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Abstract 

Prescribed burning can play an important role in forest maintenance and management 

worldwide. Australia is one of the few countries around the world with knowledge and 

experience in the use of controlled fire for fuel management and ecological purposes. In 

Australia, prescribed burning, has been used to meet several objectives including protection of 

forests against wildfires through managing fuel loads, ecosystem maintenance by increasing 

vegetation, and elimination of pests and diseases. Climate change and the increases in the 

incidence and severity of wildfire push forest managers to establish prescribed fire regimes 

with low severity prescribed burning to protect housing and infrastructure from wildfire 

damage. Prescribed burning has become a more frequent management tool in suburban forests, 

leading to alteration in the physical, chemical, and biological properties of forest soils. Fire 

influences ecosystem patterns and processes by affecting vegetation diversity and structure, 

carbon (C), nitrogen (N) and other nutrients cycles, but these effects are dependent on fire 

regimes (e.g. frequency and severity). The interval between fires is critical in forest 

management because the long interval period burns may allow a potentially severe fire hazard 

to exist, while burning frequently with short interval period may result in loss of soil fertility 

leading to ecosystem vulnerability. 

While controlled burning has been considered as a suitable tool to reduce the severity and 

frequency of forest fires, the resulting soil heating and ash deposition can alter soil system 

functioning. Nutrient cycling (especially N) and C dynamics in the soil and vegetation are key 

ecosystem processes for sustainability and soil fertility. These ecosystem processes are directly 

or indirectly affected by prescribed burning and recovery after fire varies with the fire interval. 

Thus, there is a need to evaluate the ecological impacts of this practice at different intervals 
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since the last fire for a better understanding about the effect of prescribed burning on ecosystem 

sustainability and recovery processes of C and N cycling.  

This study aimed to investigate changes in soil fertility in relation to C and N cycling 

and the factors that contribute to their variations after different intervals following repeated, 

low-intensity prescribed burning. These factors include: litterfall quantity and quality; soil 

labile C and N pools, soil microbial community and function; and local climate variables 

(rainfall and temperature). The interactions among these variables were also investigated in 

this thesis. 

For this project, Toohey Forest has been chosen for its well-known fire history. Toohey 

Forest is a suburban forest (natural forest surrounded with houses and infrastructure) in 

subtropical Australia (27°30′S, 153°02′ E). This forest covers about 600 ha dominated by 

different species of eucalypt and contains approximately 460 species of vascular plants. This 

forest has been subjected to fuel reduction by prescribed burning over the last 20 years. Burning 

is usually done on a cycle of 7-10 year, depending on seasonal conditions and fuel load. Three 

experimental sites within Toohey Forest were selected for this study. The first site, B0 

(27°32'26.79''S, 153°02'39.81E), was last burned in August 2011. Site B3 (27°32'34.02''S, 

153°03'09.06E) was last burned in April 2008. Site B5 (27°32'28.61''S, 153°02'50.60E) was 

last burned in May 2006. This study aimed to determine how C and N dynamics were affected 

since fire, in the short (0-2 years at the B0 site), medium (3-5 years at the B3 site) and long 

term (5-7 years at the B5 site). The use of inferential statistics to compare among sites is 

subjected to the error of pseudoreplication as there is no true replication of fire burning time 

because of the unique nature of the chronosequence in this study. Hence, it was not possible to 

compare sites directly. 

Although the repeated measures analysis revealed the significant variation in litterfall 

variables over the sampling time since last fire, prescribed burning had only a significant but 
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short-term effect on the litterfall quantity and quality at the B0 site only. Between 51% and 

81% of the variation in litterfall quantity among sites was explained by differences in litterfall 

total N content. Litterfall total N increase was observed for a short period of time after fire (one 

month). Litterfall δ15N at the B0 site increased significantly shortly after the fire. In this study, 

litterfall δ15N was found to be a sensitive indicator of litterfall quality in the short term at the 

B0 site as it can reflect the N content in litterfall. Fire contributed to 25%-48% of the variation 

in leaf and twig litterfall δ15N respectively at the B0 site. At the B3 and B5 sites, litterfall 

quality (TC, TN, δ13C, and δ15N) varied over the sampling period and these variations were 

mainly attributed to the interactions among litterfall properties and the climatic conditions. 

Labile C and N pools such as available organic C and N, and microbial biomass C and 

N are commonly used as sensitive indicators of soil quality and fertility and soil organic matter 

stability. The repeated measures analysis revealed that labile C and N pools varied significantly 

over the sampling periods, but in regards to the time since fire, the results indicated that fire 

had a significant short-term impact on soil labile C and N pools, N availability, and soil 

microbial biomass and activity. Multiple regression analyses showed that the time since fire 

contributed more to water soluble organic C (WSOC) and water soluble total N (WSTN) than 

to hot water-extractable organic C (HWEOC) and hot water-extractable total N (HWETN) and 

also more than the other soil labile C and N pools (including soil mineral N, potentially 

mineralisable N, microbial biomass C and N, and soil respiration). We concluded that WSOC 

and WSTN were the sensitive indicators of the responses of soil labile C and N pools to 

prescribed burning under these conditions. 

The results of this study revealed that prescribed burning can have significant effects 

on nutrient balance, but fire did not have a significant impact on soil organic matter 

composition. This study showed that variability among different signal intensities obtained by 

13C cross polarization and magic angle spinning (CP-MAS) nuclear magnetic resonance 
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(NMR) spectra restricted their use for assessing the impact of prescribed burning on soil 

organic matter composition, but it was reasonable to compare the pre- and post-fire soil samples 

and the green islands (adjacent but unburned areas during recent burning event) soil samples 

because they were collected from the same plot locations at the B0 site. The repeated measures 

analysis revealed that soil total C (TC), total N (TN), and C and N isotope compositions (δ13C 

and δ15N) varied significantly over the sampling periods. In regards to the time since fire, for 

the first two weeks after the fire at the B0 site, there were a significant decreases in soil total C 

(TC), total N (TN), and C and N isotope compositions (δ13C and δ15N) for all soil sampling 

depths. The multiple regression analyses showed that the contribution of time since fire to the 

variations in soil δ13C and δ15N lasted up to 7 years so that these variables could be reliable 

indicators to monitor fire history, C dynamics and N cycling, and the recovery process after 

the fire disturbance.  

The changes in soil microbial composition after fire have been shown to be widely 

related to: fire severity; time since fire; changes in some soil properties; and post-fire 

environmental conditions. The repeated measures analysis revealed the significant variability 

of soil microbial diversity indices for the time since fire, incubation time, and their interaction. 

The results indicated that using the short incubation time (24 h) for developing the well color 

in the Biolog GN2 plates was more sensitive than longer incubation time for the purpose of 

assessing the impact of the time since fire on soil microbial functional diversity. The results 

also highlighted the significant increases in soil microbial diversity indices (average well color 

development (AWCD), Richness, Shannon index H′) in the first 10 months after the fire. These 

increases and the overall variations of soil microbial diversity indices were significantly related 

to the post-fire variation in nitrogen (N) availability, soil pH, litterfall inputs, and climatic 

variables (rainfall and air temperature). 
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In our study, it was concluded that litterfall quality (especially litterfall N content) was 

the main driving factor of the variation in litterfall quantity after prescribed burning in this 

specific ecosystem. Over the sampling time since fire, WSOC and WSTN were sensitive 

indicators of the responses of soil labile C and N pools to prescribed burning under these 

conditions. From this study, it can be concluded that low severity fires may not have long term 

effects on soil organic matter composition, but shorter intervals between fires can result in a 

consistent decline in soil C and N pools. The short incubation time (24 h) for developing the 

well color in the Biolog GN2 plates was more sensitive than the longer incubation time for the 

purpose of assessing the impact of the time since fire on soil microbial functional diversity in 

the first two years after the prescribed fire. In this suburban forest ecosystem, the environmental 

variables such as rainfall and temperature were significant drivers of litterfall quantity and 

quality, soil C and N pools, and soil microbial composition and activity in the longer term after 

the fire, showing significant seasonal variations over the sampling intervals. While the low 

intensity of the fires and the length of the interval between fires followed in this suburban 

ecosystem allow for the recovery of soil organic matter, other aspects of the ecosystem 

functions should also be considered. This study improves our understanding of how the 

common forest management practices of prescribed burning might improve soil microbial 

functional diversity and ecosystem health of suburban forests. 
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CHAPTER 1       General Introduction 

1.1   Background to prescribed burning in forest ecosystems 

Prescribed burning has many meanings. It means controlled burning, ecological burning, 

and planned burning or fire (Oliversa and Bell, 2008). Studies have shown that prescribed 

burning can play an important role in forest maintenance and management worldwide (Guinto 

et al., 1999a; Guinto et al., 1999b; Harrison et al., 2010; Murphy et al., 2015). Fire influences 

global ecosystem patterns and processes by affecting vegetation diversity and structure, carbon 

(C), nitrogen (N) and other nutrients cycle, but these effects are dependent on fire regimes (e.g. 

frequency and severity) (Bowman, 2009; van Mantgem et al., 2011; Lewis et al., 2012).  

Australia is one of many countries around the world with knowledge and experience in the 

use of controlled fire for fuel management and ecological purposes (Oliversa and Bell, 2008). 

In Australia, prescribed fire, has been used to meet several objectives including protection of 

forests against wildfires through managing fuel loads (Guinto et al., 1999a; Guinto et al., 

1999b; Reverchon et al., 2012; Wang et al., 2014; Ma et al., 2015; Tolhurst and McCarthy, 

2016); ecosystem maintenance by increasing vegetation (Penman and York, 2010; Scudieri et 

al., 2010; Gavazzi and McNulty, 2013; Alba et al., 2015); and elimination of pests and diseases 

(Certini, 2005; Sun et al., 2011). Evidence of the use of fire over thousands of years in south-

eastern Australia has been found in charcoal deposits in Swamp Lake and marine sediments 

(Singh et al., 1981; Kershaw et al., 2002). Australia has initiated a process to develop criteria 

and indicators for sustainable forest management in Australian forest conditions (Howell et 

al., 2008). However, Australia is becoming more urbanized in the recent decades, especially 

in south-east Queensland where the biggest increase is expected to occur in the Greater 

Brisbane Region (Catterall and Kingston, 1993). Climate change and the widely increase in 

wildfire incidence push Forest Managers to establish prescribed fire regimes with low intensity 

burning to protect the surrounding housing and infrastructure from wildfires damage (Ager et 
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al., 2010). However, prescribed burning has become a more frequent management in the 

suburban forest; leading to alteration in the physical, chemical, and biological properties of 

forest soils (Certini, 2005; Sun et al., 2011; Eldiabani, 2012; Wang et al., 2013; Dzwonko et 

al., 2015).  

For this project, Toohey Forest has been chosen for its well-known fire history. Toohey 

Forest is a suburban forest (natural forest surrounded with built-up areas) in subtropical 

Australia (27°30′S, 153°02′ E). This forest covers about 600 ha dominated by different species 

of eucalypt and contains approximately 460 species of vascular plants. This forest has been 

subjected to fuel reduction by prescribed burning over the last 20 years to protect surrounding 

built-up areas from the danger of wildfires (Bai et al., 2012; Bai et al., 2013; Huang et al., 2013; 

Ma et al., 2015). Toohey Forest is a dry sclerophyll forest with a subtropical climate (cold dry 

in winter and hot wet in summer) (Stock, 1987; Catterall et al., 2001; Bai et al., 2012; Huang 

et al., 2013). Low intensity, prescribed burning has been carried out in Toohey Forest since 

1993, mainly in the cooler winter months (Catterall et al., 2001). Burning is usually done on a 

7-10 year cycle, depending on seasonal conditions and fuel load. There is little information on 

C and N changes in this suburban forest ecosystem in response to the burning regime. 

Therefore, this study was conducted to assess these changes under the specific fire regime and 

climatic conditions. 

While controlled burning has been considered as a suitable tool to reduce the severity 

(fire intensity is the energy output from a fire, while fire severity has in most studies been 

measured by organic matter loss, both aboveground and below ground (Hartford and Frandsen, 

1992Keeley, 2009)) and frequency of forest fires, the resulting soil heating and ash deposition 

can alter soil system functioning (Neary et al., 1999; Neary et al., 2002; Certini, 2005; Doerr 

and Cerdà, 2005). This is a result of changes with the physical (e.g. aggregate stability, pore 

size, distribution, water repellency and runoff response), chemical (e.g. nutrient availability, 
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mineralogy, pH and C: N ratio), and biological (e.g. biomass productivity, microbial 

composition and C sequestration) properties in the short, medium and long term (Neary et al., 

1999; Neary et al., 2002; Doerr and Cerdà, 2005). Soil water and nutrients are considered to be 

the key in the recovery process after fire disturbance because the biogeochemical and physical 

processes in the soil surrounding the rooting zones of trees maintain the above ground 

sustainability (Neary et al., 1999). For instance, decreases in plant available soil nutrient 

concentrations and nutrient cycling processes resulting from frequent burning can affect litter 

quality inputs to soil (Ojima et al., 1994; Monleon, 1996; Blair, 1997). However, the overall 

impact of fire on ecosystems is a result of the combined effects of fire on the below- and above 

ground structure, function, and processes. For example, prescribed burning reduces the 

vegetative cover (Lewis et al., 2012), which can directly affect the below-ground systems by 

altering nutrient inputs that in turn, affect soil and litter macro- and micro flora and fauna; 

increase surface soil temperatures by solar heating; and alter soil moisture availability because 

of the high evapotranspiration rates (Neary et al., 1999). On the other hand, soils contain a wide 

array of organisms such as bacteria, nematodes, fungi, cyanobacteria, which play a vital role 

in the decomposition and mineralization processes, and are affected by fire (Neary et al., 1999). 

The interval between fires is critical in forest management because an interval period of more 

than 4 years between burns may allow a potentially severe fire hazard to exist, while burning 

at less than 7-8 years may result in loss of soil fertility (Adams et al., 1994; Wanthongchai et 

al., 2008). Therefore, to assist managers in determining the impact of frequent fire on these 

ecosystems, a better understanding of the below and above ground structure, function, and 

processes is essential. 

Litterfall is a key component to return nutrients to soil and sustain soil nutrient supply 

within forest ecosystems through fall, exudation, and decomposition. Prescribed burning can 

cause the combustion of the litter layer, and an important source of nutrients will be lost that 
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will be shown in the examination of the quantity and quality of litterfall (Tuininga et al., 2002). 

Fire alters the availability of nutrients in the soil for plants and influences nutrient cycling and 

consequently affects litter quality and quantity (Tuininga et al., 2002; Dezzeo et al., 2004; 

Dezzeo and Chacón, 2006). Litter production and nutrient cycling patterns are likely to change 

during fire cycles and may be affected by both fire intervals and fire intensity (Chandrashekara 

and Ramakrishnan, 1994). There is a need to study litterfall quantity and quality at different 

intervals between fires to gain a full understanding about the contribution of litterfall to nutrient 

cycling. Litterfall study also can reflect the nutritional status during the fire cycle.  

Nutrient cycling, especially N and C dynamics in the soil and vegetation are key 

ecosystem processes for sustainability and soil fertility (Elser et al., 2000; Kerkhoff et al., 2006; 

Landsberg and Sands, 2011). These ecosystem processes are directly or indirectly affected by 

prescribed burning and the recovery after the fire varies with the fire interval (Aranibar et al., 

2003; Garten, 2006; Macedo et al., 2008; Rhoades et al., 2015). The effect of time after the fire 

will depend on soil depth (Prieto-Fernández et al., 1998; Ilstedt et al., 2003; Liu et al., 2007) . 

Thus, there is a need to evaluate the ecological impacts of this practice at different times since 

the last fire for a better understanding about the effect of prescribed burning on ecosystem 

sustainability and recovery processes of C and N cycle after the fire. This can inform changes 

to current practices should they prove to have a detrimental effect. 

Carbon dynamics and N availability in forest ecosystems are controlled by different 

processes such as N mineralization, denitrification and organic matter decomposition 

(Miegroet et al., 1990; Vitousek, 1994; Eviner and Chapin III, 1997, DeLuca et al., 2002, Bai 

et al., 2015). These processes are also partially controlled by the soil biochemical properties 

(e.g. microbial composition, microbial biomass and activity, and water content) (Staddon et al., 

1996; Neary et al., 1999; Knicker, 2007). Microbial composition may vary with the time since 

the last burning which may have implications for C and N cycling (Guénon et al., 2011). Thus, 
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studying soil microbial composition and function at different times following the fire in specific 

ecosystems can determine the stabilization time of microbial structure in these ecosystems. 

Moreover, a better understanding of the relationships between fire history and soil microbial 

community, combined with soil quality, can provide insights to select ecosystem management 

options (Scheffer and Carpenter, 2003; Williams et al., 2012; Wang et al., 2015). 

There is a need to study these variables at different intervals since the last fire to gain 

better understanding in relation to nutrient cycling, productivity and sustainability of suburban 

forests for a full fire cycle. A full fire cycle in Toohey Forest is usually considered to be 

between 7 and 10 years following the last burning. This subject has been studied intensively 

over the recent years in Australia, but few studies have undertaken comprehensive research to 

investigate the effects of fire on below- and above-ground systems through the whole fire cycle 

because of the scarcity of native forest sites with known fire histories (Raison, 1980). There is 

a need for long term monitoring of the fire impact because prescribed burning conducted with 

low intensity may not have an immediate effect, but there may be a cumulative long term 

impact (Richards and Charley, 1983). 

 This thesis is intended to assess the effects of the time since the last fire (0-10 years) on 

C and N cycling in a suburban forest of south-east Queensland with a well-known burning 

history. The experiments in this project focused on changes in soil fertility in relation to C and 

N cycling and the factors that contribute to their variations after different times following 

repeated low intensity prescribed burning. These factors include: litterfall quantity and quality; 

soil labile C and N pools, soil microbial community and function; and local climate variables 

(rainfall and temperature). The suitable interactions among these variables were also 

investigated in this thesis. 
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1.2   Research Approach and Objectives of this thesis 

 This project was conducted to investigate series of research questions about the C and 

N cycling at different times since the last fire to assess the recovery processes over a full fire 

cycle in a suburban native forest of south-east Queensland. The main research questions 

include: 

Research question 1: How does prescribed burning alter litterfall quality and quantity in a 

suburban forest? (Chapter 3) 

Research question 2: How does soil quality and fertility, indicated by labile C and N pools, 

change with the time since fire? (Chapter 4) 

Research question 3: How do C and N pools in the forest ecosystems change over time 

following a prescribed burn? (Chapter 5) 

Research question 4: How does soil microbial functional diversity change over time following 

a prescribed burn? (Chapter 6) 

The objectives of this research were therefore to: 

1. Evaluate the short- to long-term impact of prescribed burning on the litterfall quantity 

and quality in south-east Queensland (Chapter 3). 

2. Quantify litterfall contribution to the C and N recovery processes after the fire by 

monitoring litterfall quality in south-east Queensland (Chapter 3). 

3. Assess the impact of fire on soil organic matter quality and quantity, chemical 

properties, and soil microbial activity and functional diversity in south-east Queensland 

(Chapters 4, 5, and 6). 

4. Assess the recovery process of soil organic matter quality and quantity, chemical 

properties, and soil microbial activity and functional diversity over a full fire cycle by 
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evaluating the impact of time since the last fire in south-east Queensland (Chapters 4, 

5, and 6). 

5. Identify the suitable indicator of soil labile C and N pools in response to prescribed 

burning (Chapter 4). 

6. Evaluate the interactions among the below and above ground ecosystem variables to 

identify the key driving factors of the variation in these variables in south-east 

Queensland (Chapters 5 and 6). 

7. Assess the contribution of local climate conditions to the variation of all above variables 

in south-east Queensland (Chapters 3, 4, 5, and 6). 

1.3   Overview of this thesis 

 In this research, a series of field and laboratory investigations (Fig. 1.1) were conducted 

using plots established at three different sites in Toohey Forest according to the fire history 

provided by Brisbane City Council. These investigations were carried out in order to achieve 

the above objectives. The findings of these experiments are reported in this thesis in the form 

of papers which have or will be submitted to relevant soil science and forest journals for 

publications.  

Paper 1- Chapter 3 reports the variation in litterfall quality and quantity over the time since 

last fire. 

Paper 2- Chapter 4 reports changes in soil labile C and N pools over a full fire cycle. It also 

evaluates soil labile C and N pool indicators in response to the time since fire. 

Paper 3- Chapter 5 reports the results of soil chemical and biochemical properties at different 

times since last burning. 
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Paper 4- Chapter 6 reports the impact of prescribed burning on soil microbial functional 

diversity using BIOLOG GN2 plates in relating to other soil properties and climatic conditions. 

 Some repetitions of the site descriptions are unavoidable in the papers because each 

paper was designed to be self-contained. 

 Therefore, this thesis consists of General Introduction chapter (Chapter 1), General 

Materials and Methods chapter (Chapter 2), the data chapters in the forms of papers (Chapters 

3, 4, 5, and 6), General Discussion and Conclusions chapter (Chapter 7), and appendix for the 

supplementary materials. The relationships between the studies can be seen in Fig. 1.1 
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Figure 1.1 A simplified flowchart encompassing the recovery stages of C and N cycling after burning 
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CHAPTER 2         Material and Methods 

2.1   General site description 

The project was undertaken within Toohey Forest which is located in southern Brisbane 

(10 km south of the city) in south-eastern Queensland, Australia (27°30′S, 135°E). This forest 

cover for about 600 ha dominated by different species of eucalypt mixed with some acacia 

species, and also contains approximately 460 species of vascular plants. About half of this 

ecosystem is a local government conservations reserve and is surrounded by suburban areas 

(Catterall and Wallace, 1987; Catterall et al., 2001; Farmer et al., 2004). Toohey Forest has an 

elevation above sea level ranging between 35 and 195 m, and there is an extensive network of 

dry gullies and drain lines (Catterall and Wallace, 1987; Catterall et al., 2001). 

The climate is subtropical with annual rainfall about 1000 mm. Mean annual 

temperature generally ranges from 10 °C in winter to 35 °C in summer (Stock, 1987; Catterall 

et al., 2001; Bai et al., 2012; Huang et al., 2013).  South-facing slopes tend to be relatively 

moist and shaded and north facing slopes tend to be drier, warmer and with higher light levels 

(Stock, 1987; Catterall et al., 2001). 

There are four soil types in Toohey Forest: lithosols, red yellow podzolic, red earth, and 

alluvial. The lithosols contain both stony components and loam to silty loam and may be rich 

with humus. The podzols are mainly less than 60 cm deep and low in nutrients, and horizon B 

is sandy clay, while horizon A is sandy loam with coarser particles (Catterall and Wallace, 

1987; Stock, 1987; Catterall et al., 2001). 

Patterns of burning prior to the 1950s are unknown for Toohey Forest. From the 1950s 

to the early 1970s, individual fires probably burned across a large proportion of the area. From 

the early 1970s individual fires were confined to more localized areas and created a spatially 
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heterogeneous regime. Fires usually are implemented during the dry season of September–

October. From 1993, prescribed burning has been in place in which 27 blocks within the forest 

have been allocated to planned burns with designated block-specific frequencies of every 7-10 

years. Fire severity has been cool burns, mainly set in winter (Catterall and Wallace, 1987; 

Catterall et al., 2001). The blocks in this forest were burned when the fuel load reached 12-20 

t/ha. The aim of the low severity fire with scorch <5m is to reduce fuel load by 75% over 60-

80% of the burned block (Brisbane City council). 

