ambient and elevated CO2, but not for 
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A. ramossissima under both CO2 concentrations. This probably indicated that the potential to 

improve N-use-efficiency via decreasing leaf total N increase in the following order: A. 

ramossissima < D. micrantha < I. nodosa, which was consistent with our observation that A. 

ramossissima and D. micrantha showed significant improvement in total biomass only under 

ambient CO2, whereas the total biomass of I. nodosa significantly increased under both CO2 

concentrations. As expected, the effects of biochar on improving plant growth were more 

pronounced under ambient CO2, indicating that elevated CO2 exacerbated the disadvantages of 

biochar application in improving N availability and thus, decreased its ability in improving 

plant growth. 

In Chapter 6, we evaluated the potential of using biochar in building N pools in mine spoil with 

eight Australian indigenous plant species adapted to harsh environmental conditions. Our 

results showed that biochar addition, regardless of pyrolysis temperature, significantly 

increased soil total N across all species except for C4 grass, T. australis. This is quite exciting 

in view of the fact that although some studies have reported significant increase in soil total N, 

which could be attributable to the N from biochar enriched in N, most studies showed that 

biochar amendment exhibited no significant difference in soil total N. Moreover, the biochar 

used in the current study contained extremely low level of N, indicating the existence of other 

processes responsible for the statistically significant improvement in soil total adsorption of 

NO3
- or NH4

+ and increased soil microbial N immobilization in presence of biochar, 

subsequently decreasing soil N leaching are highly likely to be the mechanisms for the 

increasing soil N retention, which needs further study to confirm. In view of the rapid N 

leaching due to the lack of clay minerals and organic matter in mine spoil, biochar application 

has the high potential in mine rehabilitation in terms of reducing N leaching and thus, 

increasing N retention. In this chapter, we also investigated the influence of elevated CO2 on 

mine rehabilitation in the perspective of soil C and N pools. It is expected that the improvement 
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in plant production under elevated CO2 would increase soil C and N storage. However, the 

general absence of responses to elevated atmospheric CO2 concentration in all soil properties 

measured in this study beneath A. tenuior and T. australis indicated that limited N availability 

would constrain plant production and subsequently, soil C and N pools. The significant changes 

in soil labile C pools (WEOC or HWEOC) appeared for A. littoralis, D. micrantha or L. 

longifolia, when exposed to elevated CO2, could be attributed to accelerated soil C cycling 

instead of storage due to N limitation. Even for the N-fixing shrubs of A. floribunda and A. 

littoralis, elevated CO2 only exerted negligible influence on soil properties. This could also be 

ascribed to the poor fertility of mine spoil. E. crebra showed significant increases in soil WEOC 

and HWEOC but decrease in soil TC under elevated CO2, indicating that the poor mine spoil 

could not satisfy the nutrient demand, particularly for N and thus, E. crebra probably tried to 

survive in the harsh environment via increasing loss of C through root turnover, respiration or 

exudation, which could be the key driver for the significantly increase in soil WEOC and 

HWEOC. The increases in soil WEOC and HWEOC would subsequently induce greater SOM 

decomposition, leading to significant decrease in soil total C under E. crebra. This indicates 

that elevated CO2 exacerbated the nutrient depletion of mine spoil and thus would exert more 

difficulty for mine rehabilitation. 

In conclusion, this PhD thesis has clearly confirmed the positive impact of harvest residue 

retention on soil N retention in long-term in forest plantations (19 and 17 years, respectively). 

In comparison, the effects on soil C pools lasted for a relatively shorter term. The influence of 

residue retention on soil bacterial community still existed after 19 years, reflective of the 

changes in the quality and quantity of C and N released from the harvest residues. Biochar 

application could improve plant growth when plants had the higher potential to improve N-

use-efficiency to relieve N-deficiency via invest more N into roots in mine spoils. Our results 

suggested that the potential for improving N-use-efficiency in N-depleted conditions varied 
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with plant species. Moreover, biochar addition also showed a promising prospect for mine 

rehabilitation in terms of building soil N capital. However, given the fact that elevated CO2 

would also increase plant N demand, the disadvantages of biochar application in improving N 

availability would be exacerbated by elevated CO2. Hence, it would be more difficult for mine 

rehabilitation in the future.  

7.2 Future work  

(1) In view of the fact that soil total N usually does not follow the same pattern as soil total C 

in the later period because residue N is apparently immobilized within the residues following 

an initial release of the most labile N fraction, particularly when there is an adequate supply of 

available C, we hypothesized that harvest residues may decrease N leaching and thus, improve 

N retention in a relatively longer term compared to soil C pools. Our results confirmed that 

harvest residue retention improved soil N retention in the two long-term experiments and, we 

ascribed this positive effect to decreased soil N leaching based on the significant changes in 

soil δ15N with residue retention. However, soil δ15N is not direct measurement of soil leaching. 

Hence, we decided to run them for 16S rRNA gene for total bacteria and fungi, amoA gene for 

archaeal ammonia oxidizers (AOA) and bacterial ammonia oxidizers (AOB), narG (nitrate 

reductase gene), nifH (N fixation gene), nirK and nirS (nitrite reductase genes), and nosZ 

(nitrous oxide reductase gene). In this way, we can examine if it is biotic or abiotic factors 

affecting the N retention with the harvest residues retained. 

(2) Our study indicated that biochar application is a promising method for mine rehabilitation 

in terms of building soil N capital. However, the mechanisms for the significantly increased 

soil total N following biochar application are still not clear. We are going to conduct the 

experiment to determine bacteria (16S) and fungus (ITS) community via high-through 
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sequence. We will also run them for 16S rRNA gene for total bacteria and fungi, and N-

functional genes as above. In this way, we will try to pinpoint the exact mechanisms for the 

increase in soil total N following biochar addition in mine spoil. 

(3) Soil microorganisms, which are responsible for soil C and N cycling, are often inactive in 

these mine spoils. Thus, recovering soil microbial activity has been widely accepted as the most 

important index for assessing the success of mine spoil rehabilitation. Hence, we would like to 

investigate the effects of biochar addition on soil microbial activity to further examine its 

potential in mine rehabilitation.  
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