2.2   Study areas 

Three study sites approximately 8 ha in size were selected within Toohey Forest.: 

2.2.1   Site 1 (B0) 

 The first site, B0 (27°32'26.79''S, 153°02'39.81E), is Block 17b (the blue area) on the 

fire implementation map (Fig. 2.1), which was last burned in August 2011 and previously in 

August 1995 then March 2003 (Brisbane City Council). This site is dominated by more than 

10 species of eucalypt and some tall shrubland alliance (e.g. Brisbane black wattle Acacia 

leiocalyx and black sheoak Casuarina littoralis, and also contains some species of vascular 

plants (Catterall and Wallace, 1987; Ma et al., 2015). This site is situated on the Neranleigh-

Fernvale bed which is the oldest, most elevated and most common rocks formation in Toohey 

Forest (Catterall and Wallace, 1987; Catterall et al., 2001). The soil is podzolic with thickness 

between 60 cm and rarely exceeding 1 m. Horizon-A (10-20 cm) is sandy silt loam to sandy 

loam, while horizon-B (20-40 cm) ranges from sandy clay loam to sandy clay (Catterall and 

Wallace, 1987). 

2.2.2   Site 2 (B3) 

Site B3 (27°32'34.02''S, 153°03'09.06E) was last burned in April 2008 and is designated as 

Block 24 in the fire implementation plan (Fig. 2.2). The ecological units are the Neranleigh-
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Fernvale beds which is the oldest, most elevated and most common rocks in the Toohey Forest 

(Catterall and Wallace, 1987; Catterall et al., 2001). The soil is lithosols which is stony and 

have a little profile development. Non stony components are ranging from loam to silty loam 

with abundant humus (Catterall and Wallace, 1987). 

 

Fig. 2.1 Map of Toohey Forest showing the position of site B0, designated as Block 17b  

 

 

Fig. 2.2 Map of Toohey Forest showing the position of site B3, designated as Block 24 

Burned in 11-08-2011 
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2.2.3   Site 3 (B5) 

Site B5 (27°32'28.61''S, 153°02'50.60E) was last burned in May 2006 which is 

designated Block 17a (the pink area) in the fire implementation plan (Fig. 2.1). The ecological 

units are the Neranleigh-Fernvale bed which is the oldest, most elevated and most common 

rocks in the Toohey Forest (Catterall and Wallace, 1987; Catterall et al., 2001). The soil is 

podzolic with thickness between 60 cm and rarely exceeding 1 m. Horizon-A (10-20 cm) is 

sandy silt loam to sandy loam, while B-horizon (20-40 cm) ranges from sandy clay loam to 

sandy clay (Catterall and Wallace, 1987). 

 

2.3   Experimental design  

Four circular plots with a radius of 12.62 m, giving an internal area of 500 m2, were 

randomly located within each site giving a total sampling area of 1/5 of hectare. Locations of 

the plots were randomised within the trial area (Fig. 2.3) but contained a mixture of understory 

(Acacia spp) and overstory (Eucalyptus spp) that are typical of the area. Each plot was divided 

into four sections and each section had one litterfall collection area. 
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Fig. 2.3 Map of Toohey Forest showing the distribution of the plots at the sites 

2.4   Litterfall sampling 

Due to the very public nature of Toohey Forest, the use of conventional litter traps was 

considered to be impractical because of the high potential for disturbance and vandalism. Each 

litter sampling area was defined by four pegs driven into the soil marking out an area of 1 

square meter (Fig. 2.4). The ground was swept clear at the start of the experiment. 
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Fig. 2.4 Picture showing the litterfall collection area 

 

Monthly litterfall collection entailed using a metal square that was placed over the 

marker pegs and defined the edges of the sampling area. All litter deposited within the square 

was collected in paper bags for subsequent drying and sorting. The four collection areas were 

distributed randomly, one within each quadrant of the circular plot. Sample collection was 

undertaken just before the fire and then monthly shortly after the fire for the first 6 months, 

every 2 months in the following 6 months and then every 3 months thereafter in the subsequent 

year, while the collection was seasonal (every 3 months) at the B3 and B5 sites following the 

last burning and every 3 months thereafter for the 2 years period. At each sampling date, all 

litters were collected from the four squares. The litterfall samples were oven dried at 60 °C for 

7 days to a constant weight, then separated into different components (leaves, twigs, flower, 

seeds, and pods). The dry weights of leaves and twigs, which were the main components of the 

litterfall, were used to calculate the litterfall amounts. The monthly litterfall amount was 

calculated by dividing the sum of collected material for different litterfall components by the 

number of months for each sampling time. The litterfall samples were then ground into a fine 
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powder using a Rocklab puck and ring grinder and stored in sterile 70-ml polyethylene vials 

for chemical analysis. 

 

2.5   Soil sampling 

Five soil cores were randomly collected from each quarter in each plot within the site 

study, at three depths (0-5, 5-10, 10-20 cm), using a 2.5 cm diameter auger. At the B0 site, soil 

samples were collected just before the fire and then monthly shortly after the fire for the first 6 

months, every 2 months in the following 6 months and then every 3 months thereafter in the 

subsequent year. At the B3 and B5 sites, soil sampling was seasonal (every 3 months) following 

the last burning for the 18 months period. All samples were bulked from each quarter to make 

one sample at each depth per plot. In the laboratory, soil samples were passed through a 2 mm 

sieve. A sub-sample of the soil was air-dried and the rest was refrigerated at 4°C and processed 

shortly after sampling. 

 

2.6   Sample analyses 

2.6.1   Litterfall analysis 

2.6.1.1   Total C and N and stable isotope composition 

Total C and N were analysed by isotope ratio mass spectrometer with a Eurovector 

Elemental Analyser (Isoprime-EuroEA 3000, Milan, Italy) because it can provide an accurate, 

precise and sensitive measurements of C and allows for simultaneous measurement of total N 

(Sollins et al., 1999; Godin et al., 2007; Molero et al., 2011). The 7-10 mg plant material was 

packed into tin capsule, which was loaded into the auto-sampler that dropped the capsule and 
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sample into the combustion column. Samples were determined for total C and N, 13C/12C ratio, 

and 15N/14N ratio which were used to calculate δ13C or δ15N (‰) as: 

δ13C or δ15N (‰) = (
R sample

R std
− 1) × 1000  

where Rsample is the 13C/12C or 15N/14N ratio of the samples and Rstd is the 13C/12C ratio of the 

international PeeDee Belemnite (PDB) standard or 15N/14N ratio of N2 gas (Xu et al., 2000; Xu 

et al., 2003; Molero et al., 2011). 

2.6.1.2   Total N content 

The N content in litterfall (leaves and twigs) was calculated by multiplying the mass of 

collected material from each collection area by its corresponding concentration of TN, for each 

collection period. In addition to total C and total N concentration, stable isotope compositions, 

total N content and C: N ratios were used to evaluate litterfall quality. 

2.6.2   Soil analysis 

2.6.2.1   Microbial biomass carbon (MBC) and nitrogen (MBN) 

The fumigation-extraction method was used on fresh soil and it is now widely used in 

heated soil because of its simplicity and accuracy (Brookes et al., 1985; Vance et al., 1987; 

Diaz-Raviña et al., 1992). Briefly, 10 g of fresh soil fumigated with purified chloroform CHCl3. 

Both fumigated and non-fumigated soils were extracted with 40 ml of 0.5 M K2SO4. After 

adding K2SO4 to soil samples, all were shaken for 30 min. The samples were then filtered 

through a Whatman 42 paper. A SHIMADZU TOC-VCPH/CPN analyser was used to 

determine total organic C (TOC) and total soluble N (TSN) in the fumigated and non-fumigated 

samples (Chen and Xu, 2005). The MBC and MBN were calculated as described by Vance et 

al. (1987), Brookes et al. (1985), and Jenkinson (1988). 
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2.6.2.2   Labile C and N pools 

Labile C and N fractions were measured using hot water extractable organic C 

(HWEOC) and total N (HWETN), water soluble organic C (WSOC) and water soluble total N 

(WSTN). HWEOC and HWETN were extracted by adding 25 ml water to 5.0 g of air-dried 

soil and the samples were incubated in a capped test tube at 70 °C for 18 h. After the incubation, 

the samples were shaken by an end-to-end shaker for 5 min followed by centrifuging at 10,000 

rpm for 10 min. The suspensions were filtered through a Whatman 42 paper, then were filtered 

by a 33-mm Millex syringe driven 0.45-µm filter membrane. WSOC and WSTN were extracted 

using only cold water for soil: water ratio (1:5) and followed the same steps used for hot water 

extraction. The concentrations of organic C and total soluble N in the filtered solution were 

determined using Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu, 2005). 

2.6.2.3   NH4
+˗N, NO3

˗˗N, and potentially mineralisable N 

NH4
+˗N and NO3

˗˗N were determined by 2 M KCl extraction using a SmartChem 200 

Discrete Chemistry Analyser. The potential mineralisable N (PMN) was measured and 

calculated as described by (Blumfield et al., 2006). Briefly, two subsamples (5 g) of soil 

samples at field moisture were weighed. One subsample was mixed with 25 ml of deionised 

water and incubated in a capped and sealed test tube at 40°C for 7 days. Following incubation, 

25 ml of 4 M KCl solution were added to the samples. The samples were shaken for 1 h, 

centrifuged at 2,000 rpm for 20 min and filtered through a Whatman No. 42 filter paper. 

Another 5 g of each sample was added to 50 ml of 2 M KCl and treated as above without 

incubation. Inorganic N of both samples was determined by a SmartChem 200 Discrete 

Chemistry Analyser. The difference between the incubated and pre-incubated samples was 

taken to be the potentially mineralisable N (PMN). 
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2.6.2.4   Soil respiration 

Soil respiration was measured using the method described by Chen et al. (2000) and Chen and 

Xu (2005). The field moist soil samples (20 g oven-dry equivalent) were aerobically incubated 

at 22 °C in a 1 L sealed glass jar for 7 days and CO2 evolved from the soil was trapped in 0.1 

M NaOH. The residual NaOH was titrated with 0.05 M HCl to phenolphthalein endpoint. 

Carbon dioxide evolved was calculated from the difference in normality between NaOH blanks 

and samples. Metabolic quotient (qCO2) was calculated as the ratio of microbial respired C (µg 

g-1 over the 7 days) to microbial biomass C and used as an indicator of microbial metabolism 

in soil (Alvarez et al., 1995). 

2.6.2.5   Soil microbial functional diversity 

 BIOLOG GN2 technique, which is dependent on the utilization of C compounds 

(Garland and Mills, 1991), was used to determine microbial function and diversity over the 

sampling times since fire at 0-5 cm soil depth. Briefly, after each soil sampling, 5 g of fresh 

soil was suspended in 45 ml, 0.9% NaCl solution. This suspension was shaken with a rotary 

shaker, at 300 rpm for 30 min. After 10 min waiting period, the settled suspension was diluted 

10-fold. 125 µL of the diluted suspension was then loaded in each well of BIOLOG plate. The 

plates were incubated at 20°C and the absorbance was measured using an ELISA plate reader 

at 595 nm every 24 hours for 96 hours (Huang et al., 2008). 

2.6.2.6   Soil total C and N and stable isotope composition 

Soil total C and N stable isotope composition (δ13C and δ15N) were analysed by the 

isotope ratio mass spectrometer with a Eurovector Elemental Analyser (Isoprime-EuroEA 

3000, Milan, Italy). 
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2.6.2.7   Sold-state 13C nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) has been used since early 1960s to determine the 

chemical functional group of SOM (Preston, 1996). The first application of NMR was reported 

by Barton and Schnitzer (1963). The solid-state cross-polarization magic-angle spinning 

(CPMAS) 13C NMR was used in this study to determine functional groups composition of soil 

organic matter (SOM) before burning and shortly after burning (two weeks) at the B0 site. 

These functional groups were also assessed at the B3 and B5 sites. The 13C NMR does not 

depend on sample solubility and can be used for solid soil fractions or bulk analysis with 

reasonable resolutions; providing reliable data on the structure and composition of SOM 

(Mathers et al., 2000). However, the presence of paramagnetic species (such as iron oxides) in 

soil minerals can limit the effectiveness of 13C CP-MAS NMR analysis of untreated soil 

samples. Consequently, it is now commonplace to pre-treat soil samples with 2% hydrofluoric 

acid solution to remove these minerals prior to 13C CP-MAS NMR analysis (Skjemstad et al., 

1994; Dai and Johnson, 1999; Mathers et al., 2000; Mathers and Xu, 2003). 13C CP-MAS NMR 

was applied only to the soil samples from the three sites for soil depths of 0-5 cm. Samples (

150–200 mg) were packed into a 7 mm silicon nitride rotor and spun at 5000 Hz at the magic 

angle. The tancpx cross-polarization pulse sequence was used (vnmrj 3.1A) with a contact time 

of 1 ms, an acquisition time of 20 ms over a sweep width of 36 kHz and recycle delay of 2.5 s 

being applied in all cases (Chen et al., 2004; Mathers et al., 2007). A total of 20000 transients 

were collected for each sample. Chemical shift values were referenced externally to 0 the 

benzene C resonance of hexamethylbenzene at 132.1 ppm (equivalent to tetramethylsilane at 0 

ppm). 

2.7   Statistical analysis 

 Direct comparison among experimental sites was not possible due to the fact that they 

had different properties and plant cover so each site has been independently assessed. The use 
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of inferential statistics to compare among sites is subjected to the error of pseudoreplication as 

there is no true replication of time since fire because of the unique nature of the chronosequence 

in this study (Hurlbert, 1984; Idol et al., 2002). Repeated measures ANOVA analysis was used 

to detect the differences in all variables over time since fire with time as the within subject 

factor (Idol et al., 2002; Schafer and Mack, 2010; Köster et al., 2014). Differences among 

means of all variables over time were determined with post-hoc pairwise comparison using 

Tukey-HSD test when the variables were significant (Idol et al., 2002; Schafer and Mack, 2010; 

Köster et al., 2014). Pearson correlation and multiple regressions were carried out to quantify 

the relationships among soil properties, litterfall quality and quantity, and climatic variables 

(rainfall and air temperature) across the three sites. The best fit was chosen for the multiple 

regression equations. All analyses were considered as significant at P<0.05. Statistix software 

(version 8) was used for multiple regression analysis, while repeated measure analysis was 

performed using SPSS 22. 
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CHAPTER 3   Temporal Effects of Prescribed Burning on the Quantity and 

Quality of Litterfall in an Australian Suburban Forest 

 

 

3.1   Abstract 

Prescribed burning has been used in Toohey Forest, a suburban forest in subtropical 

Australia, over the last 20 years to prevent wildfires from affecting the surrounding living areas. 

However, prescribed burning may have important implications for forest carbon (C) and 

nitrogen (N) cycling through its effects on litterfall properties. This study aimed to determine 

the dynamic of litterfall quantity and quality in the short (0-2 years), medium (3-5 years) and 

long term (5-7 years) after prescribed burning. Litterfall was collected just before the fire; 

shortly (one month) after the fire; and monthly thereafter for the first 6 months; every 2 months 

in the following 6 months and then every 3 months thereafter for the subsequent year. Sampling 

at the B3 and B5 sites (3 and 5 years after the fire respectively) was conducted every 3 months 

for 24 months. Total carbon (TC), total nitrogen (TN), and stable isotope C and N compositions 

(δ13C and δ15N) were determined for leaf and twig. Repeated measures analysis revealed 

significant variation in litterfall variables over the sampling time since last fire. However, 

prescribed burning only had a significant, but short-term effect on the litterfall quantity and 

quality at the B0 site. Between 51% and 81% of the variation in litterfall quantity among sites 

was explained by differences in litterfall total N content. Litterfall total N increase was 

observed for a short period of time after the fire (one month). Litterfall δ15N at the B0 site 

increased significantly shortly after the fire. In this study, litterfall δ15N was found to be a 

sensitive indicator of litterfall quality in the short term at the B0 site as it can reflect the N 

content in litterfall. Fire contributed to 25%-48% of the variation in leaf and twig litterfall δ15N 

respectively at the B0 site. At the B3 and B5 sites, litterfall quality varied over the sampling 
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period and these variations were mainly attributed to the interactions among litterfall properties 

and the climatic conditions. We found that prescribed burning had a significant effect on 

litterfall production and litterfall N content was the main driving factor explaining litterfall 

production. 

 

3.2   Introduction 

Prescribed burning has been used in Australia and in many parts of the world as a tool 

to protect forests against wildfires through managing fuel loads (Pivello and Norton, 1996; 

Keeley, 2002; Fernandes and Botelho, 2003; Boer et al., 2009; McCaw, 2013). Prescribed 

burning has also been used to maintain ecosystems by increasing vegetation and restoration 

(Östlund et al., 1997; Heuberger and Putz, 2003; Askins et al., 2007; Penman and York, 2010; 

Gavazzi and McNulty, 2013). Prescribed burning can play an important role in forest 

maintenance and management worldwide through increasing nutrient availability (Guinto et 

al., 2000; Bowman, 2009; Harrison et al., 2010; Bai et al., 2012; Bai et al., 2013). Frequent 

prescribed burns in suburban forest areas are required to prevent wildfires from affecting the 

surrounding living areas (Ager et al., 2010). This practice has impact on carbon (C) and 

nitrogen (N) cycling in the ecosystem due to its impact on these elements in soil and litterfall 

(Guinto et al., 1999a; Guinto et al., 1999b; Reverchon et al., 2012; Wang et al., 2014). 

Litterfall plays an important role in nutrient cycling within forest ecosystems and the 

decomposition of litterfall is the main mechanism for transferring organic matter and nutrients 

from the living biomass to soils (Ukonmaanaho et al., 2008; Bellingham et al., 2013; Bansal et 

al., 2014; Tutua et al., 2014). The litter quantity and quality vary depending on tree species, 

growth phase, age, density, tree canopy characteristics, season, and forest management (Bubb 

et al., 1998; Higuera and Martínez, 2006; Zhou G, 2007; Inagaki et al., 2010; Rawat et al., 

2011) and the decay rates of litterfall are related to litter properties (Cizungu et al., 2014). There 
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have been a number of studies, encompassing a range of ecosystems, which have demonstrated 

that the nutrient content of litterfall decreases as soil nutrient availability declines. Thus the 

nutrient content of litterfall, especially N, might be used as index of site fertility (Attiwill and 

Adams, 1996; Dent et al., 2006). 

Fire could promote the loss of ecosystem C and N by causing the combustion of the 

litter layer (Guinto et al., 1999a; Guinto et al., 1999b; Guinto et al., 2001). Fire alters the 

availability of nutrients for plants and influences nutrient cycling by directly changing 

vegetation dynamics and litter quality and quantity through the modification of the production 

of biomass; accumulation of organic matter; and decomposition and absorption of nutrients 

(Tuininga et al., 2002; Dezzeo et al., 2004; Dezzeo and Chacón, 2006). In savannah areas of 

central Brazil, large experiments assessing litterfall and nutrient fluxes in burned and unburned 

plots have shown that litterfall production in the burned plots decreased by 22% one year after 

burning (Nardoto et al., 2006). This experiment also showed that the macro nutrient fluxes in 

the burned plots decreased by 60% to 80% compared with the unburned plots in spite of the 

higher nutrient concentration in the leaf litters from the burned plots (Nardoto et al., 2006). The 

authors concluded that the reduction in litterfall after the fire could be related to the higher 

mortality of woody species in these areas, which were subjected to frequent burning at the end 

of the dry season, and this mortality may result in lower nutrient fluxes in the burned plot 

(Nardoto et al., 2006). 

Litter production and nutrient cycling patterns are likely to change after the forest fire 

and may be affected by gap size and intensity of fire disturbance (Chandrashekara and 

Ramakrishnan, 1994). For example, the annual litterfall, in a Nigerian tropical forest, measured 

14 years after a fire was higher than the litterfall 7 years after fire as a result of the death of 

some trees, the increased age of the forest with higher wood biomass production, and the 

increased number of plants attaining flowering stage resulting in higher flower litterfall (Odiwe 
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and Muoghalu, 2003). Significant reductions were detected in both pine (P. radiata) (61%) and 

eucalypt (Eucalyptus spp) (28%) litterfall for up to four years following fire at Newnes State 

Forest in NSW, Australia, in comparison to unburned areas, which received almost six times 

more litterfall than burned areas (Williams and Wardle, 2007). Fire history could be an 

important factor that determines the variation of above ground chemical composition as the 

results from an experiment at the Kruger National Park in South Africa has shown. In that 

experiment, leaf N concentration was higher at the high fire frequency sites (more than 6 fire 

events in 25 years) than at the sites with low fire frequency (less than 6 fire events in 25 years). 

This was thought to be as a result of increased N mineralisation in the soil or rejuvenation of 

plants (Ferwerda et al., 2006). 

Carbon (C) and N isotope compositions (δ13C and δ15N) have been used to study the 

shifts in C and N cycling processes (Bai et al., 2014; Bai et al., 2015a). These are indicative of 

changes in C stock and N limitation during forest disturbances (Xu et al., 2008; Xu et al., 2009; 

Hyodo et al., 2013; Pellegrini et al., 2014). Plant δ13C can be used to infer plant water-use 

efficiency (WUE), while δ15N can be used as an indicator of plant nutrient status and N cycling 

in the ecosystem (Xu and Chen, 2006; Michener and Lajtha, 2008; Xu et al., 2008; Xu et al., 

2009). Foliar δ15N is related to plant N sources, N assimilation and plant N reallocation 

(Högberg, 1997; Evans, 2001). Fire affected δ15N in a Mediterranean pine forest (Pinus 

muricata) shortly after the fire (six months after the fire) (Grogan et al., 2000) and similary 

savannah vegetation shown by the depletion in both burned sites compared to control sites 

(Cook, 2001). A study in boreal forests revealed that δ13C results showed a positive and 

significant increase due to increasing nutrient limitation enhancing the increased internal 

resistance of CO2 diffusion (Vitousek et al., 1990; Hultine and Marshall, 2000). Whereas, δ15N 

results showed a significant decrease over the time since last fire as mycorrhizal fungi transfer 

N that is depleted δ15N to the host plant (Kohzu et al., 2000; Hobbie et al., 2005; Lindahl et al., 
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2007; Hyodo et al., 2013). Thus, δ15N values in litterfall may provide insight into integrated 

fire effects on plant N dynamics and fractionation of N isotopes in plants at a time scale of 

years (Hyodo et al., 2013). There are few studies using δ15N to study litterfall quality after fire 

in suburban forest ecosystems (forests surrounded by houses and infrastructure), despite the 

fact that it has been well established in other systems. 

Toohey Forest is a suburban forest ecosystem in subtropical Australia which has been 

subjected to fuel reduction by prescribed burning over the last 20 years to protect surrounding 

built-up areas from the danger of wildfires resulting from an accumulation of fuel (Bai et al., 

2012; Bai et al., 2013; Huang et al., 2013). These prescribed burns have been shown to affect 

biological N fixation (Bai et al., 2012; Reverchon et al., 2012), and phosphorus (P) availability 

(Huang et al., 2013), as well as the eco-physiological status of understorey species (Bai et al., 

2013; Ma et al., 2015). Whilst there are studies of the responses of litterfall properties to fires 

in different ecosystems (Muoghalu et al., 1993; Hart, 1995; Odiwe and Muoghalu, 2003; 

Dezzeo and Chacón, 2006; Pandey et al., 2007; Ukonmaanaho et al., 2008), there is limited 

information about how litterfall quality and quantity could change after prescribed burning in 

a suburban forest. The objective of this study was to gain a better understanding of the 

dynamics of the litterfall quantity and quality over a full fire cycle time frame. It was 

hypothesised that the quantity of litterfall was likely to increase after fire disturbance as a result 

of aboveground mortality. However, litterfall quantity and quality should follow the expected 

seasonal patterns in the longer-term after the fire (3 and 5 years after burning). As a result of 

these changes in litterfall production, C and N inputs would be modified over the time since 

the last burning. By determining the extent of these changes in litterfall quality and quantity, 

we aimed to provide insights into the mechanistic change in aboveground C and N cycling 

processes within the time frame typical of the fire cycle (7-10 years) in this suburban forest in 

south-east Queensland, Australia. 
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3.3   Material and methods 

3.3.1   Site description, experimental design and sample collection frequency 

The study area was located in Toohey Forest, a dry sclerophyll forest located in 

southern Brisbane, Queensland, Australia (27°30′S, 153°02′ E). Toohey Forest has an elevation 

above sea level ranging between 35 and 195 m.a.s.l. (Catterall et al., 2001). The climate is 

subtropical, with average annual rainfall of 1350 mm and a distinct wet season between January 

and March (Fig. 3.1). Mean annual temperature generally ranges from 10 °C in the winter to 

35 °C in the summer (Stock, 1987; Catterall et al., 2001; Bai et al., 2012; Huang et al., 2013).  

 

Fig. 3.1 Mean monthly rainfall (mm) (grey columns) and mean monthly maximum temperature 

(°C) (black square) for the experimental site at Toohey Forest, south-east Queensland, 

Australia, from June 2011 to September 2013 (Bureau of Meteorology). 

The soil is podzolic, with a thickness between 60 cm and (rarely exceeding) 1 m. 
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from sandy clay loam to sandy clay (Catterall and Wallace 1987). Soil properties are described 

in Table 3.1. 

Table 3.1 Soil characteristics at B0 (shortly before burning), B3 (3 years after burning), and B5 

(5 years after burning) sites located in Toohey Forest. Samples were collected from 

experimental plots at soil depth 0-5 cm in June 2011 a 

Site Soil moisture 

(%) 

pH TC 

(%) 

TN 

(%) 

δ15N 

(‰) 

δ13C 

(‰) 

C/N 

B0  

B3  

B5  

15.72 (0.28) 

16.50 (1.27) 

10.74 (2.62) 

5.02 (0.04) 

4.72 (0.04) 

4.68 (0.12) 

5.89 (0.37) 

2.70 (0.18) 

3.21 (0.84) 

0.213 (0.006) 

0.119 (0.012) 

0.131 (0.026) 

0.29 (0.44) 

1.07 (0.29) 

-0.25 (0.15) 

-27.05 (0.04) 

-25.88 (0.34) 

-25.57 (0.36) 

26.29 (1.53) 

23.35 (1.18) 

25.31 (1.33) 

a Numbers in the brackets denote standard errors; TC: total carbon (C); TN: total nitrogen (N); δ15N: stable N 

isotope composition; δ13C: stable C isotope composition; and C/N: ratio of total C to total N. 

 

Since 1993, low severity, prescribed burning has been carried out, mainly in the cooler 

winter months (Catterall et al., 2001). The blocks in this forest were burned when the fuel load 

reached 12-20 t/ha. The aim of the low severity fire with scorch <5m is to reduce fuel load by 

75% over 60-80% of the burned block (Brisbane City council). A mosaic or patchwork 

approach has been used with discreet areas of the forest burned each year with the intention of 

leaving a 7-10 year period between burns. Three study sites approximately 8 ha in size were 

selected within Toohey Forest. 

The first site, B0 (27°32'26.79''S, 153°02'39.81E), was last burned in August 2011 and 

previously in August 1995 then March 2003. Litterfall sample collection was undertaken just 

before the fire, one month after the fire and then monthly for the first 6 months, every 2 months 

in the following 6 months and then every 3 months thereafter in the subsequent year. Site B3 

(27°32'34.02''S, 153°03'09.06E) was last burned in April 2008 and the first sample collection 

was undertaken 3 years following the last burning and every 3 months thereafter for the 2 years 

period. Site B5 (27°32'28.61''S, 153°02'50.60E) was last burned in May 2006 and the first 
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sampling was undertaken 5 years following the last burning and every 3 months thereafter for 

the 2 years period.  

Four circular plots of 500 m2 were randomly located within each site in order to contain a 

mixture of understory (Acacia spp.) and overstory (Eucalyptus spp.) that is typical of the area. 

Each plot was divided into four equal sections and each section had one litterfall collection 

area. The experimental design was a randomised block design with 4 replications. 

3.3.2   Litterfall sample collection 

Due to the very public nature of Toohey Forest, the use of conventional litter traps was 

considered to be impractical because of the high potential for disturbance and vandalism. Each 

litter sampling area was, therefore, defined by 4 pegs driven into the soil marking out an area 

of 1 m2. The ground was swept clear at the start of the experiment and litterfall samples were 

analysed for TC, TN, δ13C, and δ15N as background information (Table 3.2). All litters that had 

been deposited within the square were collected periodically in paper bags for 24 months 

between September 2011 and September 2013.  
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Table 3.2 Litterfall characteristics at B0 (shortly after burning), B3 (3 years after burning), and B5 (5 years after burning) sites located at Toohey 

Forest. Samples were collected from experimental plots in June 2011 a 

Site TC (%) TN (%) δ15N (‰) δ13C (‰) C: N 

 Leaves Twigs Leaves Twigs Leaves Twigs Leaves Twigs Leaves Twigs 

B0 52.83 (0.32)  48.63 (0.69) 0.954 (0.08) 0.556 (0.05) -1.54 (0.04) -2.59 (0.28) -30.34 (0.21) -27.41 (0.19) 56.86 (4.90) 90.77 (9.84) 

B3  48.76 (0.52) 45.30 (0.30) 0.390 (0.04) 0.401 (0.06) -4.30 (0.19) -4.70 (0.39) -29.60 (0.14) -28.70 (0.44) 131.70 (15.10) 122.20 (16.50) 

B5  48.30 (0.72) 45.30 (0.56) 0.561 (0.06) 0.424 (0.05) -3.80 (0.37) -4.40 (0.26) -29.30 (0.20) -27.80 (0.11) 89.00 (7.40) 115.0 (11.80) 

a Numbers in the brackets denote standard errors; TC: total carbon (C); TN: total nitrogen (N); δ15N: stable N isotope composition; δ13C: stable C isotope composition; 

and C: N: ratio of total C to total N.   
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3.3.3   Litterfall analysis 

The litterfall samples were oven dried at 60 °C for 7 days to a constant weight, then 

separated into different components (leaves, twigs, flower, seeds, and pods). The dry weights 

of the leaves and twigs, which were the main components of the litterfall, were used to calculate 

the litterfall amount. The monthly litterfall amount was calculated by dividing the sum of 

collected material for different litterfall components by the number of months for each 

sampling time. The litterfall samples were then ground into a fine powder using a Rocklab 

puck and ring grinder. The quality of litterfall was determined by measuring total C (TC), total 

N (TN), and C and N stable isotope compositions (δ13C and δ15N), using a mass spectrometer 

(Isoprime-EuroEA 3000, Milan, Italy) as reported previously (Xu et al., 2000; Xu et al., 2003). 

The N content in litterfall (leaves and twigs calculated separately) was calculated by 

multiplying the mass of collected material from each collection area by its corresponding 

concentration of TN, for each collection period. 

3.3.4   Statistical analysis 

Direct comparison among experimental sites was not possible due to the fact that they 

had different properties and plant cover so each site has been independently assessed. The use 

of inferential statistics to compare among sites is subjected to the error of pseudoreplication as 

there is no true replication of time since fire because of the unique nature of the chronosequence 

in this study (Hurlbert, 1984; Idol et al., 2002). A one-way repeated-measure analysis of 

variance (rmANOVA) was conducted to detect the differences in litterfall quantity and quality 

with respect to sampling time after the last prescribed burning with time as the within-subjects 

factors (Idol et al., 2002; Schafer and Mack, 2010; Köster et al., 2014). Differences in litterfall 

variables among times were determined with pairwise comparisons with LSD confidence 

interval adjustments when the variables were significant (Idol et al., 2002; Schafer and Mack, 

2010; Köster et al., 2014). Multiple regressions were carried out to quantify the relationships 
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between the litterfall amount, litterfall properties, and the time after the fire. The best fit was 

chosen for the multiple regression equations. Statistix software (version 8) was used for 

multiple regression analysis, while repeated measure analysis was performed using SPSS 22. 

3.4   Results  

3.4.1   Litterfall quantity  

The repeated measure analysis revealed a significant impact of sampling time on the 

litterfall quantity at the three sites for leaves and twigs (Table 3.3). Variation in litterfall 

quantity was mainly explained by litterfall N content and time after fire in the B0 site. At the 

other sites, litter quantity was driven by litterfall N content and rainfall (Table 3.4).  

Our results showed that at the B0 site, leaf and twig litterfall quantity varied over the sample 

collection interval (Fig 3.2a). However, leaf litterfall quantity post fire only changed by 10% 

over the time after fire. 

Although the fire was not with high severity, shortly after the fire at the Bo site, showed a 

small increase in leaf litterfall quantity in the initial sampling interval (Fig. 3.2a). A decrease 

was then observed over the following 3 months, followed by a short peak in leaf deposition in 

the month 4-7 interval. It is noteworthy that months 4-7 were in the wetter, summer period and 

the increase may result from the new flush of leaves replacing the old ones. Leaf litterfall 

quantity, then declined significantly from month 7 to month 10 following the fire and remained 

constant thereafter (Fig. 3.2a).  

At the B0 site, twig litterfall quantities over the sampling intervals showed a marked 

variation. The time after the fire contributed to 15% of the variation in twig litterfall quantity 

during the same sampling interval. There was an exceptional collection in month 16 when the 

quantity of twig litterfall was higher than leaf litterfall (Fig. 3.2a), but this was the result of an 

unusually strong storm during the month of December 2012.  
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The variations in litterfall quantity at sites B3 and B5 are illustrated in Fig. 3.2 b and c 

respectively. Although, the total litterfall quantity at both B3 and B5 sites varied over the 

sampling time (Table 3.3), these variations were not influenced by the time elapsed since the 

fire. The leaf and twig litterfall quantities changed over the sampling time, but these changes 

followed the expected seasonal patterns. Litterfall (leaves) increased in winter and decreased 

in summer, with the exception observed for the storm month of December 2012 (Fig. 3.2 b and 

c). Additionally, we found that the variations in monthly litterfall quantity were significantly 

correlated with the quality of litterfall (Table 3.4) due to the soil and seasonal conditions under 

the prescribed burning. 

 

 

 

Fig. 3.2 Litterfall (leaves and twigs) dry matter production (kg ha-1m-1) at (a) site B0 - shortly 

after burning, (b) B3 - 3 years after burning, and (c) B5 - 5 years after burning.  
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3.4.2   Litterfall quality  

Litterfall quality was expressed here by litterfall N and δ13C in addition to C: N ratio as 

shown in in the appendix (Fig. 3S2). Over the sampling time at the three sites, litterfall quality 

changed significantly for leaves and twigs at the three sites (table 3.3), but the changes in 

litterfall quality were only significant at the B0 site in response to the time since fire (Table 

3.4).  

Leaf litterfall total N increased in the first month at the B0 site, but declined after the second 

month until month seven. Thereafter, leaf litterfall total N followed a seasonal pattern (Fig 

3.3a). Overall, the effect of the time after fire accounted for 45% of the variation in leaf litterfall 

total N over the short term sampling time (Table 3.4). 

 

     

 

 

Fig. 3.3 Total nitrogen (N) concentration (TN %) of litterfall (leaves and twigs) at (a) site B0 - 

shortly after burning, (b) B3 - 3 years after burning, and (c) B5 - 5 years after burning. 
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Short-term twig litterfall total N (at the B0 site) was also affected by the burning, but the 

effect of the fire was apparent only in the first three months. Time since fire accounted for only 

a 6% change in twig total N variation during the first there months of the sampling time.  

The δ15N of leaf litterfall was consistent between month one and ten after the fire and then 

declined sharply until month 16 after the fire, and increased thereafter (Fig. 3.4a). Overall, 25% 

of leaf litterfall δ15N variation was explained by the effect of time after the fire. Twig litterfall 

δ15N showed similar patterns to leaf litterfall δ15N, but twig δ15N values were more negative 

than those of leaf litterfall δ15N. Regression equations showed that 48% of the variation in twig 

litterfall δ15N was attributed to the time elapsed since the fire. Leaf and twig δ15N was also 

explained partly by climatic factors which accounted for 15% of the variation (Table3.4). Also 

the repeated measures analysis showed significant changes in δ15N for leaves and twigs at the 

three sites (Table 3.3). 
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Fig. 3.4 Stable nitrogen (N) isotope composition (δ15N) of litterfall (leaves and twigs) at (a) 

site B0 - shortly after burning, (b) B3 - 3 years after burning, and (c) B5 - 5 years after burning. 

At the B0 site, both litterfall types showed significant differences in δ13C over the sampling 

time (Fig 3.5a and Table 3.3). In the first 6 months after the prescribed burning, there was a 

slight enrichment in leaf litterfall δ13C, but this plateaued and the levels were sustained for the 

remaining sampling period (Fig. 3.5a). Regression analyses showed that the sampling time 

after the fire accounted for 28% of the variation in leaf litterfall δ13C over the sampling period. 

 

-7

-5

-3

-1

1

3

1 4 7 10 13 16 19 22 25

δ
1
5
N

 (
‰

)

Time since burning (month)

Leaves

Twigs

Se
p

-1
1

D
ec

-1
1

S
ep

-1
2

D
ec

-1
2

S
ep

-1
3

a

M
ar

-1
2

Ju
n
-1

2

M
ar

-1
3

Ju
n
-1

3

-7

-5

-3

-1

1

3

S
ep

-1
1

D
ec

-1
1

M
ar

-1
2

Ju
n

-1
2

S
ep

-1
2

D
ec

-1
2

M
ar

-1
3

Ju
n

-1
3

S
ep

-1
3

δ
1
5
N

 (
‰

)

Sampling time

b

-7

-5

-3

-1

1

3

S
ep

-1
1

D
ec

-1
1

M
ar

-1
2

Ju
n

-1
2

S
ep

-1
2

D
ec

-1
2

M
ar

-1
3

Ju
n

-1
3

S
ep

-1
3

δ
1
5
N

 (
‰

)

Sampling time

c



Chapter 3- Litterfall Quantity and Quality after Prescribed Burning 
  

50 
 

           

 

Fig. 3.5 Stable carbon (C) isotope composition (δ13C) of litterfall (leaves and twigs) at (a) site 

B0 - shortly after burning, (b) B3 - 3 years after burning, and (c) B5 - 5 years after burning. 
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Table 3.3 Repeated measures analysis of variance within prescribed burning sites at B0 (shortly after burning), B3 (3 years after burning), and B5 (5 years 

after burning) sites to determine the effect of month after fire (M) on litterfall quantity and quality in Toohey Forest south-east Queensland. 

 Source df F-value P>F  df F-value P>F  df F-value P>F 

   B0    B3    B5  

DM leaf (kg ha-1 m-1) M 11 11.29 **  8 12.38 **  8 12.92 ** 

 linear 1 30.47 **  1 2.21 ns  1 0.33 ns 

 quadratic 1 0.74 ns  1 36.60 **  1 9.30 ** 

 cubic 1 5.38 *  1 13.44 **  1 3.97 ns 

DM twig (kg ha-1 m-1) M 11 24.42 **  8 16.12 **  8 13.37 ** 

 linear 1 44.51 **  1 1.02 ns  1 0.39 ns 

 quadratic 1 9.46 **  1 33.62 **  1 70.37 ** 

 cubic 1 45.58 **  1 8.66 **  1 22.75 ** 

TN leaf (%) M 11 27.90 **  8 1.61 ns  8 11.78 ** 

 linear 1 52.41 **  1 0.52 ns  1 36.52 ** 

 quadratic 1 31.94 **  1 2.79 ns  1 2.31 ns 

 cubic 1 0.004 ns  1 2.35 ns  1 0.94 ns 

TN twig (%) M 11 9.54 **  8 3.08 **  8 5.80 ** 

 linear 1 16.87 **  1 0.04 ns  1 0.64 ns 

 quadratic 1 0.36 ns  1 2.98 ns  1 17.11 ** 

 cubic 1 22.68 **  1 4.26 ns  1 0.22 ns 

δ15Nleaf (‰) M 11 18.34 **  8 24.86 **  8 38.70 ** 

 linear 1 1.23 ns  1 277.26 **  1 337.61 ** 

 quadratic 1 121.14 **  1 41.76 **  1 33.78 ** 

 cubic 1 30.09 **  1 1.46 ns  1 15.76 ** 

δ15Ntwig (‰) M 11 46.42 **  8 19.40 **  8 133.69 ** 

 linear 1 8.22 *  1 79.11 **  1 299.03 ** 

 quadratic 1 92.27 **  1 73.32 **  1 196.22 ** 

 cubic 1 81.57 **  1 0.59 ns  1 2.12 ns 

δ13C leaf  (‰) M 11 17.07 **  8 5.37 **  8 9.07 ** 

 linear 1 112.54 **  1 0.25 ns  1 0.02 ns 

 quadratic 1 4.49 *  1 0.71 ns  1 6.73 * 

 cubic 1 0.68 ns  1 1.86 ns  1 7.34 * 

δ13C twig (‰) M 11 8.96 **  8 4.62 **  8 2.22 * 

 linear 1 40.24 **  1 0.43 ns  1 7.98 * 

 quadratic 1 0.23 ns  1 0.00 ns  1 0.07 ns 

 cubic 1 0.00 ns  1 0.126 ns  1 0.99 ns 

DM (kg ha-1 m-1): (dry matter amount), M: (month after fire), δ15N (‰): (N isotope composition), δ13C (‰): (C isotope composition), and TN (%): (Total 

N), * and ** significant at P< 0.05 and P< 0.01 respectively, ns not significant. 
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Table 3.4 litterfall dynamics in relation to litter chemical properties, month after fire (M) and climatic information for prescribed burning sites at 

B0 (shortly after burning), B3 (3 years after burning), and B5 (5 years after burning) sites in Toohey Forest south-east Queensland. 

Litterfall 

components 

Regression equations * 

B0 B3 B5 

Leaf DM leaf (kg ha-1 m-1) = 91.96+68.93 N cont +2.841 M 

(R2=0.630, n=192, p<0.001). 

DM leaf (kg ha-1 m-1) = 4.78+165.81 N cont-0.332 

RF-9.088 δ15N  

(R2=0.650, n=144, P<0.001). 

DM leaf (kg ha-1 m-1) = 67.92+120.21 N cont -

12.77 δ15N-0.260 RF  

(R2=0.731, n=144, P<0.001). 

Twig DM twig (kg ha-1 m-1) = 248.9+223.2 N cont +4.993 

M-0.1673 M2 +8.111 δ15N + 3.960 (δ15N) 2 +9.493 

δ13C-0.0757 RF  

(R2=0.919, n=192, p<0.001). 

DM twig (kg ha-1 m-1) = -41.04+263.2 N cont +0.502 

(δ15N) 2 +1.287 T  

(R2=0.897, n=144, P<0.001). 

DM twig (kg ha-1 m-1) = 5.800+202.7 N cont  

(R2=0.760, n=144, P<0.001). 

Leaf TN leaf (%) = 1.489-0.178 M+0.0127 M2-2.719 M3 

+8.108 RF  

(R2=0.488, n=192, p<0.001). 

TN leaf (%) = 0.755+0.1112 δ15N+0.00809 (δ15N)2   

(R2=0.174, n=144, P<0.001). 

TN leaf (%) = 0.692+0.0299 δ15N 

 (R2=0.276, n=144, P<0.001). 

Twig TN twig (%) = -2.154-0.0962 δ13C -0.00666 (δ15N) 2 

-0.00612 M  

(R2=0.307, n=192, p<0.001). 

TN twig (%) = 0.632-0.0032 (δ15N)2-0.00731 T  

(R2=0.199, n=144, P<0.001). 

TN twig (%) = 0.458-0.0706 δ15N-0.0163 (δ15N)2  

(R2=0.276, n=144, P<0.001). 

Leaf δ15Nleaf (‰) = 2.173-0.214 M+4.196 M3 +0.006 

RF-0.117 T  

(R2=0.382, n=192, P<0.001). 

  

Twig δ15Ntwig (‰) = -1.616+0.195 M-0.0395 

M2+0.00145 M3+0.00471 RF-0.0501 T 

(R2=0.550, n=192, P<0.001). 

  

Leaf δ13C leaf  (‰) = -30.09+0.0670 M-0.00176 

M2+0.0460 δ15N- 0.254 N conc 

(R2=0.306, n=192, P<0.001). 

δ13C leaf  (‰) = -29.39+0.0853 δ15N  

(R2=0.116, n=144, P<0.001). 

δ13C leaf  (‰) = -30.87+0.0630 T-0.176Ncont  

(R2=0.129, n=144, P<0.001). 

Twig δ13C twig (‰) = -26.70-0.0278 M-1.150 N conc -9.044 

RF-0.0266 T  

(R2=0.267, n=192, P<0.001). 

δ13C twig  (‰) = -28.48-1.284 N cont  

(R2=0.0619, n=144, P<0.001). 

δ13C twig  (‰) = -28.61+0.711 N cont  

(R2=0.0349, n=144, P<0.001). 

* DM (kg ha-1 m-1) (dry matter amount), M (month after fire at B0 site), N cont (kg ha-1 m-1) (total N content), δ15N (%) (N isotope composition), δ13C (%) (C isotope 

composition), RF (rainfall), T (temperature (ºC)), and N conc (total N concentration (%)). 
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 Twig litterfall δ13C fluctuated in the first 6 month after burning (Fig. 3.5a). Regression 

analysis showed that the time after the fire contributed 11% to the change in twig litterfall  

δ13C. Local environmental factors (rainfall and temperature) also explained parts (4%) of the 

litterfall δ13C status in the short term since the last prescribed burning. 

At the B3 and B5 sites, litterfall quality measurements varied over the sampling period, and 

these variations were attributed to the interactions among litterfall properties and the climatic 

conditions (Table 3.4).   

3.4.3   Relationship between litterfall quantity and quality 

  The total N of litterfall was the driving factor for litterfall quantity at all sites for both 

leaf and twig litterfall (Table 3.4).  

At the B0 site, leaf litterfall total N content explained 53% of the variation in leaf 

litterfall quantity. Twig litterfall total N content explained 62% of the variation in twig litterfall 

quantity, with a notable contribution of the twig litterfall δ15N (10%), twig litterfall δ13C (1%) 

and local rainfall (13%) (Table 3.4). 

 At the B3 site, regression analyses indicated that the quantity of leaf litterfall was 

explained mainly by the leaf litterfall total N content (58%), followed by rainfall (4%) and leaf 

litterfall δ15N (3%). The twig litterfall total N content accounted for 81% of the twig litterfall 

variation and twig litterfall δ15N accounted for another 7% of the variation at the same site 

(Table 3.4). 

At the B5 site, leaf and twig litterfall quantity changes could also be attributed to the 

fluctuation of litterfall total N content over the time of study (Table 3.4). Leaf and twig litterfall 

total N content accounted for 66% and 76% of the variations in the leaf and twig litterfall 

quantities respectively.  
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3.4.4   Relationships among litterfall quality and climatic conditions 

Regression analysis indicated that the time elapsed since the fire had a significant short 

term impact on litterfall quality at the B0 site only. However, the variation in litterfall quality 

was attributable to soil nutrient availability and climatic conditions at the 3 sites (Table 3.4). 

At the B0 site, although the leaf litterfall total N was mainly explained by the time after 

the fire, rainfall also contributed 4% to the variation in leaf litterfall total N. However, there 

were other factors that explained the variation of TN in twig litterfall; such as twig litterfall 

δ13C (13%) and twig litterfall δ15N (7%) (Table 3.4). Leaf litterfall δ15N was also partly 

explained by rainfall and temperature, 8% and 5% respectively, over the sampling intervals at 

the B0 site. In the case of twig litterfall, 6% of the twig δ15N variation was also explained by 

rainfall. With respect to δ13C, the relationship of leaf litterfall δ13C and the other variables 

showed that leaf litterfall δ15N and total N together accounted for 3% of leaf litterfall δ13C 

variation, while 4% of twig litterfall δ13C was accounted by rainfall, in addition to the fire effect 

(Table 3.4). 

Regression analyses for B3 site showed that the main factor affecting total N of leaves 

and twigs in the medium term was litterfall δ15N, with a contribution of 17% and 16% 

respectively, followed by the temperature (4%). No significant differences in litterfall δ15N 

were observed at the B3 site (Table 3.4). Furthermore, it can be seen in Table 3.4 that there 

was a significant change in leaf litterfall δ13C over the 2 years of sampling at the B3 site. Leaf 

litterfall δ13C was explained by leaf litterfall δ15N (12%), while twig litterfall δ13C variation 

was attributed to the twig litterfall total N content (6%) rather than twig litterfall δ15N (Table 

3.4). 

At the B5 site, the leaf litterfall total N results revealed a significant change over the 

sampling time, but these results were significantly attributed to the variation of litterfall δ15N, 

for leaves 28% and with twig 25%. No significant differences in litterfall δ15N were observed 
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over the sampling time at the B5 site (Table 3.4). The multiple regression equations in Table 3 

indicate that the variation of leaf litterfall δ13C was partially explained by the temperature effect 

(11%) and total N content (2%), while twig litterfall δ13C changed over the time after the fire 

for 3%, but this change was related to the twig total N content (Table 3.4). 

 

3.5   Discussion 

3.5.1   Litterfall quantity 

Litterfall quantity after fire was mainly driven by the litterfall total N content which 

accounted for 51% to 81% of the variation in litterfall quantity for the three study sites. 

Prescribed burning also made a significant contribution to litterfall quantity at the B0 site but 

this was only for short period (ten months). Although the fire severity was not very high, it 

caused an initial increase in litterfall quantity. The temporary increase in litterfall following 

burning was probably caused by mortality of leaves and twigs (Smith et al., 2004). Our results 

highlight that N is a major determinant and a potential limiting factor in forest ecosystem 

productivity as reflected in the litterfall production (Pavón et al., 2005). Our findings are also 

consistent with findings in a semi-desert scrub in Mexico, where a significant linear 

relationship between litterfall production and litterfall N was reported after three years of 

monthly litterfall collection (Pavón et al., 2005). Higher litterfall N collected from a black 

locust (Robinia pseudoacacia) plantation compared with litterfall N from an adjacent oak 

(Quercus liaotungensis) forest near Yan’an, on the Loess Plateau, China, did not result in a 

significant difference in litterfall production between the sites (Tateno et al., 2007). Increasing 

N content resulted in an increase in biomass which is the main source of litterfall and it has 

been shown that litterfall quantity is correlated linearly with biomass (Guo et al., 2006). These 

findings support our findings that litterfall total N was a major driving factor explaining the 

increased litterfall. 
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3.5.2   Litterfall quality 

Total N, δ13C, and C: N ratio in leaves and twigs litterfall at the three sites, were used 

to reflect the litterfall quality. Litterfall quality was significantly associated with total N and 

δ13C in both litterfall components at the three sites. These findings are consistent with a study 

undertaken in a palmetto flatwoods ecosystem in central Florida which reported that increased 

leaf N may have been caused by the increase of N availability after fire (Schafer and Mack, 

2010). In our study, therefore, the increase of leaf litterfall total N shortly after the fire (one 

month after fire) could be attributed to the increase of foliar N shortly after the fire. Other 

studies have shown that annual burning caused significant increases in foliar N concentration 

as a result of altering soil nutrient availability, nutrient uptake ability and relocation of nutrients 

(Huang and Boerner, 2007; Cui et al., 2010) and ash derived N (Ewel et al., 1981; Kauffman 

et al., 1993). Alternatively, a study conducted in a naturally regenerated longleaf pine (Pinus 

palustris) forest located in north central Florida reported a decrease in understory leaf N as a 

result of the fire. This was attributed to an increase in microbial immobilisation due to the large 

pulse of inorganic N released by the fire (Ojima et al., 1994; Lavoie et al., 2010). In contrast, 

other studies have shown higher concentrations of N in foliage could be related to the high 

concentrations of NH4
+ and NO3

-
 in soil due to increased N mineralisation and nitrification 

leading to enhanced plant assimilation (DeLuca et al., 2002; DeLuca et al., 2006). Our soil data 

can support this explanation as NH4
+ and NO3

-
 increased after the fire (Chapter 4). Increased 

litterfall total N after the fire could also be explained by remobilization of N from the 

belowground tissues to the new sprout tissues (El Omari et al., 2003). 

Shortly after the fire, δ15N in leaf and twig litterfall increased significantly. Leaf and 

twig litterfall δ15N were higher in the first 10 months than during the rest of the sampling 

period. The increase in litterfall δ15N could be caused by the deposition of N in ash when the 

demands of the regrowth are relatively low, with leaching of NO3
- led to a pool of 15N-enriched 
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available NH4
+-N (as a result of the discrimination during nitrification against 15N which can 

contribute to positive 15N foliage values by enriching the substrate NH4
+-N pool at the expense 

of leached nitrate losses) or N volatilisation during the fire (Grogan et al., 2000; Cook, 2001; 

Coetsee et al., 2010). The decline of litterfall δ15N after month 10 might be attributed to the 

high demand of N for leaf initiation (Bergersen et al., 1988), suggesting that reallocation of N 

within a plant can affect foliar δ15N (Högberg, 1997; Evans, 2001; Huber et al., 2013; Högberg 

et al., 2014). After month 13, litterfall δ15N reached a new peak and became positive which 

could be because of fractionation during nitrification which discriminates strongly against 15N, 

and can contribute to the positive δ15N in the foliage (Högberg, 1997; Cook, 2001). The high 

concentration of soil nitrate can support and explain the δ15N enrichment of litterfall shortly 

after the fire (Chapter 5). 

Fire only increased litterfall δ13C in the short term especially for leaf litterfall. Water 

stress could explain the increase of leaf and then leaf litterfall δ13C because water limitation 

causes stomatal closure, which leads to decreased discrimination against 13CO2 during 

photosynthesis at the carboxylation site (Farquhar and Richards, 1984; Hubick et al., 1986). 

The increase in light availability due to the canopy openness after the fire could be another 

reason for increased foliar δ13C. The high light intensity can increase the photosynthesis with 

low discrimination and decrease 13C depleted CO2 respired from the forest floor (Farquhar et 

al., 1989; Brooks et al., 1997). 

We found that litterfall δ15N was a sensitive indicator of the dynamic of litterfall quality 

only shortly after the fire (first 12 months after fire). Litterfall quality is very important for 

litterfall decomposition which is a major pathway for providing organic and inorganic elements 

for dynamic nutrient processes and controls nutrient return to the forest ecosystem (Xu et al. 

2009; Bellingham et al. 2013). The high concentration of litterfall N after fire could increase 

the decomposition rate because it is positively related to leaf litterfall N content and negatively 
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related to C: N ratio of leaf litter (Tateno et al., 2007; Wang et al., 2008). At all three sites, total 

N varied over the sampling time which indicates that the C: N ratio and therefore litter 

decomposition may also vary depending on the sampling time (Supplementary Fig. 3S2 a, b, 

and c). 

We also found similar relationships in B3 and B5 sites where litterfall were closely related 

to litterfall total N content. Additionally, rainfall was an important driving factor for the 

litterfall production at the B3 and B5 sites where litterfall peaked in summer (wet season) and 

decreased in winter (dry season) as reported in other Australian studies (Lamb, 1985; Hart, 

1995). 

In the medium and long term (B3 and B5 sites respectively), litterfall total N fluctuated and 

was mainly related to litterfall δ15N which could be caused by the changes of N availability 

during seasonal cycle. On the other hand, litterfall δ13C changed over the sampling intervals 

and the variation was related to litterfall δ15N and total N content. Similar results have been 

reported by other studies within different ecosystems (Peri et al., 2012; Ibell et al., 2013). They 

reported the significant relationship between litterfall δ13C and litterfall δ15N. Nitrogen is the 

main component of the chlorophyll compound and enzymes, a high content of N may lead to 

high photosynthesis when the soil moisture and temperature are suitable (Peri et al., 2012; Ibell 

et al., 2013). 

At the three study sites, the observed differences of litterfall δ15N could also be partially 

attributed to the difference in atmospheric deposited N which comes from fossil fuel 

combustion (Elliott et al., 2007; Bai et al., 2015b). The study sites are located in a suburban 

forest bisected by a busy highway which could be a source of N deposition with consequent 

negative δ15N signal (Bai et al., 2012; Bai et al., 2015b). Previous studies have shown that the 

proximity to a highway plays an important role in both nitrogen dioxide (NO2) and ammonia 

(NH3) gas concentrations produced by car emissions (Cape et al., 2004; Kirchner et al., 2005; 
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Watmough et al., 2014). It was found that NO2 from traffic caused increase growth in plant 

species (Angold, 1997). These gas concentrations, and subsequent N deposition, decreased 

substantially with the distance from the highway (Kirchner et al., 2005; Watmough et al., 

2014). The spatial variations in δ15N have been shown to be strongly correlated with NOx (the 

sum of NO and NO2) emissions from surrounding sources (Elliott et al., 2007; Bai et al., 

2015b). Vehicle NOx emissions in tailpipe exhaust has (+3.7) δ15N values, although negative 

δ15N values have also been reported (-13 to -2‰) (Heaton, 1990; Ammann et al., 1999; Pearson 

et al., 2000). Long- term deposition of atmospheric NOx would lead to high negative δ15N 

values because it is depleted in 15N (Choi et al., 2005; Savard et al., 2009; Kwak et al., 2011; 

Bai et al., 2012; Bai et al., 2015b). Our results can support these differences in δ15N values 

among the three study sites according to the site location from the highway. The B3 site had 

more negative δ15N values than the other sites due to its location closer to the highway. The B0 

and B5 sites had less negative δ15N values because of their locations on the opposite side of the 

hill to the highway. In addition to fire and seasonal effects on N cycling, the atmospheric N 

deposition, which comes from fuel combustion producing NOX depleted with δ15N, would lead 

to the spatial variation in δ15N. 

 

3.6   Conclusion  

Despite the significant variation in litterfall variables as determined by rmANOVA, regression 

analysis shows that prescribed burning had a significant short-term impact on litterfall 

characteristics at the B0 site only, while this effect was absent in the medium and longer term 

(B3 and B5 sites). Litterfall dynamics at B3 and B5 sites were more influenced by seasonal 

climatic variations. Litterfall N was the main driving factor for litterfall production at the three 

sites and the temporary increase in N after the fire resulted in improved litterfall quality. The 

environmental variables such as rainfall and temperature are significant drivers of litterfall 
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production at long time after fire (B3 and B5 sites) in suburban forest at Southeast of 

Queensland, showing significant seasonal variations over sampling times. 
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CHAPTER 4   Soil Water Soluble Organic Carbon and Total Nitrogen: 

Sensitive Indicators of Soil Labile C and N Pools in Response to Prescribed 

Burning in an Australian Suburban Forest 

 

4.1   Abstract 

Labile carbon (C) and nitrogen (N) pools can be useful indicators of soil quality and 

fertility and can be directly affected by prescribed burning - an important tool in forest 

management systems around the world. However, changes in soil C and N pools and their 

dynamics in response to the fires may be site-specific and need to be investigated for periods 

from short to long term. The present study was undertaken within Toohey Forest, a suburban 

forest located in south-east Queensland, Australia. The aim was to investigate the changes in 

soil labile C and N pools over a full fire cycle comprising: immediately before and immediately 

after the fire; 3 years after the fire; and 5 years after the fire at three soil depths (0-5, 5-10, 10- 

20 cm). The repeated measures analysis revealed that labile C and N pools varied significantly 

over the sampling periods, but in regards to the time since fire, the results indicated that fire 

had a significant short-term impact on soil labile C and N pools, N availability, and soil 

microbial biomass and activity. Multiple regression analyses showed that time since fire 

accounted for most of the variations in water soluble organic C (WSOC) and water soluble 

total N (WSTN) compared with those of hot water-extractable organic C (HWEOC) and hot 

water-extractable total N (HWETN). Both WSOC and WSTN were more sensitive and longer 

lasting than the other soil labile C and N pools since last burning (including soil mineral N, 

potentially mineralisable N, microbial biomass C and N, and soil respiration). It was concluded 

that WSOC and WSTN were sensitive indicators of the responses of soil labile C and N pools 

to prescribed burning under these conditions. The low severity of prescribed fires may account 
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for the rapid recovery of labile C and N pools. This study also revealed the seasonal variations 

in labile C and N pools. This study improves our understanding of how the common forest 

management practices of prescribed burning might affect soil quality and fertility, highlighting 

important implications for the frequency of prescribed fires in such suburban forests. 

 

4.2   Introduction 

Prescribed fire is a common forest management practice for many Australian 

ecosystems. It has been used to meet several objectives: protection of forests against wildfires 

through managing fuel loads (Guinto et al., 1999a; Guinto et al., 1999b; Reverchon et al., 2012; 

Wang et al., 2014; Ma et al., 2015); ecosystem maintenance by increasing vegetation (Penman 

and York, 2010; Scudieri et al., 2010; Gavazzi and McNulty, 2013; Alba et al., 2015); and 

elimination of disease and insect problems (Certini, 2005; Sun et al., 2011). In Australia, 

prescribed fire has been mostly used in rural areas, whereas in the US, Canada and Sweden, 

prescribed fire has been used more frequently in suburban forest ecosystems to protect the 

surrounding housing from wildfires (Ager et al., 2010). Frequent prescribed burning can alter 

the physical, chemical, and biological properties of forest soils (Certini, 2005; Sun et al., 2011; 

Eldiabani, 2012; Wang et al., 2013; Dzwonko et al., 2015). Studies have shown that prescribed 

fire has a short to long-term influence on C dynamics and nutrient cycles, especially N and P, 

in different ecosystems by changing the forms, distribution, and amount of nutrients (Guinto 

et al., 1999b; Romanyà et al., 2001; Certini, 2005; Canals et al., 2014; Montoya et al., 2014; 

Dzwonko et al., 2015; Shakesby et al., 2015).  

Labile C and N pools such as available organic C and N, and microbial biomass C and 

N are commonly used as sensitive indicators of soil quality and fertility (Chen and Xu, 2005; 

Xu et al., 2008; Vergnoux et al., 2011) and soil organic matter stability (O'Brien et al., 2003). 

Studies also reported labile C and N fractions as reliable indicators to monitor soil quality after 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

75 
 

fire (Andersson et al., 2004; Richards et al., 2012a; Zhao et al., 2012). Soil organic matter is 

most directly affected by fire (Wang et al., 2012; Mastrolonardo et al., 2013; Shakesby et al., 

2015) and the changes in soil organic matter can be a useful indicator of forest sustainability 

after a disturbance though such changes are affected by the spatial variation in soil properties 

(Bauhus et al., 2002; Hopmans et al., 2005; Tiarks and Ranger, 2008). In burned soils collected 

from Tuscany, Central Italy, soil soluble C was affected by fire and sampling time after fire 

with nearly 4 times higher in the control 12 month after the fire (Palese et al., 2004). However, 

soluble N did not follow any clear trend in the burned soil though it was affected by the 

sampling time with a reduction in soil microbial biomass C and N observed in the burned plots 

(Palese et al., 2004). Water extractable organic C and soil respiration were lower at a burned 

site than at an unburned site within protected natural areas close to Madrid, Spain (Uribe et al., 

2013). However; soil respiration and soil microbial biomass experienced no significant effect 

from a low-intensity fire at a sweet chestnut (Castanea sativa Mill) forest in southern 

Switzerland (Wüthrich et al., 2002). Dissolved organic N (DON) showed significantly lower 

values one month after fire compared to all other labile N pools in burned plots for a Pinus 

canariensis forest on the western face of La Palma Island, Spain (Rodríguez et al., 2009). In a 

wetland of Sanjiang Plain in North-eastern China, dissolved organic C (DOC) and microbial 

biomass C were high during the first growing season following a fire, but declined in the second 

growing season (Zhao et al., 2012). Concentrations of ammonium (NH4
+) and nitrate (NO3

˗) 

have been reported to increase after prescribed burning (Romanyà et al., 2001; Wan et al., 

2001; Liao et al., 2013; Wang et al., 2013; Canals et al., 2014).  

It is important to study soil labile C and N pools at different time periods following fire 

to investigate their dynamics and recovery (Døckersmith et al., 1999; Boerner et al., 2004; 

Hamman et al., 2008; Boerner et al., 2009). Soil labile C and N pools may be reduced by fire 

but recover with the time since burning (Prieto-Fernández et al., 1998; Liu et al., 2001; Wang 
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et al., 2012). The effect of time after fire will depend on soil depth (Prieto-Fernández et al., 

1998; Ilstedt et al., 2003; Liu et al., 2007). For example, soil microbial biomass N decreased 

by 33–38% at 0–10 cm and 10–29% at 10–20 cm 6 months after clear-cutting and burning in 

a Pinus massoniana plantation in Southern China (Liu et al., 2001). Also it has been reported 

by Prieto-Fernández et al. (1998) that soil microbial biomass C and N decreased in the surface 

(0-5 cm) soil more than in the deep soil (5-10 cm). A meta-analysis conducted by Wang et al. 

(2012) concluded that the effects of fire on soil microbial biomass C and N, dissolved total N 

and N mineralization decreased with increasing soil depth. 

Toohey Forest is a suburban forest in subtropical Australia which has been subjected to 

fuel reduction by prescribed burning over the last 20 years to protect surrounding built-up areas 

from the danger of wildfires (Bai et al., 2012; Bai et al., 2013; Huang et al., 2013; Ma et al., 

2015). Whilst there are studies of the responses of labile C and N pools to fires in different 

ecosystems (Wang et al., 2012; Mastrolonardo et al., 2013; Canals et al., 2014; Montoya et al., 

2014; Dzwonko et al., 2015; Shakesby et al., 2015), the question about how soil quality and 

fertility, indicated by labile C and N pools, could change with time since fire in a suburban 

forest needs to be answered. The current study aimed to gain a better understanding of the more 

sensitive and reliable fractions to quantify the effects of fire at different time period and at 

different soil depths. This study quantified the effects of prescribed fire on soil labile C and N 

pools, N availability and mineralization, and soil respiration in a suburban natural forest over 

a fire cycle time frame of ca 7- 10 years. It was hypothesised that soil labile C and N, N 

availability and mineralization, and soil respiration were likely to change after the fire 

disturbance as a result of forest floor combustion, soil microbial composition modification, soil 

physical changes, and ash deposition. It was also hypothesised that soil labile C and N pools, 

N availability and mineralization, and soil respiration modifications would vary with soil 

sampling depth and season. By determining the extent of these changes in soil labile C and N 
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pools, we aimed to provide insights into the change and status of soil C and N cycling processes 

within the time frame typical of the fire cycle (ca 7-10 years) in this suburban forest of south-

east Queensland, Australia. We also aimed to identify more sensitive and reliable soil C and N 

pools for quantifying the dynamics and complex impact of prescribed fire on soil C dynamics 

and N cycling in a suburban forest of subtropical Australia. 

 

4.3   Materials and methods               

4.3.1   Site description, experimental design and sample collection frequency 

The study area was located in Toohey Forest, a dry sclerophyll forest in southern 

Brisbane, Queensland, Australia (27°30′S, 153°02′ E). Toohey Forest has an elevation ranging 

between 35 and 195 m.a.s.l. (Catterall et al., 2001). The climate is subtropical, with an average 

annual rainfall of 1350 mm and a distinct wet season between January and March (Fig. 3.1). 

Mean annual temperature generally ranges from 10 °C in winter to 35 °C in summer (Stock, 

1987; Catterall et al., 2001; Bai et al., 2012; Huang et al., 2013).  

The soil is podzolic, with a thickness between 60 cm and (rarely exceeding) 1 m. 

Horizon-A (10-20 cm) is sandy silt loam to sandy loam, while horizon-B (20-40 cm) ranges 

from sandy clay loam to sandy clay (Catterall and Wallace, 1987). Soil properties are described 

in Table 3.1. 

Since 1993, low severity, prescribed burning has been carried out, mainly in the cooler 

winter months (Catterall et al., 2001). The blocks in this forest were burned when the fuel load 

reached 12-20 t/ha. The aim of the low severity fire with scorch <5m is to reduce fuel load by 

75% over 60-80% of the burned block (Brisbane City council). A mosaic or patchwork 

approach has been used with discreet areas of the forest burned each year with the intention of 
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leaving a 7-10 year period between burns. Three study sites approximately 8 ha in size were 

selected within Toohey Forest. 

The first site, B0 (27°32'26.79''S, 153°02'39.81E), was last burned in August 2011 and 

previously in August 1995 then March 2003.  Soil samples were collected just before the fire 

and then monthly shortly after the fire for the first 6 months, every 2 months in the following 

6 months and then every 3 months thereafter in the subsequent year. Site B3 (27°32'34.02''S, 

153°03'09.06E) was last burned in April 2008 and the first sample collection was undertaken 

3 years following the last burning and every 3 months thereafter for the 18 months period 

(between months 38 and 56 following the last fire). Site B5 (27°32'28.61''S, 153°02'50.60E) 

was last burned in May 2006 and the first sampling was undertaken 5 years following the last 

burning and every 3 months thereafter for the 18 months period (between months 61 and 79 

following the last fire). 

Four circular plots of 500 m2 were randomly located within each site in order to contain a 

mixture of understory (Acacia spp.) and overstory (Eucalyptus spp.) that is typical of the area. 

Each plot was divided into four equal sections and each section had one litterfall collection 

area.  

4.3.2   Soil sampling 

Five soil cores were randomly collected from each quarter in each plot within the site study, at 

three depths (0-5, 5-10, 10-20 cm), using a 2.5 cm diameter auger. All samples were bulked 

from each quarter to make one sample at each depth per plot. In the laboratory, soil samples 

were passed through a 2 mm sieve. A sub-sample of the soil was air-dried and the rest was 

refrigerated at 4°C and processed shortly after sampling. 

4.3.3   Soil analyses 

Labile C and N fractions were measured using hot water extractable organic C 

(HWEOC) and total N (HWETN), water soluble organic C (WSOC) and water soluble total N 
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(WSTN). HWEOC and HWETN were extracted by adding 25 ml water to 5.0 g of air-dried 

soil and the samples were incubated in a capped test tube at 70 °C for 18 h. After the incubation, 

the samples were shaken by an end-to-end shaker for 5 min followed by centrifuging at 10,000 

rpm for 10 min. The suspensions were filtered through a Whatman 42 paper, then were filtered 

by a 33-mm Millex syringe driven 0.45-µm filter membrane. WSOC and WSTN were extracted 

using only cold water for soil: water ratio (1:5) and followed the same steps used for hot water 

extraction. The concentrations of organic C and total soluble N in the filtered solution were 

determined using Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu, 2005). 

NH4
+˗N and NO3

˗˗N were determined by 2 M KCl extraction using a SmartChem 200 

Discrete Chemistry Analyser. The potential mineralisable N (PMN) was measured and 

calculated as described by (Blumfield et al., 2006). Briefly, two subsamples (5 g) of soil 

samples at field moisture were weighed. One subsample was mixed with 25 ml of deionised 

water and incubated in a capped and sealed test tube at 40°C for 7 days. Following incubation, 

25 ml of 4 M KCl solution were added to the samples. The samples were shaken for 1 h, 

centrifuged at 2,000 rpm for 20 min and filtered through a Whatman No. 42 filter paper. 

Another 5 g of each sample was added to 50 ml of 2 M KCl and treated as above without 

incubation. Inorganic N of both samples was determined by a SmartChem 200 Discrete 

Chemistry Analyser. The difference between the incubated and pre-incubated samples was 

taken to be the potentially mineralisable N (PMN). 

To measure microbial biomass C (MBC) and N (MBN), the fumigation-extraction 

method was used on fresh soil. Briefly, 10 g of soil fumigated with purified chloroform CHCl3. 

Both fumigated and non-fumigated soils were extracted with 40 ml of 0.5 M K2SO4. After 

adding K2SO4 to soil samples, all were shaken for 30 min. The samples were then filtered 

through a Whatman 42 paper. A SHIMADZU TOC-VCPH/CPN analyser was used to 

determine total organic C (TOC) and total soluble N (TSN) in the fumigated and non-fumigated 
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samples (Chen and Xu, 2005). The MBC and MBN were calculated as described by Vance et 

al.( 1987), Brookes et al. (1985) and Jenkinson (1988). 

Soil respiration was measured using the method described by Chen et al. (2000) and 

Chen and Xu (2005). The field moist soil samples (20 g oven-dry equivalent) were aerobically 

incubated at 22 °C in a 1 L sealed glass jar for 7 days and CO2 evolved from the soil was 

trapped in 0.1 M NaOH. The residual NaOH was titrated with 0.05 M HCl to phenolphthalein 

endpoint. Carbon dioxide evolved was calculated from the difference in normality between 

NaOH blanks and samples. Metabolic quotient (qCO2) was calculated as the ratio of microbial 

respired C (µg g-1 over the 7 days) to microbial biomass C and used as an indicator of microbial 

metabolism in soil (Alvarez et al., 1995). 

4.3.4   Statistical analysis 

 Direct comparison among experimental sites was not possible due to the fact that they 

had different properties and plant cover so each site has been independently assessed. The use 

of inferential statistics to compare among sites is subjected to the error of pseudoreplication as 

there is no true replication of time since fire because of the unique nature of the chronosequence 

in this study as presented in other studies undertaken by Hurlbert 1984 and Idol et al. 2002. A 

one-way mixed analysis of variance model with repeated measures was used to examine 

changes in soil labile C and N pools over time since fire with time as the within subject factor 

(Idol et al., 2002; Schafer and Mack, 2010; Köster et al., 2014). Differences in soil labile C and 

N variables over time were determined using post-hoc pairwise comparison (Tukey-HSD test) 

when the differences were significant (Idol et al., 2002; Schafer and Mack, 2010; Köster et al., 

2014). Multiple regressions were then carried out to quantify the variations of labile C and N 

measurements in relation to the soil properties and climatic information. The best fit was used 

to choose the multiple regression equations. Statistix software (version 8) was used for multiple 

regression analysis, while repeated measure analysis was performed using SPSS 22. 
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4.4   Results 

4.4.1   Impact of the time since fire on labile C and N pools  

Repeated measures analysis indicated that labile C and N pools were significantly 

affected by the time since fire. However, prescribed burning only had a significant, but short-

term effect on soil labile C and N variables (Table 4.1 and 4.3). Multiple regression analyses 

were performed to quantify the contribution of the time since fire, soil properties, and climatic 

information to variations in the labile C and N pools for the three experimental sites (Tables 

4.2 and 4.4). The time since fire explained about 12%-42% of the variation in HWEOC over 

the sampling time at the three sites. The 18%-27% variation of HWETN was explained by the 

time since fire at the B3 and B5 sites. Compared with the HWEOC and HWETN, WSOC and 

WSTN were more sensitive to the time since fire since it accounted 24%-68% and 21%-62% 

of the variations in WSOC and WSTN respectively (Supplementary Table 4S1). The results 

also showed that the impact of the time since fire on labile C and N pools varied with soil 

sampling depth. At the B0 site, the impact of the time since fire on WSOC and WSTN 

decreased with increasing soil depth, while at the B3 and B5 sites, the contribution of the time 

since fire was higher at 5-10 cm compared with the other depths (Tables 4.2 and 4.4, and 

Supplementary Table 4S1). 

 At the B0 site, the fire increased HWEOC shortly after the fire (2 months) and then it 

declined before it peaked again at month 13 after the fire for all soil depths (Fig. 4.1a).  Fire 

did not affect HWETN in the short term (Fig. 4.1b). WSOC and WSTN also increased 

significantly in the first two weeks after the fire before they declined and levelled after two 

months since fire for the rest of the sampling time (Fig. 4.2a and 4.2b). 
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Table 4.1 Repeated measures analysis of variance within prescribed burning sites at B0 (shortly after burning), B3 (3 years after burning), and B5 

(5 years after burning) sites to determine the effect of time since fire (TSF) on soil labile carbon (C) pools at three soil depths in Toohey Forest 

south-east Queensland. 

 

 Source df F-value P>F  df F-value P>F  df F-value P>F 

   B0    B3    B5  

HWEOC (µg g-1) TSF 7 31.27 **  6 33.536 **  6 107.89 ** 

 linear 1 33.88 **  1 146.15 **  1 198.54 ** 

 quadratic 1 0.22 ns  1 17.73 **  1 0.54 ns 

 cubic 1 2.79 ns  1 27.84 **  1 41.60 ** 

 Depth 2 27.61 **  2 22.38 ns  2 7.35 * 

 TSF × Depth 14 1.57 ns  12 1.48 ns  12 4.25 ** 

 linear 2 0.31 ns  2 4.56 *  2 6.64 * 

 quadratic 2 0.91 ns  2 3.68 ns  2 2.54 ns 

 cubic 2 0.04 ns  2 0.44 ns  2 8.48 ** 

WSOC (µg g-1) TSF 7 162.56 **  6 29.71 **  6 35.00 ** 

 linear 1 398.24 **  1 17.12 **  1 60.12 ** 

 quadratic 1 81.88 **  1 118.15 **  1 148.30 ** 

 cubic 1 16.92 **  1 71.48 **  1 14.75 ** 

 Depth 2 43.99 **  2 12.03 **  2 1.82 ns 

 TSF × Depth 14 4.37 **  12 1.03 ns  12 1.42 ns 

 linear 2 19.70 **  2 0.25 ns  2 3.23 ns 

 quadratic 2 0.55 ns  2 2.92 ns  2 2.87 ns 

 cubic 2 0.84 ns  2 0.73 ns  2 0.08 ns 

MBC (µg g-1) TSF 10 4.20 **  6 4.05 **  6 4.54 ** 

 linear 1 0.56 ns  1 9.13 *  1 0.29 ns 

 quadratic 1 15.40 **  1 4.69 ns  1 13.89 ** 

 cubic 1 2.08 ns  1 1.83 ns  1 1.49 ns 

 Depth 2 7.96 *  2 24.63 **  2 0.47 ns 

 TSF × Depth 20 0.97 ns  12 0.94 ns  12 0.89 ns 

 linear 2 0.32 ns  2 3.14 ns  2 0.05 ns 

 quadratic 2 1.89 ns  2 0.44 ns  2 1.07 ns 

 cubic 2 1.01 ns  2 0.08 ns  2 0.99 ns 

CO2 (µg CO2-C/h) TSF 7 6.37 **  6 2.49 *  6 2.73 * 

 linear 1 14.93 **  1 3.81 ns  1 3.01 ns 

 quadratic 1 14.39 **  1 0.47 ns  1 0.23 ns 

 cubic 1 2.35 ns  1 0.69 ns  1 2.79 ns 
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Table 4.1 (continue)              

 Depth 2 8.73 **  2 22.13 **  2 3.23 ns 

 TSF × Depth 14 0.67 ns  12 0.56 ns  12 0.34 ns 

 linear 2 1.19 ns  2 0.21 ns  2 0.07 ns 

 quadratic 2 1.36 ns  2 0.34 ns  2 0.29 ns 

 cubic 2 0.13 ns  2 1.89 ns  2 0.92 ns 

qCO2 (µg CO2-C mg-1 

microbial C h-1) 

TSF 7 6.45 **  6 2.07 ns  6 3.64 ** 

linear 1 17.94 **  1 0.14 ns  1 5.20 * 

 quadratic 1 17.25 **  1 2.73 ns  1 2.41 ns 

 cubic 1 2.69 ns  1 1.68 ns  1 0.56 ns 

 Depth 2 0.01 ns  2 0.26 ns  2 2.08 ns 

 TSF × Depth 14 0.58 ns  12 0.72 ns  12 0.68 ns 

 linear 2 5.03 *  2 0.34 ns  2 0.05 ns 

 quadratic 2 0.13 ns  2 0.58 ns  2 0.06 ns 

 cubic 2 0.84 ns  2 2.78 ns  2 3.72 ns 

HWEOC (µg g-1): Hot water extractable organic carbon, WSOC (µg g-1): Water soluble organic carbon, MBC (µg g-1): Microbial biomass carbon, CO2 (µg 

CO2-C/h): Soil respiration, qCO2 (µg CO2-C mg-1 microbial C h-1): Metabolic quotient, TSF: time since fire (months).* and ** significant at P< 0.05 and P< 

0.01 respectively, ns: not significant. 

 

 

 

 

 

 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

84 
 

Table 4.2 Labile carbon (C) pools in relation to soil properties, time (months) since fire (TSF) and climatic variables for prescribed burning sites 

at B0 (before and shortly after burning), B3 (3 years after burning), and B5 (5 years after burning) in Toohey Forest of south-east Queensland. 

Soil 

depth 

(cm) 

Regression equations * 

 

B0 B3 B5 

 Hot water extractable organic carbon (HWEOC) (µg g-1)  

0-5 HWEOC (µg g-1)=-11056.6+2614.8 pH+30.77 

TSF+ -36.21SM (R2=0.385, n=32, P<0.001) 

HWEOC (µg g-1)=-8469+11.69(TSF)2-0.159(TSF)3-

5.200RF+403.9TC (R2=0.549, n=28, P<0.001) 

HWEOC (µg g-1)=-1551+32.64TSF+95.95TC 

(R2=0.320, n=28, P<0.001) 

5-10  HWEOC (µg g-1)=1975.4+31.54 TSF-38.79 SM -

530.9 δ15N (R2=0.719, n=32, P<0.001) 

HWEOC (µg g-1)=-11837+7.629(TSF)2-0.103(TSF)3-

4.584RF-277.0δ13C (R2=0.547, n=28, P<0.001) 

HWEOC (µg g-1)=-1065+23.76TSF+85.44TC 

(R2=0.379, n=28, P<0.001) 

10-20  HWEOC (µg g-1)=691.4+25.17 TSF 

(R2=0.280, n=32, P<0.001) 

HWEOC (µg g-1)=-5844+0.003(TSF)3-248.01δ13C 

(R2=0.340, n=28, P<0.001) 

HWEOC (µg g-1)=-21514+624.4TSF-4.336(TSF)2 

+198.7TC-42.76SM (R2=0.558, n=28, P<0.001) 

 Water soluble organic carbon (WSOC) (µg g-1)  

0-5  WSOC (µg g-1)=1108.8-253.1TSF+28.99 (TSF)2 -

0.984(TSF)3 (R2=0.678, n=32, P<0.001) 

WSOC (µg g-1)=2043-1255TSF+ 24.95(TSF)2-0.163 

(TSF)3+104.3δ15N+272.9TC (R2=0.740, n=28, P<0.001) 

WSOC (µg g-1)=9790+123.1δ15N-262.9TSF+ 

1.829(TSF)2 (R2=0.714, n=28, P<0.001) 

5-10  WSOC (µg g-1)=788.2-329.7 TSF+39.56(TSF)2-

1.283(TSF)3+2.927RF  

(R2=0.651, n=32, P<0.001) 

WSOC (µg g-1)=23140-1402TSF+28.09(TSF)2-0.186 

(TSF)3 +4109.6TN (R2=0.773, n=28, P<0.001) 

WSOC (µg g-1)=7981+44.83TC -216.1TSF+1.527 

(TSF)2-6.635T (R2=0.768, n=28, P<0.001) 

10-20  WSOC (µg g-1)=657.8-78.74 TSF+4.249(TSF)2 

(R2=0.424, n=32, P<0.001) 

WSOC (µg g-1)=3043-2032TSF+42.32(TSF)2-0.292 

(TSF)3-77.72δ13C+9.763T (R2=0.689, n=28,P<0.001) 

WSOC (µg g-1)=5656+46.25TC-154.7TSF+1.093 

(TSF)2+43.15 δ15N-4.755T (R2=0.829, n=28, P<0.001)  

 Microbial biomass carbon (MBC) (µg g-1)   

0-5  MBC (µg g-1)=524.1-38.57TSF+2.775(TSF)2  

(R2=0.217, n=44, P<0.001) 

MBC (µg g-1)=186.1+0.069(TSF)2 

(R2=0.251, n=28, P<0.001) 

MBC (µg g-1)=300.8+148.6δ15N-0.526RF 

(R2=0.688, n=28, P<0.001) 

5-10  MBC (µg g-1)=-3215.8-138.9 δ13C  

(R2=0.141, n=44, P<0.001) 

ns MBC (µg g-1)= 3619+80.94 TC+175.1δ13C-

5.336+173.8pH (R2=0.815, n=28, P<0.001) 

10-20  MBC (µg g-1)=-6102.8-100.8 δ15N+1285.5 pH 

(R2=0.455, n=44, P<0.001) 

ns MBC (µg g-1)=-1097+68.08 TC+228.7pH  

(R2=0.812, n=28, P<0.001) 

 Soil respiration CO2 (µg CO2-C/g/h)   

0-5  CO2 (µg CO2-C/g/h)=0.253+0.061TSF-0.004 

(TSF)2  (R2=0.177, n=32, P<0.001) 

CO2 (µg CO2-C/g/h)= 0.178+0.012SM 

(R2=0.190, n=28, P<0.001) 

ns 

5-10 CO2 (µg CO2-C/g/h)=0.176+0.042TSF-

0.002(TSF)2 (R2=0.196, n=32, P<0.001) 

ns CO2 (µg CO2-C/g/h)=0.092+0.043TC  

(R2=0.200, n=28, P<0.001) 

10-20  CO2 (µg CO2-C/g/h)=0.142+0.010(TSF) 

(R2=0.103, n=32, P<0.001) 

CO2 (µg CO2-C/g/h)=-24.63+1.603TSF-0.034(TSF)2 

+2.433(TSF)3  (R2=0.201, n=28, P<0.001) 

ns 

    



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

85 
 

Table 4.2 (continue) 

 

Metabolic quotient (qCO2)  (µg CO2-C mg -1 microbial C h-1) 

0-5  qCO2 (µg CO2-C mg -1 microbial C h-1 ) =0.520 + 

0.216TSF-0.014 (TSF)2  (R2=0.307, n=32, 

P<0.001) 

qCO2 (µg CO2-C mg -1 microbial C h-1)= 0.627+ 0.028 

SM (R2=0.111, n=28, P<0.001) 

ns 

5-10  qCO2 (µg CO2-C mg -1 microbial C h-1)= 0.482 + 

0.223TSF-0.014(TSF)2 (R2=0.209, n=32, 

P<0.001) 

qCO2 (µg CO2-C mg -1 microbial C h-1)=-3.507 +46.9 TN 

+ 0.067SM (R2=0.402, n=28, P<0.001) 

ns 

10-20  ns ns ns 

*TSF: time since fire (months); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C:  C isotope composition (‰); RF: rainfall (mm); T: temperature (ºC); 

SM: soil moisture (%).  
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Table 4.3 Repeated measures analysis of variance within prescribed burning sites at B0 (shortly after burning), B3 (3 years after burning), and B5 (5 years 

after burning) sites to determine the effect of time since fire (TSF) on soil labile nitrogen (N) pools at three soil depths in Toohey Forest south-east Queensland. 

 Source df F-value P>F  df F-value P>F  df F-value P>F 

   B0    B3    B5  

HWETN (µg g-1) TSF 7 19.74 **  6 28.05 **  6 94.58 ** 

 linear 1 0.02 ns  1 70.30 **  1 76.92 ** 

 quadratic 1 2.80 ns  1 2.08 ns  1 9.65 * 

 cubic 1 0.22 ns  1 57.76 **  1 155.97 ** 

 Depth 2 45.43 **  2 28.60 **  2 5.63 * 

 TSF × Depth 14 1.17 ns  12 1.68 ns  12 4.09 ** 

 linear 2 0.38 ns  2 3.30 ns  2 0.54 ns 

 quadratic 2 0.27 ns  2 2.99 ns  2 2.29 ns 

 cubic 2 1.69 ns  2 1.58 ns  2 23.96 ** 

WSON (µg g-1) TSF 7 187.45 **  6 33.82 **  6 20.09 ** 

 linear 1 1049.74 **  1 9.77 ***  1 30.33 ** 

 quadratic 1 93.06 **  1 25.26 **  1 33.32 ** 

 cubic 1 0.02 **  1 121.27 **  1 32.14 ** 

 Depth 2 26.93 **  2 12.24 **  2 3.50 ns 

 TSF × Depth 14 6.12 **  12 1.44 ns  12 1.73 ns 

 linear 2 56.87 **  2 0.28 ns  2 2.83 ns 

 quadratic 2 1.82 ns  2 2.54 ns  2 1.79 ns 

 cubic 2 2.78 ns  2 0.88 ns  2 0.56 ns 

MBN (µg g-1) TSF 10 3.43 **  6 10.47 **  6 4.11 ** 

 linear 1 0.03 ns  1 5.92 *  1 4.41 ns 

 quadratic 1 18.70 **  1 4.44 ns  1 3.69 ns 

 cubic 1 2.43 ns  1 15.50 **  1 3.48 ns 

 Depth 2 9.34 **  2 24.79 **  2 0.83 ns 

 TSF × Depth 20 0.80 ns  12 2.32 *  12 2.13 * 

 linear 2 1.05 ns  2 7.38 *  2 1.77 ns 

 quadratic 2 0.34 ns  2 0.95 ns  2 2.00 ns 

 cubic 2 0.97 ns  2 3.48 ns  2 0.95 ns 

NH4
+- N (µg g-1) TSF 7 48.45 **  6 45.93 **  6 38.59 ** 

 linear 1 11.89 **  1 1.95 ns  1 1.63 ns 

 quadratic 1 129.74 **  1 187.18 **  1 53.79 ** 

 cubic 1 0.55 **  1 11.54 **  1 38.79 ** 

 Depth 2 21.12 **  2 42.92 **  2 1.17 ns 

 TSF × Depth 14 2.48 **  12 5.60 **  12 1.07 Ns 
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Table 4.3 (continue)             

 linear 2 1.48 ns  2 0.28 ns  2 1.82 ns 

 quadratic 2 6.29 *  2 29.52 **  2 0.32 ns 

 cubic 2 0.15 ns  2 2.57 ns  2 0.94 ns 

NO3
- - N(µg g-1) TSF 7 3.95 **  6 4.63 **  6 2.57 * 

 linear 1 10.67 **  1 14.37 **  1 0.87 ns 

 quadratic 1 5.42 *  1 0.07 ns  1 0.24 ns 

 cubic 1 0.78 ns  1 3.15 ns  1 0.26 ns 

 Depth 2 2.51 ns  2 6.97 *  2 3.44 ns 

 TSF × Depth 14 1.48 ns  12 0.96 ns  12 0.55 ns 

 linear 2 15.20 **  2 2.05 ns  2 0.28 ns 

 quadratic 2 0.77 ns  2 0.84 ns  2 0.21 ns 

 cubic 2 0.41 ns  2 2.51 ns  2 0.41 ns 

PMN (µg g-1) TSF 7 12.41 **  6 4.13 **  6 9.49 ** 

 linear 1 0.16 ns  1 3.09 ns  1 18.75 ** 

 quadratic 1 30.28 **  1 0.06 ns  1 11.24 ** 

 cubic 1 13.59 **  1 0.09 ns  1 7.04 * 

 Depth 2 11.42 **  2 43.02 **  2 1.76 ns 

 TSF × Depth 14 1.13 ns  12 1.17 ns  12 1.04 ns 

 linear 2 0.45 ns  2 0.69 ns  2 0.42 ns 

 quadratic 2 1.91 ns  2 0.22 ns  2 2.21 ns 

 cubic 2 0.59 ns  2 1.94 ns  2 0.99 ns 

HWETN (µg g-1): Hot water extractable total nitrogen, WSON (µg g-1): Water soluble organic nitrogen, MBN (µg g-1): Microbial biomass nitrogen, PMN 

(µg g-1): Potentially mineralisable nitrogen, TSF: time since fire (months).* and ** significant at P< 0.05 and P< 0.01 respectively, ns: not significant. 

 

 

 

 

Table 4.4 Labile nitrogen (N) pools in relation to soil properties, time (months) since fire (TSF) and climatic variables for prescribed burning sites 

at B0 (before and shortly after burning), B3 (3 years after burning), and B5 (5 years after burning) in Toohey Forest of south-east Queensland. 
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Soil 

depth 

(cm) 

Regression equations * 

B0                                                                               B3                                                                                    B5 

 Hot water extractable total nitrogen (HWETN) (µg g-1)  

0-5 ns ns HWETN(µg g-1)=21337-931.4TSF+13.50(TSF)2-0.065  

(TSF)3+439.1TN-2.969SM (R2=0.334, n=28, P<0.001) 

5-10  HWETN(µg g-1)=86.53-23.57 δ15N-0.105 RF 

(R2=0.274, n=32, P<0.001) 

HWETN(µg g-1)=-152.9+0.251(TSF)2-0.003(TSF)3-

0.195RF (R2=0.220, n=28, P<0.001) 

HWETN(µg g-1)=23.99+308.6TN-1.471SM 

(R2=0.371, n=28, P<0.001) 

10-20  ns HWETN(µg g-1)=-201.3-0.164RF+0.254(TSF)2-

0.003(TSF)3+644.4TN (R2=0.484, n=28, P<0.001) 

HWETN(µg g-1)=-707.3+20.14TSF-0.138(TSF)2 

+381.9TN-1.849SM (R2=0.576, n=28, P<0.001) 

 Water soluble organic nitrogen (WSON) (µg g-1) 
0-5 WSON (µg g-1)=-96.88-82.11TSF+10.80(TSF)2-

0.378 (TSF)3 +2.671SM +0.798RF+5.532T  

(R2=0.880, n=32, P<0.001) 

WSON (µg g-1)=305.9-14.87TSF+0.159(TSF)2-1.389 

T+15.46pH+0.383SM (R2=0.804, n=28, P<0.001) 

WSON (µg g-1)=1363-33.38TSF+0.237(TSF)2 -29.77pH-

0.928T + 0.074RF (R2=0.694, n=28, P<0.001) 

5-10  WSON (µg g-1)=-102.6-64.88TSF+8.614(TSF)2-

0.303(TSF)3+0.652RF+2.237SM+5.146T 

(R2=0.805, n=32, P<0.001) 

WSON (µg g-1)=2354-141.9TSF+2.813(TSF)2 -0.018 

(TSF)3 +0.770SM (R2=0.651, n=28, P<0.001) 

WSON (µg g-1)=8033-334.6TSF+4.628(TSF)2 -

0.021(TSF)3 +70.61TN+0.048RF  

(R2=0.721, n=28, P<0.001) 

10-20  WSON (µg g-1)=76.23-4.835TSF+0.276(TSF)2-

1.673T (R2=0.443, n=32, P<0.001) 

WSON (µg g-1)=2474-153.6TSF+3.154(TSF)2 -

0.021(TSF)3 +0.074RF (R2=0.549, n=28, P<0.001) 

WSON (µg g-1)=4552-191.8TSF+2.688(TSF)2-

0.013(TSF)3+65.44TN (R2=0.351, n=28, P<0.001) 

 NH4
+- N (µg g-1)   

0-5  NH4
+- N (µg g-1)=78.63+55.16TSF-7.229(TSF)2 

+0.235(TSF)3 (R2=0.599, n=32, P<0.001) 

NH4
+- N (µg g-1)=-27603+3.886SM+1769TSF-37.52 

(TSF)2+0.263(TSF)3-8.950T+45.75pH  

(R2=0.853, n=28, P<0.001) 

NH4
+- N (µg g-1)=690.9+0.365RF-122.1pH 

(R2=0.522, n=28, P<0.001) 

5-10  NH4
+- N (µg g-1)=66.83+30.63TSF-4.179 (TSF)2 

+0.139(TSF)3(R2=0.446, n=32, P<0.001) 

NH4
+- N (µg g-1)=28.08+0.262RF 

(R2=0.337, n=28, P<0.001) 

NH4
+- N (µg g-1)=-23521+3.499SM +1010TSF-

14.39(TSF)2+0.068(TSF)3  (R2=0.334, n=28, P<0.001) 

10-20  NH4
+- N (µg g-1)=66.74+27.77TSF-3.734(TSF)2 + 

0.126(TSF)3-13.51δ15N (R2=0.533, n=32, P<0.001) 

NH4
+- N (µg g-1)= 24.58+0.173RF 

(R2=0.291, n=28, P<0.001) 

NH4
+- N (µg g-1)= 36.48+0.212RF 

(R2=0.120, n=28, P<0.001) 

 NO3
- - N(µg g-1)   

0-5  ns ns ns 

Table 4. 4 (continue)   

5-10 ns NO3
- - N(µg g-1)=-4.501+0.073(TSF)+28.12TN 

(R2=0.543, n=28, P<0.001) 

ns 

   

10-20  NO3
- - N(µg g-1)=-201.7+40.92pH-2.370δ15N 

(R2=0.295, n=32, P<0.001) 

NO3
- - N(µg g-1)=-10.67+1.856pH +30.01TN 

(R2=0.419, n=28, P<0.001) 

NO3
- - N(µg g-1)=57.10-1.689 δ15N+2.089 δ13C 

(R2=0.315, n=28, P<0.001) 

    

 Potentially mineralisable nitrogen (PMN) (µg g-1)  
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0-5  PMN (µg g-1)=1752.1-15.53TSF+1.051(TSF)2 -

192.5TC-1701.5δ15N+0.308RF 

(R2=0.471, n=32, P<0.001) 

ns PMN (µg g-1)=763.0+12.83TC+29.03 δ13C 

(R2=0.643, n=28, P<0.001) 

5-10  PMN (µg g-1)=132.8-9.443TSF+0.642TSF)2-

52.17δ15N (R2=0.389, n=32, P<0.001) 

PMN (µg g-1)=30.98+1.663(TSF)3 

(R2=0.119, n=28, P<0.001) 

PMN (µg g-1)=32.43+9.261TC-0.192RF 

(R2=0.560, n=28, P<0.001) 

10-20  PMN (µg g-1)=99.98-7.047TSF+ 0.501(TSF)2-

18.86δ15N (R2=0.324, n=32, P<0.001) 

PMN (µg g-1)=82.58-1.921T+1.783(TSF)3-0.831SM 

(R2=0.445, n=28, P<0.001) 

PMN (µg g-1)=28.74+15.62TC-1.549SM 

(R2=0.579, n=28, P<0.001) 

    

 Microbial biomass nitrogen (MBN) (µg g-1)   

0-5 MBN (µg g-1)=31.52+1.581SM -0.132RF 

(R2=0.230, n=44, P<0.001) 

MBN (µg g-1)=61.56-1.9117T+2.043TSF 

(R2=0.536, n=28, P<0.001) 

MBN (µg g-1)=14.46+11.58 δ15N +4.35TC  

(R2=0.718, n=28, P<0.001) 

5-10 MBN (µg g-1)=42.69-9.776(TSF)+1.711(TSF)2-

0.071(TSF)3 (R2=0.079, n=44, P<0.001) 

MBN (µg g-1)=227.1-401.2TN-7.633TSF+0.082 

(TSF)2 (R2=0.287, n=28, P<0.001) 

MBN (µg g-1)=40.29+6.474TC+6.100δ15N-0.875SM-

0.978T (R2=0.666, n=28, P<0.001) 

10-20  MBN (µg g-1)=-727.1-9.887δ15N+152.3pH-2.923 

TSF+0.175(TSF)2   (R2=292, n=44, P<0.001) 

MBN (µg g-1)=231.9-0.881T-8.374TSF+0.091(TSF)2 

(R2=0.249, n=28, P<0.001) 

MBN (µg g-1)=268.6+224.7TN+10.75δ13C  

(R2=0.848, n=28, P<0.001) 

*TSF: time since fire (month); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C: C isotope composition (‰); RF: rainfall (mm); T: temperature (ºC); SM 

soil moisture (%). 
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Fig 4.1 Hot water extractable organic C (HWEOC) and hot water extractable total N (HWETN) 

respectively before burning (0) and 16 months after the burning at B0 site (a,b), 3 years after 

the burning at B3 site (c,d), and  5 years after the burning at B5 site (e,f), for 3 soil depths. 
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Fig 4.2 Water soluble organic C (WSOC) and water soluble organic N (WSON) respectively 

before burning (0) and 16 months after the burning at B0 site (a,b), 3 years after the burning at 

B3 site (c,d), and  5 years after the burning at B5 site (e,f), for 3 soil depths. 
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4.4.2   Impact of the time since fire on NH4
+˗N, NO3

˗˗N, NO3
˗˗N: NH4

+˗N ratio, and PMN 

The time since fire impacted on N availability specifically for NH4
+˗N and PMN, but 

this varied with soil depth and lasted up to 5 years after the fire (Table 4.4). During all the 

sampling period at the 3 sampling sites, mineral N in soil was predominantly present as NH4
+˗N 

(Fig. 4.3). 

At the B0 site, significantly higher NH4
+˗N and NO3

˗˗N were found shortly after the 

fire (2 weeks) and peaked at month 7 before a slight decrease was observed for the rest of the 

sampling time (Supplementary Fig. 4S1a and 4S1b). The time since fire explained 3%-60% of 

the variation of NH4
+˗N over the sampling and these effects decreased with soil depth at all 

three sites (Table 4.4 and Supplementary Table 4S1). The time since fire did not affect NO3
˗˗N 

significantly except for the 5-10 cm soil depth at the B3 site (Table 4.4 and Supplementary 

Table 4S1). 

The NO3
˗˗N: NH4

+˗N ratio was used to quantify the impact of the time since fire to soil 

nitrification. Shortly after fire at the B0 site, the fire increased soil nitrification as a result of 

the peak of NH4
+˗N after the fire for the soil depths (Fig. 4.3a). In addition to the fire effect on 

soil nitrification, the seasonal effect was also significant over the sampling time (Table 4.4). 

At the B0 site, 15% of the variation in NO3
˗˗N: NH4

+˗N ratio was attributed to the time 

since fire, at the 0-5 cm depth (R2= 0.154, P>0.001, n=32). At the B3 site, the time since fire 

impact extended to 10 cm soil depth, but this decreased with soil depth. At the B3 site, the time 

since fire accounted for 31% of the variation in NO3
˗˗N: NH4

+˗N ratio for 0-5 cm soil depth, 

while mean monthly air temperature and soil moisture explained another 27%. Also at the B3 

site, the time since fire accounted for 17% of the variation in NO3
˗˗N: NH4

+˗N ratio for 5-10 

cm soil depth, with a further 18% attributed to the mean monthly rainfall. At the B5 site, the 

time since fire did not show a significant contribution to the variation in NO3
˗˗N: NH4

+˗N ratio. 
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Fig. 4.3 NO3
˗˗N: NH4

+˗N ratio before burning (0) and 16 months after the burning at B0 site 

(A), 3 years after the burning at B3 site (B), and 5 years after the burning at B5 site (C), for 3 

soil depths. 

PMN also was affected significantly by the time since fire at the B0 and B3 sites, but 

not at the B5 site (Supplementary Fig. 4.S2 and Table 4.4). The time since fire contributed 11% 

- 20% to the variation in PMN in the first 5 years after fire for the 3 soil depths (Supplementary 

Table 4S1).  

4.4.3   Impact of the time since fire on soil microbial biomass and activity 

Similar to PMN, soil MBC and MBN were affected significantly by the time since fire 

only in the first 5 years (Tables 4.1 and 4.3). 
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 At the B0 site, in terms of the fire effect, there was a slight reduction in both MBC and 

MBN in the first 2 weeks following the fire, and then one month later, they recorded a high 

abundance as compared with directly after the fire, but it was still less than before the fire. With 

MBC, one month after the fire, it recorded higher values than shortly after the fire before it 

decreased gradually until month 7, while at month 16 after the fire, MBC was higher than the 

pre fire values. MBN decreased again between month 2 and month 5, and then it increased to 

almost pre fire abundance from month 7 to month 16. The fire effect on both MBC and MBN 

decreased with soil depth (Supplementary Fig. 4S3). 

 The time since fire explained about 22%-25% of the variation in MBC and 7%-20% of 

the variation in MBN (Tables 4.2 and 4.4, and Supplementary Table 4S1).  The time since fire 

contribution appeared only within the 0-5 cm soil depth at the B0 and B3 sites for MBC (Table 

4.2), whereas time since fire changed MBN within depths of the 5-20 cm and 0-20 cm at both 

sites respectively (Table 4.4). 

 Soil respiration was affected significantly by the time since fire (Table 4.1). The time 

since fire accounted for the variation in soil respiration up to five years at the three depths for 

B0 site and at 10-20 cm for B3 site (Table 4.2 and Supplementary Table 4S1). 

 Shortly after the fire at the B0 site, soil respiration and qCO2 did not show a significant 

difference in the first 2 months following the fire compared with those before the fire 

(Supplementary Fig. 4S4a and 4S4b). 

4.4.4   The contribution of soil properties and climatic variables to the labile C and N pools 

 Multiple regression analyses showed that the labile C and N pools were affected by soil 

properties and climatic variables (Tables 4.2 and 4.4, and Supplementary Table 4S1). 
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At the B0 site, soil moisture explained about 10%-22% of HWEOC and MBC 

variations within the 0-10 cm soil depth. The mean monthly rainfall, which is the main source 

for soil moisture and N deposition, accounted for 6%-16% of the variation in WSON and MBN 

for 0-10 cm soil depth. In the deep soil (10- 20 cm), HWEOC, NH4
+˗N, NO3

˗˗N, PMN, MBC, 

MBN variations over the sampling time were also explained by the soil δ15N (6%-29%). Soil 

pH also had a significant contribution to the variation of NO3
˗˗N, MBC, and MBN for 10- 20 

cm soil depth (Tables 4.1 and 4.2, and Supplementary Table 4S1). 

At the B3 site, the mean monthly rainfall was the second source of variations to 

HWEOC (at 0-10 cm soil depth), HOETN, WSTN, and NH4
+˗N (5-20 cm soil depth), and it 

explained about 13%-34% (Tables 4.2 and 4.4, and Supplementary Table 4S1). In the top soil 

(0- 5 cm), soil moisture explained NH4
+˗N (46%) and qCO2 (11%). However, the mean 

monthly air temperature explained 38% of WSTN and 22%-34% of MBN. Soil properties also 

had a significant effect on labile C and N pools such as δ13C explaining 7%-19% of HWEOC 

and WSOC variations for 10-20 cm soil depth, TN contributed to 7%-23% of WSOC (at 5-10 

cm soil depth), NO3
˗˗N (at 5-20 cm soil depth), and qCO2 variations. The contribution of soil 

pH to the NO3
˗˗N was 25% and was shown at 10-20 cm soil depth. In addition to the time since 

fire factor, WSOC variation in the top soil was also attributed to the soil TC (13%) and δ15N 

(14%) (Tables 4.2 and 4.4 and Supplementary Table 4S1). 

At the B5 site, between 6% and 76% of the variation in labile C and N pools (except 

for HWETN and WSTN) among all soil depths were explained by differences in soil TC. 

HWETN (at all soil depths), WSTN (only at 5-20 cm soil depth) and MBN (at 10-20 cm soil 

depth) variations were attributed to soil TN with a contribution of about 14%-57%. Soil δ15N 

was the main driver explaining the variation in WSOC (42%), MBC (64%), and MBN (66%), 

for the top soil (0-5 cm). The regression analyses also showed that soil pH accounted for 23% 

-28% of the variation in WSTN and NH4
+˗N respectively, for 0-5 cm soil depth. Soil moisture 
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could not be ignored as a key driver for the variation of labile C and N pools as shown by the 

regression analyses that it explained 44% of NH4
+˗N, for 5-10 cm soil depth beside its small 

contribution to the variation of HWETN (13%-18%). The climatic information, especially the 

mean monthly rainfall was another factor driving the availability of N, and it explained about 

12%-28% of NH4
+˗N variation and 22% of PMN variation (Tables 4.2 and 4.4 and 

Supplementary Table 4S1). 

 

4.5   Discussion 

4.5.1   Impact of the time since fire on labile C and N pools 

 Soil organic matter pools were determined by HWEOC, HWETN, WSOC, and WSTN 

and we found that WSOC and WSTN were reliable and sensitive indicators of soil labile C and 

N pools in response to the time since fire compared with the other measurements at all three 

sites because the regression analysis showed the significant contribution of the time since fire 

in the variation of those measurements in the long-term sampling (Tables 4.2 and 4.4). 

Prescribed burning had a significant impact on soil organic matter pools as explained by the 

contribution of the time since fire to the variations of labile C and N pools. This contribution 

persisted for up to 7 years for all the three soil depths sampled, although it decreased with 

increasing soil depth. 

 Hot and cold water extraction methods were used in this study to determine the easily 

water dissolved C and N over the time since fire. The multiple regression equations revealed 

that the time since fire had greater impact on the variations in WSOC and WSTN (cold water 

extraction) compared to HWEOC and HWETN (hot water extraction) (Tables 4.2 and 4.4). As 

this impact was evident even for 7 years after the fire at the B5 site, we suggest that WSOC 

and WSTN may be considered to be reliable and sensitive measurements of the responses of 
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labile C and N to prescribed fire. Most previous studies reported that hot water extraction was 

preferred to predict mineralisable-C and mineralisable-N (Sparling et al., 1998; Ghani et al., 

2003; Curtin et al., 2006; Landgraf et al., 2006). The hot water extraction method has been 

used more often than the cold water extraction in studies (Chantigny et al., 2014) but the cold 

water extraction is recommended from this study to minimize compositional changes that may 

occur for labile C and N parameters with hot water extraction.  The difference between our 

results and the previous studies may be due to land use and management practices in different 

ecosystems (Chantigny, 2003) and type of plant cover (Uchida et al., 2012). Ghani et al. (2003) 

reported that different soil management practices and differences within ecosystems could have 

a significant impact on HWEOC. Therefore, determining the most suitable extraction method 

is important to predict the potential changes and dynamics in labile C and N pools under 

specific management practices in different ecosystems. These results require further validation 

on other ecosystems and the qualitative assessment also is needed to improve this comparison.          

The increases in HWEOC, WSOC, and WSTN shortly after the fire (2 weeks- 2 

months) may be due to the ash deposition (Debano and Conrad, 1978; White, 1986; Wan et al., 

2001; Johnson et al., 2008; Raison et al., 2009; Koyama et al., 2012; Wang et al., 2013) and 

the increase in litterfall from the tree canopy (Chapter 3) as a result of fire (Chandler et al., 

1983; González-Pérez et al., 2004; Knicker et al., 2005), which could be easily decomposed 

with soluble organic C and N released from the litter to the soil (Michalzik and Martin, 2013; 

Zhou et al., 2015). Similar results were found by Czimczik et al. (2003) who reported an 

increase in organic C stocks of the forest floor of a Siberian Scots pine forest 2 days after a 

fire. Low intensity fires enhanced labile and dissolved organic matter (Prieto-Fernández et al., 

2004). Soluble N was also reported to increase in the soil of burnt plots compared with the 

unburnt plots in Australian tropical savannas, but the time since fire did not have a significant 

impact on N pools (Richards et al., 2012a). On the other hand, other studies have shown a 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

98 
 

decline in soluble organic C and N after fire (Palese et al., 2004; Rodríguez et al., 2009; 

Tokareva et al., 2011; Vergnoux et al., 2011). The differences between burned and unburned 

areas persisted up to 15 years (Tokareva et al., 2011). The variations in soluble organic C and 

N after the fire among different studies related to the soil type, vegetation cover, climate, soil 

microbes, and analytical methods used (Hishi et al., 2004; Chen et al., 2005; Rodríguez et al., 

2009; Lu et al., 2011; Guigue et al., 2015).  

The effect of the time since fire on labile C and N pools decreased with increasing soil 

depth for one year after fire (B0 site), but not five years post-fire. Fire can increase 

hydrophobicity and water repellency which could be a reason for losing HWEOC, WSOC, and 

WSTN in the first year after the fire following their initial increase shortly after the fire 

(DeBano, 2000; Mills and Fey, 2004; Doerr and Cerdà, 2005; Granged et al., 2011; Tokareva 

et al., 2011; Richards et al., 2012a; Verma and Jayakumar, 2012; Montoya et al., 2014). It has 

been reported that heating litter can produce a water resistant film by condensing organic matter 

and this film can be preserved for up to two years after fire (Huffman et al., 2001). Water 

soluble substances could be lost with surface runoff as fire increases erosion (Shakesby et al., 

2015; Vieira et al., 2015). Following fire and the loss of surface cover, rainfall may compact 

the soil surface reducing porosity and air space. The aggregate composition may change and 

the soil pores become clogged with ash or clay minerals. All these factors may prevent mobile 

organic matter from filtering into the soil with precipitation (Certini, 2005; Tokareva et al., 

2011). 

4.5.2   Impact of the time since fire on N availability 

 The effect of fire on soil N availability persisted for up to 5 years after the fire for all 

the three soil depths as it was shown by the effect of the time since fire on NH4
+˗N and PMN. 

Different patterns have been reported by other studies on N availability following fire, 

dependent on the fire regime and ecosystems differences (Guinto et al., 2001; Verma and 
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Jayakumar, 2012; Rhoades et al., 2015). For example, Fernández-Fernández et al. (2015) 

reported no effect of fire on NH4
+˗N 10 years after the fire. The increase of soil NH4

+˗N, which 

is a direct product of combustion, needed only one year following the fire to be equal with non-

burned soils in the East Woods of the Morton Arboretum, DuPage County, Illinois, USA 

(Scharenbroch et al., 2012) and 15-18 months in Eucalyptus. regnans forests in the Myrtle 

Creek catchments, Melbourne (Weston and Attiwill, 1996). Extractable NH4
+˗N, NO3

˗˗N, and 

net N mineralisation rates were higher in burned soil compared to unburned soil one year after 

fire (Dumontet et al., 1996; Giardina and Rhoades, 2001). On the other hand, soil NH4
+˗N was 

still higher at the burned site compered to unburned control although that was two years after 

the fire (Wang et al., 2013). The effect of time since fire in our results was not apparent five 

years after fire and these results were consistent with the review analysis reported by Wan et 

al. (2001) who reported the responses of N to fire in relation to the time since fire. Factors 

influencing the temporal variation in soil NH4
+˗N and NO3

˗˗N following fire include soil 

moisture (Wright, 1982); N deposition (Christensen, 1994; May and Attiwill, 2003); N 

transformation, leaching and soil erosion (Debano and Conrad, 1978; Weston and Attiwill, 

1996); plant uptake and microbial immobilisation (Kaye et al., 1999); plant cover (Richards et 

al., 2012a); and spatial differences (Grogan et al., 2000). Soil moisture and N deposition could 

be responsible factors for these temporal variations in soil NH4
+˗N and NO3

˗˗N in this study 

because they are related to the rainfall.      

It is clear that fire can cause a loss of N by volatilisation, but the high level of available 

soil N (NH4
+˗N and NO3

˗˗N) after fire may compensate for this reduction, therefore, prescribed 

burning can be used to enhance and maintain soil N availability and then increase ecosystem 

productivity (DeBano et al., 1998; Wan et al., 2001; Gray and Dighton, 2006). The increase of 

soil NH4
+˗N was immediately after the fire (2 weeks – 7 months), while soil NO3

˗˗N response 

to the fire lagged behind NH4
+˗N (4- 10 months). The observed results may be due to the rapid 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

100 
 

decomposition and mineralisation of organic matter caused by the fire due to the modification 

of substrate quality, microbial population, environmental conditions, reduced plant uptake 

(reduced understory vegetation), and ash deposition (Debano and Conrad, 1978; White, 1986; 

Wan et al., 2001; Johnson et al., 2008; Raison et al., 2009; Koyama et al., 2012; Wang et al., 

2013). The subsequent decline in soil N availability was potentially due to plant uptake and 

nitrification which could be easily leached (Romanyà et al., 2001; Clingan, 2014). This is 

supported by Wilson et al. (2002) who noticed higher rates of N mineralization following 

prescribed burning in the xeric sites of longleaf pine ecosystems throughout south-eastern 

United States. Our results were consistent with the finding that concentrations of inorganic N 

increased after a slash pile burning in a ponderosa pine forest in the Rocky Mountain, west of 

Colorado Springs, but these changes were still significant 15 months after the burning (Jiménez 

Esquilín et al., 2007). On the other hand, prescribed burning did not affect NH4
+˗N 

concentrations in the upper 15 cm of mineral soil of a southwestern ponderosa, US, while 

NO3
˗˗N concentrations were higher in burned plots (Wright and Hart, 1997). The authors 

hypothesised that the reduction in C inputs from the forest floor to the mineral soil by burning 

could cause the differences in N availability. The destruction of soil allelopathic compounds, 

which inhibit N mineralisation, could be another reason for the temporary increase in soil 

NH4
+˗N (Carreira and Niell, 1995). The high availability of NH4

+˗N after fire could lead to 

increased nitrification and nitrate production (Wright and Hart, 1997) because Granli and 

Boeckman (1994) and Castaldi and Aragosa (2002) indicated that the substrate availability 

(NH4
+˗N) was a direct limiting factor for nitrification in addition to the water content. It has 

been reported that prescribed burning increased NH4
+˗N and NO3

˗˗N for two days to one year 

after burning as a result of ash deposition (Liao et al., 2013), these and our results are consistent 

with most studies which suggest that fire can increase the availability of N (Wang et al., 2013). 

The samples from a highland grassland also revealed that the high concentration of NH4
+˗N 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

101 
 

after winter prescribed burning led to a pulse of NO3
˗˗N after four month since fire (Canals et 

al., 2014). The high level of NO3
˗˗N after fire could be attributed to the presence of charcoal 

following years of prescribed burns which could alter soil conditions to allow for nitrifying 

organisms to colonize the soil or to reduce the presence of inhibitory compounds via sorption 

of hydrophobic substances to charcoal surfaces (DeLuca et al., 2002). Charcoal (biochar) has 

also shown to increase residence time of NO3
˗˗N in soil (Bai et al. 2015). Some other studies 

reported no changes in NH4
+˗N and NO3

˗˗N by fire and fire history (Korb et al., 2004; Close et 

al., 2011; Williams et al., 2012). 

 The NO3
˗˗N: NH4

+˗N ratio was used to quantify the contribution of the time since fire 

to soil nitrification. This ratio was expected to increase after the fire as a result of the increased 

nitrification rates because of high availability of NH4
+˗N shortly after burning (Wright and 

Hart, 1997). Fire can stimulate nitrifying bacteria which can oxidise NH4
+˗N to NO3

˗˗N 

(Andersson et al., 2004). Our results showed that this ratio increased after the fire, but it was 

only for 0-5 cm soil depth at the B0 site. At the B3 site, the results showed that the significant 

effect of time since fire went subsurface to the 10 cm soil depth which may be due to the 

leaching by rainfall that explained 18% of the variation. Nardoto and Bustamante (2003) 

indicated the contribution of rain to the variation of the accumulation of NO3
˗˗N. Charcoal left 

by fire could increase the nitrification because of the absorption of the chemicals that inhibit 

nitrification (DeLuca et al., 2006).     

 Previous studies of the effects of fire on PMN have reported conflicting results, with 

fire either causing a decrease (Adams et al., 1994; Ojima et al., 1994; Blair, 1997; Turner et 

al., 1997; Turner et al., 2007), an increase (DeLuca and Zouhar, 2000; Boerner and Brinkman, 

2003; Liao et al., 2013), or having no effect on PMN (Raison, 1979; Tongway and Hodgkinson, 

1992; Coetsee et al., 2008). There were various mechanisms to explain these observations. For 

example, elevated soil moisture enhanced N mineralisation from soil organic matter after fire 
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(Bell and Binkley, 1989), while the decrease could be due to the poor substrate (Vance and 

Henderson, 1984). Using different methods to determine N mineralisation could also explain 

these conflicting results (Stock and Lewis, 1986). We saw slightly increased PMN after the 

fire, but the responses were not significant. However; the time since fire explained 11%-20% 

of the variation in the first five years after the fire and these results were similar to what 

happened after fire in the wet land (Liao et al., 2013), ponderosa pine forest (for the first year 

after fire) (DeLuca and Zouhar, 2000), and Mediterranean grassland and shrublands (Romanyà 

et al., 2001). In contrast, the fire-exposed soil had lower PMN from a ponderosa pine (Pinus 

ponderosa Laws.)/Douglas-fir (Pseudotsuga menziesii var. glauca) forest in western Montana 

(Choromanska and DeLuca, 2002). 

4.5.3   Impact of the time since fire on soil microbial biomass and activity 

 In this study, both microbial biomass (C and N) and activity were affected by fire and 

they were significantly related to the time since fire. The reduction in soil MBC and MBN 

abundance shortly (2 weeks) after the fire (B0 site) in comparison to the pre-fire results 

observed in the present study may be due to: microbial mortality by heating (Hart et al., 2005; 

Cairney and Bastias, 2007); C substrate limitation or alteration, and labile C and N reduction 

(Choromanska and DeLuca, 2001; Choromanska and DeLuca, 2002; Guénon et al., 2011; 

Ginzburg and Steinberger, 2012); and changes in soil nutrients and soil moisture (Smith et al., 

2008; Capogna et al., 2009; O’Donnell et al., 2009). Our results showed that labile C and 

available N increased in the first two weeks after the fire; therefore, the decline in soil microbial 

biomass could be mainly caused by the direct killing by heating from the fire. One month after 

the fire, we noted that microbial biomass increased significantly. This increase may be due to 

the promotion of a favourable environment caused by the increase soil temperature, humidity 

and nutrient availability, which might increase soil microbial activity (Fisher et al., 2000; Liu 

et al., 2007; Rodríguez et al., 2009). Another study demonstrated that MBN was higher after 3 
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months following fire compared to pre-fire in pinyon- juniper woodland (Klopatek et al., 1990). 

Prescribed burning is not commonly severe enough to change C availability for soil microbes 

so that MBN was not changed from the soil from riparian coniferous forest of central Idaho, 

USA (Koyama et al., 2012) as well as microbial biomass was not affected by the low- severity 

fire at mid elevation forest in central Colorado (Hamman et al., 2007).    

The time since fire was used to examine the ability of the microbial biomass at the 

burned sites to recover after fire. Previous studies reported different periods of time for that 

recovery. Klopatek et al. (1990) found that MBN decreased significantly with the time elapsed 

after fire. MBC and MBN in a burned soil (0- 5 cm) were similar to unburned soil in the first 

year after the fire but decrease in subsequent years up to 11 years (Dumontet et al., 1996). 

Dumontet et al. (1996) highlighted that the effect of fire lasted longer in the sandy soil and the 

decrease was possibly due to the consumption of nutrients by fire. Similarly, a considerable 

soil microbial biomass recovery was recorded in soil heated at 160°C after one month, but 

declined steadily over the following six months (Fernández et al., 1999). In another study, the 

increase of MBC after fire lasted only for three months after fire (De Marco et al., 2005). Others 

reported that the recovery of microbial biomass took at least 10 years (Fritze et al., 1993), and 

17 years (Hedo et al., 2015) to reach the pre- burning values depending on fuel load during the 

fire (Switzer et al., 2012). Although our results showed that fire had a significant impact 

compared to the pre-fire results, microbial biomass varied over the sampling periods. This 

variation could be attributed to the changes in soil microbial abundance over the time since fire 

and these changes decreased with increasing the time since fire (Mikita-Barbato et al., 2015). 

The effects of fire on microbes are greater in the top soil, and some studies have shown 

that extended fire effect the subsoil that was supported by our results (Neary et al., 1999; 

Aponte et al., 2010). The regression analysis in this study showed that the time since fire was 

represented only within 0-5 cm for MBC, while its impact on MBN was higher in the top soil, 
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but it decreased with increasing soil depth. These differences between MBC and MBN could 

be dependent on the microbes and soil heating. It has been reported that most living microbes 

could be killed at temperature between 50 and 120°C (Covington and DeBano, 1990; Neary et 

al., 1999). These findings were supported by Prieto-Fernández et al. (1998) who demonstrated 

that fire decreased MBC and MBN drastically in the soil surface layer (0–5 cm) and reduced 

by 50% in the subsurface (5–10 cm). 

In this study, the fire and the time since fire effects on soil microbial activity were 

determined by measuring soil respiration rate over the sampling time and for all the three 

sampling depths. Our results showed that soil respiration and metabolic quotient (qCO2) 

increased between month four and month ten after the fire. This increase could be attributed to 

the release of available C and N after fire (Choromanska and DeLuca, 2002). De Marco et al. 

(2005) reported that soil respiration and qCO2 were higher after the fire and the effect lasted 

only in the first three months following the fire because of the increase in nutrient content after 

the fire. In contrast, regardless of the fire severity after the Hayman fire in central Colorado 

during the summer of 2002 with low humidity and high winds, soil respiration rates were lower 

at the burned sites compared to the unburned sites, which is possibly due to initial root and 

microbial mortality (Hamman et al., 2007). In this study, the time since fire explained the 

variation of soil respiration for five years after the fire, while qCO2 was explained for only two 

years after the fire. This contribution may be due to the effect of the time since fire on the labile 

organic matter. The easily available C from the dead plants and microorganisms after fire are 

rapidly decomposed and soil respiration increased (Wüthrich et al., 2002). The changes in 

micro-climate after fire influence microbial activity (Ryu et al., 2009; Hedo et al., 2015) in 

addition to seasonal differences (Richards et al., 2012b). 



Chapter 4- Soil Labile C and N Pools after Prescribed Burning 
 

105 
 

4.5.4   The contribution of soil properties and climatic variables to the labile C and N pools                          

  The multiple regression analyses revealed that soil characteristics and environmental 

conditions affected soil labile C and N pools over the sampling time and such contributions 

varied according to soil depth. Seasonal variations sometimes cause greater changes in soil 

microbial biomass and activity and C and N mineralisation than the fire-induced changes 

(Singh et al., 1991; Andersson et al., 2004). Over the sampling period at our study sites, the 

monthly mean rainfall was another factor explaining the variation of labile C and N as it can 

increase soil moisture and N deposition. The monthly mean rainfall and soil moisture were the 

main driving factors for the variation of NH4
+˗N between two and seven years after the fire 

(Supplementary Table 4S1). These results were consistent with those reported previously 

(Andersson et al., 2004). These results could be caused by the positive relationship between 

the soil moisture or rainfall and litter decomposition rates or N mineralisation (Castaldi and 

Aragosa, 2002; Zhou et al., 2009; Zhou et al., 2015). It has been reported that lower soil 

moisture limits soil microbial activities and might cause microbial death, further reducing soil 

N transformation (Aponte et al., 2010; Wang et al., 2013). The monthly mean air temperature 

explained some of the variation of WSTN and MBN at B3 site (Supplementary Table 4S1) 

because it has been revealed that the higher temperature in summer increases microbial activity 

(Canals et al., 2014). 

 Labile C and N pool variations could be linked to the soil chemical properties because 

of their roles in the decomposition pathways (Guigue et al., 2015). The regression analyses in 

this study also reported the contribution of δ13C to water-extractable organic matter. The δ13C 

reflects differences in the decomposition pathways of soil organic matter leading to the 

production of soluble organic compounds (Werth and Kuzyakov, 2010; Guigue et al., 2015). 

A proportion of the C and N pool variation was also explained by soil total organic C and total 

N as available nutrients for microbial activity (Supplementary Table 4S1). This relationship 
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was reported by Simard and N'dayegamiye (1993), Switzer et al. (2012), and Brockett et al. 

(2012). Soil pH also had a significant contribution to the variation of NO3
˗˗N, MBC, and MBN 

(Supplementary Table 4S1). Soil pH has been reported to increase after the fire (Granged et 

al., 2011; Scharenbroch et al., 2012; Switzer et al., 2012; Pourreza et al., 2014; Wang et al., 

2015).  Soil pH also affects organic C solubility which is the main nutrient source for 

microorganisms (Andersson et al., 2000) and the microbial activities are found to increase in 

treatments with increased pH (Bååth and Arnebrant, 1994; Bååth et al., 1995). Increase pH can 

have a positive effect on net nitrification because the nitrifying microorganisms are sensitive 

to acidity (Ste-Marie and Paré, 1999). 

4.6   Conclusion  

The results of this study concluded that WSOC and WSTN are suitable indicators of 

soil organic matter quality in both short and long term after prescribed fire. Cold water 

extraction could be more reliable than hot water extraction to determine the real available C 

and N in the soil as using hot water could kill soil microbes affecting water soluble C and 

soluble N. Low intensity fire could be a beneficial tool to improve soil quality and fertility for 

Southeast Queensland urban forest by increasing N availability. The fire interval followed in 

this suburban ecosystem could be enough in term of the recovery of soil organic matter, but 

the other components of ecosystem should be considered. 
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CHAPTER 5   Soil Total Carbon, Total Nitrogen, C and N Isotope 

Composition (δ13C and δ15N), and Soil Organic Matter Composition in 

Response to Prescribed Burning in a Suburban Forest Ecosystem of 

Subtropical Australia 

 

5.1   Abstract 

Nutrient cycling and carbon dynamics are important for ecosystem sustainability, 

which may be significantly affected by frequent burning used as a forest management practice. 

This study was undertaken within Toohey Forest, a suburban forest located in south-east 

Queensland, Australia to investigate changes in soil C and N pools over a full fire cycle (before 

and directly after the fire at B0 site (0-16 months), 3 years after the fire at B3 site (3-5 years), 

and 5 years after the fire at B5 site 5-7 years)) for three different soil depths (0-5, 5-10, 10- 20 

cm). The fire did not show a significant impact on soil organic matter composition. The results 

of this study indicated that the variability among different signal intensity obtained in 13C CP-

MAS NMR spectra restricted their use for assessing the impact of prescribed burning on soil 

organic matter composition, but it was reasonable to compare the pre and post fire soil samples 

and the green islands (adjacent but unburned areas during recent burning event) soil samples 

because they were collected from the same plot locations at the B0 site. The repeated measures 

analysis revealed that soil total C (TC), total N (TN), and C and N isotope compositions (δ13C 

and δ15N) changed significantly over the sampling periods. In regards to the time since fire, for 

the first two weeks after the fire at the B0 site, there was a significant decrease in soil total C 

(TC), total N (TN), and C and N isotope compositions (δ13C and δ15N) for all soil sampling 

depths. The multiple regression analyses showed that the contribution of the time since fire to 

the variations of soil δ13C and δ15N lasted up to 7 years so that these variables could be reliable 
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indicators to monitor fire history, C dynamics and N cycling, and the recovery process after 

the fire disturbance.  

 

5.2   Introduction 

Nutrient cycling and carbon (C) dynamics are important for ecosystem sustainability, 

which may be significantly affected by frequent burning used as a forest management practice 

(Bauhus et al., 1993; Blankenship and Arthur, 1999; Bauhus et al., 2002; Alexis et al., 2007). 

Thus, there is a need to evaluate the impacts of prescribed burning and the recovery of soil C 

and N pools following fire. Although this subject has been studied intensively over recent years 

in Australia, there are few studies which have undertaken comprehensive research to monitor 

the recovery from the fire over extended time periods of the full fire cycle because of the 

scarcity of native forest sites with known fire histories (Raison, 1980). 

Prescribed burning can have significant effects on nutrient balance and soil 

characteristics because of its temporal effect on microbial activities, volatilization of some 

nutrients at high temperature, particulate (ash) movement by wind or erosion from burned areas 

and deposition at the burned site or on adjacent site (Boerner, 1982; Raison et al., 1985a; Raison 

et al., 1985b; DeBano, 1990; Trabaud, 1994; Neary et al., 1999; Mills and Fey, 2004); and 

leaching of ions through precipitation which can dissolve the ash on the soil surface and cause 

leaching beyond  the root zone (Yildiz et al., 2010). Although leaching can contribute to 

nutrients losses, fire can temporarily increase leaching of the available nutrients leading to 

benefit plants (Yildiz et al., 2010). The effects of fire regimes on soil C and N cycling are 

largely dependent upon the particular ecosystems, vegetation types, and climatic conditions 

(Hurteau and Brooks, 2011; Bai et al., 2012a; Bai et al., 2014; Bai et al., 2015b). In the Western 

Mediterranean sea region of Turkey, Yildiz et al. (2010) found that total soil N concentration 

was 90% higher as a result of massive mineralization of N on-site, while the loss of O horizon 
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by fire resulted in lower soil C by 40% at sites one and two years following the fires compared 

with the control site. Although fire would cause a rapid loss of organic matter which could 

occur below 100°C, it could act as mineralizing agent increasing the short term availability of 

nutrients through mineralisation (DeBano et al., 1998; Yildiz et al., 2010). Another study 

undertaken five years after fire suggested that forest fires doubled the concentration of organic 

C and N in the A horizon (0-15 cm) in a Mediterranean ecosystem (Knicker et al., 2005). Those 

authors attributed this increase to the incorporation of humic material derived from the litter 

and from the remains of the charred necromass (Knicker et al., 2005). The accumulation of 

charred plant materials on the surface soil surface; the release of available mineral nutrients 

and inorganic N components from the ash and the increase of the pH value after the fire helped 

develop a new herbaceous layer and thus enhance litter production (Fernández et al., 1997; 

Pietikäinen et al., 2000; Prieto-Fernández et al., 2004). Therefore, the recovery of soil C and N 

pools after prescribed burning varies, depending on the fire interval (Aranibar et al., 2003; 

Garten, 2006; Macedo et al., 2008; Rhoades et al., 2015). Studies of soil total C and N from 

the short to long term are rather limited. It has been reported that there was no longer-term (30 

years) effect of regular prescribed burning on soil total C and N in Pinus taeda (L.) and Pinus 

palustris (Mill.) forest in Georgia (Binkley et al., 1992). Fuel reduction burning did not have a 

significant impact on total C and N in the surface (0-20 cm) mineral soil over the 9 years period 

following the fire near Truckee, CA. (Roaldson et al., 2014). Soil total C and N stayed without 

recovery for 24 months after the reduction by fire in Hidalgo, Mexico (Grande et al., 2015). 

Soil total C and N increased significantly after fire and total C returned to the pre-fire levels, 

while total N stayed above the pre-fire levels in the Prades Mountains in the Mediterranean 

climate of north-east Spain (Úbeda et al., 2005). However; to understand the recovery time of 

soil total C and N, it is necessary to examine the variation of soil total C and N availability over 

the time since fire. Therefore, the aim of this study was to quantify changes in soil total C and 
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N pools as well as their isotope composition (δ13C and δ15N) in response to prescribed fire in a 

suburban natural forest of south-east Queensland, Australia to establish if this practice can be 

used sustainably as a management tool for maintaining a low fuel load in this type of ecosystem 

with a fire cycle of 7-10 years. 

 Stable C and N isotope compositions (δ13C and δ15N) techniques have been reported to 

be a very powerful tools for gaining a better understanding of C and N cycling processes in 

forest ecosystems (Guinto et al., 2000; Blumfield et al., 2004; Huang et al., 2008; Pan et al., 

2008; Xu et al., 2009; Rivas et al., 2012; Bai et al., 2015; Hou et al., 2015). Fire causes a 

selective loss of light isotopes in soil organic matter compared with the heavy isotopes, but this 

selective loss is not substantial (Rumpel et al., 2006; Rumpel et al., 2007; Saito et al., 2007). 

Previous studies have demonstrated different views about the trends of soil δ13C and δ15N after 

the fire (Bai et al., 2012b; Bai et al., 2013; Ma et al., 2015). Despite its severity, fire did not 

have significant effects on soil δ13C and δ15N in a pine forest bordering the Mediterranean Sea, 

Italy (Certini et al., 2011). Prescribed burning of shrub oak in the Merritt Island Wildlife 

National Refuge in Florida had no significant impact on soil δ13C and δ15N (Alexis et al., 2010), 

while Saito et al. (2007) reported an increase in δ13C of 1.5‰ and δ15N of 2-3‰ after the 

heating of soil. Many studies have reported that soils were more 15N-enriched after fire and this 

enrichment could be reflected in a net increase in foliar δ15N after fire because nitrification, 

which increases post-fire, discriminates against 15N (Herman and Rundel, 1989; Högberg, 

1997; Grogan et al., 2000; Schafer and Mack, 2010). The change in soil δ13C could be attributed 

to vegetation changes due to the fire (Aranibar et al., 2003; Michelsen et al., 2004; Sala et al., 

2005). The new litter inputs and overall isotopic fractionation during decomposition have been 

reported to control soil isotopic compositions (Natelhoffer and Fry, 1988).            

 Solid state 13C NMR techniques have been increasingly used in soil science to improve 

the understanding of the qualitative characterisation of soil organic matter in relation to soil C 
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and N cycling processes (Mathers et al., 2000; Blumfield et al., 2004; Knicker et al., 2006; Xu 

and Chen, 2006; Chen and Xu, 2008; Xu et al., 2009; Guénon et al., 2011; Merino et al., 2014). 

Soil organic matter composition has been reported to be changed after fire, but these changes 

and the recovery depend on the fire intensity and fire intervals (Guinto et al., 1999; Flannigan 

et al., 2000; Knicker et al., 2006; Cécillon et al., 2009; Guénon et al., 2011). Low intensity fire 

was found to increase soil C content as a result of partly charred material or litter from decaying 

trees (Knicker et al., 2005; Guénon et al., 2011). The soil samples from the wet sclerophyll 

forest in south-east Queensland revealed that the proportion of O-alkyl (alkoxy/carbohydrate) 

C decreased significantly with increasing burning frequency, while the other chemical shifts 

regions had no significant effect (Guinto et al., 1999). On the other hand, the weakest fire 

intensity induced the greatest enrichment of aromatic C in continental Mediterranean 

ecosystems, Spain for 1 to 2 years after the fire (Knicker et al., 2006) and after a regular burning 

in the soil derived from volcanic ash in Japan (Golchin et al., 1997). The chemical fractions of 

soil organic matter had different relationships with the fire history (Guénon et al., 2011; Alexis 

et al., 2012), depending on quantity and quality of litter input and the rate of decomposition by 

soil microorganisms (Baldock et al., 1997). To date little emphasis has been placed on 

quantifying the trends of soil organic matter composition over a full fire cycle time frame. 

Therefore, this study aimed to quantify the changes in soil total C and N, δ13C and δ15N, and 

soil organic matter composition at different time periods since the fire to gain a better 

understanding of the recovery and stability of soil C and N pools and organic matter 

composition, which in turn can affect soil microbial community and activity recovery. 

Suburban Toohey Forest ecosystem of subtropical Australia has been managed with a 

repeated fuel reduction fire over the last 20 years to protect surrounding built-up areas from 

the danger of wildfires. This has led to changes in different functions within the system as 

reported in different studies (Bai et al., 2012b; Bai et al., 2013; Huang et al., 2013; Ma et al., 
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2015). There are studies of the responses in soil total organic C, total N, and stable isotope 

compositions (δ13C and δ15N), and soil organic matter composition to prescribed burning in 

different ecosystems (Aranibar et al., 2003; Saito et al., 2007; Nave et al., 2011; Martí-Roura 

et al., 2013; Ando et al., 2014; Roaldson et al., 2014; Grande et al., 2015; Jones et al., 2015; 

Rhoades et al., 2015). The effects of the current regime of a fire cycle of ca 7-10 years on soil 

C and N pools in this specific ecosystem are still unknown. The current study aimed to develop 

a better understanding of the variation in soil total C and N and their isotope compositions 

(δ13C and δ15N) over the time since the fire. The study examined the effects of prescribed 

burning on soil total C and total N, stable isotopes compositions (δ13C and δ15N), and soil 

organic matter composition to investigate the recovery process after the fire disturbance over a 

full fire cycle. It was hypothesised that soil total C and total N, δ13C and δ15N were likely to 

change after fire disturbance as a result of  rapid loss of organic matter from the O horizon, 

which can occur below 100°C, due to N volatilisation, and the selective loss of light isotopes 

in soil organic matter compared with the heavy isotopes. It was also hypothesised that the 

chemical compositions of soil organic matter were likely to be changed after the fire and 

became more aromatic. All these changes would vary depending on soil sampling depths and 

seasonal conditions. The contribution of litterfall quantity and quality to the variation of soil 

total C and total N also was also examined over the time since fire. 

5.3   Materials and methods               

5.3.1   Site description, experimental design and sample collection frequency 

The study area was located in Toohey Forest, a dry sclerophyll forest in southern 

Brisbane, Queensland, Australia (27°30′S, 153°02′ E). Toohey Forest has an elevation above 

sea level ranging between 35 and 195 m.a.s.l. (Catterall et al., 2001). The climate is subtropical, 

with an average annual rainfall of 1350 mm and a distinct wet season between January and 

March (Fig. 3.1). Mean annual temperature generally ranges from 10 °C in winter to 35 °C in 
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summer (Stock, 1987; Catterall et al., 2001; Bai et al., 2012b; Huang et al., 2013). The soil is 

podzolic, with a thickness usually greater than 60 cm but rarely exceeding 1 m. Horizon-A (10-

20 cm) is sandy silt loam to sandy loam, while horizon-B (20-40 cm) ranges from sandy clay 

loam to sandy clay (Catterall and Wallace, 1987). Soil properties are described in Table 3.1. 

Since 1993, low severity, prescribed burning has been carried out, mainly in the cooler 

winter months (Catterall et al., 2001). The blocks in this forest were burned when the fuel load 

reached 12-20 t/ha. The aim of the low severity fire with scorch <5m is to reduce fuel load by 

75% over 60-80% of the burned block (Brisbane City council). A mosaic or patchwork 

approach has been used with discreet areas of the forest burned each year with the intention of 

leaving a 7-10 year period between burns. Three study sites approximately 8 ha in size were 

selected within Toohey Forest.  

Three study sites were selected within Toohey Forest. The first site, B0 (27°32'26.79''S, 

153°02'39.81E), was burned in August 2011 and previously in August 1995 then March 2003. 

Soil samples were collected just before the fire and then shortly after the fire (2 weeks). 

Thereafter, samples were collected every 3 months in the 16 months period after the fire. Soil 

samples were also collected from green islands (adjacent unburned areas for the recent burning 

at the B0 site). Two further sites that had been burned prior to the present study were selected. 

Site B3 (27°32'34.02''S, 153°03'09.06E) was last burned in April 2008. The first sample 

collection was undertaken 3 years following its last burning and sampling conducted every 6 

months thereafter for 18 months (i.e. between months 38 and 56 following last fire). Site B5 

(27°32'28.61''S, 153°02'50.60E) was last burned in May 2006. The first sampling was 

undertaken 5 years following the last burning and every 6 months thereafter for 18 months (i.e. 

between months 61 and 79 following last fire). 



Chapter 5- Soil TC and TN, δ13C and δ15N, and Organic Matter Composition  
 

134 
 

5.3.2   Soil sampling 

Five soil cores were randomly collected from each quarter in each plot within each site 

study. Three depths were sampled using a 2.5 cm diameter auger: 0-5, 5-10, and 10-20 cm. In 

the laboratory, soil samples were passed through 2 mm sieve. A sub-sample of the soil was air-

dried and the rest was refrigerated at 4°C and processed shortly after sampling. 

5.3.3   Soil analyses 

Total C, total N, and stable isotope (δ13C and δ15N) composition were analysed by 

isotope ratio mass spectrometer with a Eurovector Elemental Analyser (Isoprime-EuroEA 

3000, Milan, Italy). This instrument can provide an accurate, precise and sensitive 

measurement of C and N (Sollins et al., 1999; Godin et al., 2007; Molero et al., 2011). Briefly, 

40 mg of air dried soil samples were ground and packed into a tin capsule. These were loaded 

into an auto-sampler and the capsule and sample dropped into the combustion column. Samples 

were assayed for the 13C/12C ratio and 15N/14N ratio. Results were used to calculate the δ13C or 

δ15N (‰) as: 

δ13C or δ15N (‰) = (
R sample

R std
− 1) × 1000 

Where Rsample is the 13C/12C or 15N/14N ratio of the samples and Rstd is the 13C/12C ratio of the 

international PeeDee Belemnite (PDB) standard or the 15N/14N ratio of the N2 gas (Cadisch et 

al., 1996; Xu et al., 2000; Molero et al., 2011). 

Solid-state 13C cross polarization and magic angle spinning (CP-MAS) NMR analysis 

was used to examine the soil organic matter composition before and shortly (2 weeks) after the 

fire. Samples taken from adjacent unburned areas (green islands, GI) and samples taken from 

plots that had been burned 3 and 5 years prior were also investigated. 13C CP-MAS NMR was 

only applied to the soil samples from the three sites for soil depth of 0-5 cm. The 13C CP-MAS 
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NMR does not depend on sample solubility and can be used for the bulk analysis of solid soil 

fractions. Reasonable resolutions of 13C chemical shift environments afford reliable 

information on the structure and composition of soil organic matter (SOM) (Mathers et al., 

2000). This technique has been refined and the recommended 2% hydrofluoric acid digestion 

was conducted on all samples prior to spectral acquisition to remove paramagnetic iron species 

(Skjemstad et al., 1994; Dai and Johnson, 1999; Mathers et al., 2000; Mathers and Xu, 2003).  

The functional groups of whole SOM were analysed using a Varian VNMRS 300 NMR 

spectrometer (Varian Inc., CA), operating at a frequency of 75.4 MHz. Samples ( 150–200 

mg) were packed into a 7 mm silicon nitride rotor and spun at 5000 Hz at the magic angle. The 

tancpx cross-polarization pulse sequence was used (vnmrj 3.1A) with a contact time of 1 ms, 

an acquisition time of 20 ms over a sweep width of 36 kHz and recycle delay of 2.5 s being 

applied in all cases (Chen et al., 2004; Mathers et al., 2007). A total of 20000 transients were 

collected for each sample. Chemical shift values were referenced externally to the aryl C 

resonance of hexamethylbenzene at 132.1 ppm (equivalent to tetramethylsilane at 0 ppm). 

13C-NMR spectra were divided into the common chemical shift regions: alkyl C (0–

45 ppm); O-alkyl C: comprising methoxyl C (45–60 ppm), carbohydrate C (60–95 ppm) and 

di-O-alkyl C (95–110 ppm); aromatic C: comprising aryl C (110–140 ppm) and phenolic C 

(140–160 ppm); and carbonyl C (160-210 ppm). Relative intensities for each region were 

determined by integration (Mathers and Xu, 2003; Chen et al., 2004; Mathers et al., 2007) using 

the Mest re Nova software package (Version: 8.1.4, Mestre lab Research S.L. 2013).  

Residual spinning side bands (SSB) are sometimes present in solid-state 13C NMR 

spectra, causing distortions in the relative intensity data which requires correction (Preston, 

2001; Knicker et al., 2005).  While spinning side bands (SSBS) were not conclusively identified 

over the majority of the 13C spectral window, in the samples studied (75.4 MHz), small SSB 
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contributions were in evidence in the phenolic and methoxyl regions (+/- 5 kHz; 66.7 ppm). 

We therefore rebalanced the intensity contributions of the SSBS within these regions. 

Accordingly, the high field and low field phenolic SSBS were approximated to being equal in 

intensity. The intensity of any observable, isolated, low field SSB region (δ 235-210 ppm) was 

doubled and the result added to the integral intensity obtained directly for the summed phenolic 

resonance (δ 160-140 ppm) (Knicker et al., 2005).  The intensity of the isolated low field SSBS 

was also subtracted from the integral intensity obtained directly for the region (δ 95-60 ppm) 

(to correct for the high field SSB contribution to this region). Similarly, the intensity of any 

observable, isolated, high field SSB region (δ 0-30 ppm) was doubled and the result added to 

the integral intensity obtained directly for the summed methoxyl resonance (δ 60-45 ppm). The 

intensity of the isolated SSB was also subtracted from the integral intensity obtained directly 

for the region (δ 140-110 ppm) (to correct for the, assumed equivalent, low field SSB 

contribution to this region). No other corrections for potential SSB contributions to the other 

domains of the spectra were made. 

5.3.4   Statistical analysis 

 Direct comparison among the experimental sites was not possible due to the fact that 

they had different properties and plant cover so each site has been independently assessed. The 

use of inferential statistics to compare among sites is subjected to the error of pseudoreplication 

as there is no true replication of time since fire because of the unique nature of the 

chronosequence in this study and has been used in other studies (Hurlbert, 1984; Idol et al., 

2002). A one-way ANOVA was conducted to detect the differences in the functional groups of 

SOM. A one-way mixed analysis of variance model with repeated measures was used to 

examine changes in soil total C, total N, and C and N isotope compositions over time since fire 

with time as the within subject factor (Idol et al., 2002; Schafer and Mack, 2010; Köster et al., 

2014). Differences in soil labile C and N variables among times were determined with post-
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hoc pairwise comparison (using Tukey-HSD test) when differences were significant (Idol et 

al., 2002; Schafer and Mack, 2010; Köster et al., 2014). Multiple regressions were carried out 

to quantify the variations of labile C and N measurements in relation to the soil properties and 

climatic information. The best fit was used to choose the multiple regression equations. 

Statistix software (version 8) was used for multiple regression analysis, while repeated measure 

analysis was performed using SPSS 22. 

 

5.4   Results 

5.4.1   Soil organic matter composition as revealed by solid-state 13C CP-MAS NMR 

 The 13C CP-MAS NMR spectra of samples taken from plots at the B0 site, pre-fire, 

post-fire, and included green islands (GI) are shown in Figure 5.1. Unfortunately, instrumental 

issues prevented the collection of 13C CP-MAS NMR data on samples from the B0 site at 3-18 

months sampling intervals. Thus, only preliminary data have been collected on samples of sub-

surface materials. It can be seen, however, that the signal intensity obtained in 13C CP-MAS 

NMR spectra of the samples was highly dependent on the location of the specific plots. The 

relative content of the major C-types for plots 1-3 at the B0 site, calculated by integrating the 

standard chemical shifts ranges, are shown in Table 5.1. Pre and post fire results revealed that 

low intensity fire did not have a significant impact on all C components. However, there was a 

small increase in alkyl C (~2-3%) and a small decrease in the aromatic C after the fire (Table 

5.1). Given that these samples are sub-surface samples, and therefore should not be biased by 

the loss of lignin from the wood burned on the surface during the fire, we assume that the 

relative decrease in aromatic functionality reflects a general gain in waxes and other leaf 

derived functional group types. A more thorough and longer term investigation will be required 

however, before stronger conclusions could be drawn. In the burned (before and after the fire) 

and GI areas, the major components were aromatic C (18-23% of total intensity, aryl C), alkyl 
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(14-21% of total intensity) and О-alkyl C (13-22% of total intensity, carbohydrates). The 

compounds in the chemical shifts regions of 160-210 ppm (carbonyl C) accounted for 14-20% 

of the total signal intensity (Table 5.1).  
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Fig 5.1 Carbon-13 CP NMR spectra of soil (0-5 cm) sampled from B0 site before burning, two 

weeks after burning, and Green islands. 
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Table 5.1 Relative intensities (%) derived from  13C CP-MAS NMR spectra of the 0-5 cm soil for prescribed burning areas at B0 before burning 

(0 month), shortly after burning (15 days) and in the green islands (GI) experiencing no recent burning in Toohey Forest of south-east Queensland. 

Mean ± standard error, means within a column followed by the same letter are not significantly different from each other (p>0.05). 

Time since burning 

(month) 

 

NMR chemical shift region 

 Alkyl C О-alkyl C  Aromatic C  Carbonyl C 

 

 

0 

Plot  Methoxyl C Carbohydrate C Di-О-alkyl C Aryl C Phenolic C  

P 1 14.5 8.8 21.2 7.4 20.8 11.9 15.5 

P 2 14.9 9.6 17.56 6.4 18.6 15.6 17.5 

P 3 16.9 10.7 15.7 5.5 20.8 12.4 18.1 

Mean 15.4 ± 0.6 a 9.7 ± 0.5 a 18.1 ± 1.4 a 6.4 ± 0.5 a 20.1 ± 0.7 a 13.3 ± 1.0 a 17.0 ± 0.7 a 

 

0.5 

P 1 19.1 9.8 21.2 7.0 18.1 10.2 14.7 

P 2 19.2 10.0 19.3 6.5 17.8 11.5 15.7 

P 3 18.8 11.9 14.9 5.5 19.5 12.1 17.3 

Mean 19.0 ± 0.1 a 10.5 ± 0.6 a 18.5 ± 1.6 a 6.4 ± 0.4 a 18.5 ± 0.5 a 11.2 ± 0.5 a 15.9 ± 0.7 a 

Delta intensity 

values (0-0.5) 

P 1 4.6 1.0 0.0 -0.3 -2.7 -1.8 -0.8 

P 2 4.3 0.4 1.7 0.1 -0.7 -4.1 -1.8 

P 3 1.9 1.1 -0.7 0.0 -1.3 -0.2 -0.8 

Mean 3.6 0.8 0.3 -0.1 -1.6 -2.0 -1.1 

 

0.5- GI 

P 1 18.5 8.7 19.4 6.5 18.9 11.5 16.6 

P 2 20.7 10.4 16.0 4.0 18.8 12.8 17.3 

P 3 18.4 9.6 13.1 3.6 23.0 12.9 19.4 

Mean 19.2 ± 0.6 a 9.6 ± 0.4 a 16.2 ± 1.7 a 4.7 ± 0.8 a 20.2 ± 1.2 a 12.4 ± 0.4 a 17.8 ± 0.7 a 
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As it can be seen in Figure 5.2, the signal intensity of 13C CP-MAS NMR spectra of 1 

plots sampled from the B3 and B5 sites varied markedly and was highly dependent on the 2 

location of the specific plot. This variability in observed signal intensity prevented meaningful 3 

comparison of 13C CP-MAS NMR data between samples sourced from different locations, with 4 

respect to assessing the impact of burning on SOM composition. A comparison of intensity 5 

data, for the purpose of assessing fire impact, will require the comparison of samples obtained 6 

from within the same plots. It is not reasonable to compare 13C CP-MAS NMR data from 7 

samples taken from different plot regions. The intensity on the 13C resonance regions obtained 8 

from the same samples collected from the four plot locations at the two sites are provided in 9 

Table 5.2. It can be seen that plots within the B3 site, show variability in alkyl C of 14-21%, 10 

О-alkyl C (carbohydrates) of 14-21% and aromatic C (aryl) of 16-21%. Similarly, plots at the 11 

B5 site, show variability in alkyl C of 15-27%, О-alkyl C (carbohydrates) of 17-19% and 12 

aromatic C (aryl) of 11-23%. This variability in composition of the sub surface soil material, 13 

for plots sampled within the B3 and B5 sites, invalidates direct comparison of 13C CP-MAS 14 

NMR spectral data obtained for B3 and B5 sites with samples taken from the B0 site.  A future 15 

study 13C CP-MAS NMR on the impact of time since fire on sub-surface SOM will require 16 

extended sampling of plots within the B0 site over time. 17 

 18 

 19 

 20 

 21 
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 22 

 23 

Fig 5.2 Carbon-13 CP NMR spectra of soil (0-5 cm) sampled from B3 site (3 years after 24 

burning) and B5 site (5 years after burning). 25 
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a 
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Table 5.2: Relative intensities (%) derived from 13C CP-MAS NMR spectra of the 0-5 cm soil for prescribed burning sites at B3 (3 years after 

burning) and B5 (5 years after burning) in Toohey Forest of south-east Queensland. Mean ± standard error. 

Site NMR chemical shift region 

 Alkyl C О-alkyl C  Aromatic C  Carbonyl C 

 Plot  Methoxyl C Carbohydrate C Di-О-alkyl C Aryl C Phenolic C  

 

 

B3 

P 1 19.1 8.5 17.4 5.7 17.9 14.1 17.4 

P 2 21.1 12.1 14.4 4.6 16.4 14.6 16.7 

P 3 18.4 11.9 20.1 7.4 18.4 10.5 13.3 

P 4 14.7 9.0 21.0 7.5 20.7 11.6 15.5 

Mean 18.3 ± 1.3 10.4 ± 1.0 18.2 ± 1.5 6.3 ± 0.7 18.3 ± 0.9 12.7 ± 1.0 15.7 ± 0.9 

 

 

B5 

P 1 16.5 11.7 17.1 7.6 17.0 14.3 15.6 

P 2 26.9 14.0 19.0 5.2 11.8 9.4 13.7 

P 3 20.2 9.5 19.1 5.8 15.2 14.1 16.2 

P 4 15.4 9.6 18.6 7.1 22.6 10.8 15.8 

Mean 19.0 ± 2.6  11.5 ± 1.1 18.5 ± 0.5 6.5 ± 0.6 17.0 ± 2.3 12.0 ± 1.2 15.5 ± 0.6 
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5.4.2   Impact of the time since fire on TC, TN, δ13C, and δ15N 1 

Repeated measures analysis indicated that the soil total C (TC), total N (TN), δ13C, and 2 

δ15N were significantly affected by the time since fire and the impact lasted up to 5 years for 3 

soil TC and TN, while the impact lasted up to 7 years for soil δ13C and δ15N (Tables 5.3 and 4 

5.5). The contribution of the time since fire varied among the three soil depths sampled (Tables 5 

5.4 and 5.6, and Supplementary Table 5S1). The green islands did not show any impact of the 6 

time since fire, which was expected as they were not burned, although these variables showed 7 

a significant variation over sampling period (Tables 5.4 and 5.6). 8 

Multiple regression analyses were performed to quantify the contribution of the time 9 

since fire, soil properties, litterfall properties, and climatic variables to the variations in soil 10 

TC, TN, δ13C, and δ15N for the three experimental sites (Tables 5.4 and 5.6). The time since 11 

fire explained 4%-30% of the variation in soil TC in the last 5 years after the fire. Similar to 12 

the soil TC, soil TN followed the same trend related to the time since fire with a contribution 13 

of 17%-50% to the variation in soil TN for the three soil sampling depths at the B0 site and 14 

only for the deep soil (10- 20 cm) at the B3 site. The 5%-55% variation of soil δ13C was 15 

explained by the time since fire at the all three sites. The time since fire had a significant impact 16 

on soil δ15N. At all three sites (GI included), 12%-62% of the variation in soil δ15N was 17 

attributed to the time since fire, but this was noted for all the soil sampling depths at the B0 site 18 

and only in the deep soil samples (10-20 cm) at the B3 and B5 sites (Tables 5.4 and 5.6, and 19 

Supplementary Table 5S1). 20 

 21 

 22 

 23 
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 1 

Table 5.3 Repeated measures analysis of variance within prescribed burning sites at B0 (shortly after burning), 

for burned areas and unburned areas (green islands GI) to determine the effect of time since fire (TSF) on soil 

total C, total N, C isotope composition, and N isotope composition at three soil depths in Toohey Forest south-

east Queensland. 

 Source df F-value P>F   df F-value P>F  

   B0     B0-GI   

TC (%) TSF 6 18.10 **   6 3.87 **  

 linear 1 14.03 **   1 10.30 *  

 quadratic 1 66.08 **   1 6.50 *  

 cubic 1 6.94 **   1 6.77 *  

 Depth 2 29.68 **   2 2.91 ns  

 TSF × Depth 12 4.78 **   12 0.66 **  

 linear 2 3.39 *   2 0.04 ns  

 quadratic 2 1.79 ns   2 0.98 ns  

 cubic 2 6.76 **   2 1.97 ns  

TN (%) TSF 6 36.95 **   6 17.68 **  

 linear 1 157.61 **   1 71.04 **  

 quadratic 1 86.90 **   1 36.12 **  

 cubic 1 2.23 ns   1 7.76 *  

 Depth 2 98.51 **   2 20.24 **  

 TSF × Depth 12 2.30 **   12 1.75 **  

 linear 2 2.93 ns   2 0.46 ns  

 quadratic 2 0.38 ns   2 1.43 ns  

 cubic 2 1.02 ns   2 2.51 ns  

δ13C (‰) TSF 6 9.10 **   6 7.58 **  

 linear 1 9.05 **   1 0.39 ns  

 quadratic 1 2.47 ns   1 5.40 *  

 cubic 1 10.31 **   1 43.22 **  

 Depth 2 101.65 **   2 41.14 **  

 TSF × Depth 12 8.65 **   12 3.87 **  

 linear 2 0.24 ns   2 0.63 ns  

 quadratic 2 5.48 **   2 3.16 ns  

 cubic 2 8.98 **   2 11.70 **  

δ15N (‰) TSF 6 317.30 **   6 73.51 **  

 linear 1 549.06 **   1 370.74 **  

 quadratic 1 41.88 **   1 16.64 **  

 cubic 1 1.13 ns   1 0.58 ns  

 Depth 2 184.96 **   2 106.63 **  

 TSF × Depth 12 40.52 **   12 9.20 **  

 linear 2 58.56 **   2 67.35 **  

 quadratic 2 9.10 **   2 6.06 **  

 cubic 2 2.09 ns   2 1.55 **  

TC: total C (%), TN: total N (%), δ13C: C isotope composition (‰), δ15N: N isotope composition (‰), GI: Green 

islands, TSF: time since fire (months). * and ** significant at P< 0.05 and P< 0.01 respectively, ns: not 

significant. 

 2 
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Table 5.4 Total C (TC), total N (TN), C isotope composition (δ13C) and N isotope composition (δ15N)  in relation to soil properties, time (months) 

since fire (TSF) and climatic variables for prescribed burning site at B0 (before and shortly after burning), for burned areas and unburned areas 

(green islands GI) in Toohey Forest of south-east Queensland. 

Soil depth 

(cm) 

Regression equations * 

B0 B0.GI 

 Total carbon (TC %)  

0-5 TC (%)=32.63+9.265TN-3.311pH+0.333 Litter δ13C-1.537TSF+0.171(TSF)2-

0.00546(TSF)3+ 0.0560SM (R2=0.615, n=80, P<0.001) 

TC (%)=19.16+19.48TN-3.551pH 

(R2=0.822, n=28, P<0.001) 

5-10  TC (%)=1.796+17.71TN-0.00565RF 

(R2=0.485, n=112, P<0.001) 

TC (%)=22.08+20.31TN-4.085pH  

(R2=0.394, n=28, P<0.001) 

10-20  TC (%)=39.74+23.33TN+ 0.0389 TSF +0.0733T+ 0.104SM-8.220pH-0.220 δ15N  

(R2=0.750, n=112, P<0.001) 

TC (%)=76.43+20.60TN-14.76pH 

(R2=0.418, n=28, P<0.001) 

 Total nitrogen (TN %)  

0-5  TN (%)=-0.389-0.0115TSF+7.185(TSF)2 +0.00359SM+0.108pH  

(R2=0.422, n=112, P<0.001) 

TN (%)=-0.804-0.0370δ13C  

(R2=0.263, n=28, P<0.001) 

5-10  TN (%)=0.0929-0.00813TSF+3.986(TSF)2+0.00643SM-4.966RF  

(R2=0.558, n=112, P<0.001) 

TN (%)=-0.963-0.0425δ13C  

(R2=0.173, n=28, P<0.001) 

10-20  TN (%)=0.932-0.00617TSF+3.593(TSF)2 -3.627RF+0.00617SM-0.172pH 

+0.00317 δ15N (R2=0.366, n=112, P<0.001) 

TN (%)=0.141-6.357LitterC:N-0.00182δ15N 

(R2= 0.377, n=28, P<0.001) 

 Stable carbon isotope composition (δ13C ‰)  

0-5  δ13C (‰)=-38.25-0.334Litter δ13C -0.00221TSF+ 0.249TC+0.030T   

(R2=0.208, n=80, P<0.001) 

δ13C (‰)=-24.29-0.0225LitterC:N 

(R2=0.547, n=20, P<0.001) 

5-10  δ13C (‰)=-26.72+0.0315SM+4.873DM+0.0787TC  

(R2=0.340, n=80, P<0.001) 

δ13C (‰)=-24.56-0.0128LitterC:N 

(R2=0.199, n=20, P<0.001) 

10-20  δ13C (‰)=-25.60+0.0617δ15N+0.0494Litterδ15N 

(R2=0.204, n=80, P<0.001) 

δ13C (‰)=-24.40-0.0166LitterC:N+0.0402δ15N 

(R2=0.448, n=20, P<0.001) 

 Stable nitrogen isotope composition (δ15N ‰)  

0-5  δ15N (‰)=44.57-0.839 TSF+0.0497 (TSF)2-5.482pH+0.00117DM+0.0269RF+0.586 

δ13C (R2=0.653, n=80, P<0.001) 

δ15N (‰)=-10.63+0.230LitterTC  

(R2=0.221, n=20, P<0.001) 

5-10 δ15N (‰)=-19.30+0.0851LitterTC +7.141TSF-0.802(TSF)2+0.0266(TSF)3  

(R2=0.838, n=80, P<0.001) 

δ15N (‰)=0.920+0.0347RF 

(R2=0.369, n=28, P<0.001) 

10-20  δ15N (‰)=27.11+4.223TSF-0.642(TSF)2+0.0264(TSF)3 +0.0194RF-0.612T  

(R2=0.763, n=112, P<0.001) 

δ15N (‰)=2.300+0.296RF  

(R2=0.137, n=28, P<0.001) 

*TSF: time since fire (month); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C:  C isotope composition (‰); RF: rainfall (mm); T: temperature (ºC); SM: 

soil moisture (%); Litter δ13C: Litterfall C isotope composition; Litter δ15N: Litterfall N isotope composition; Litter C: N: Litterfall C: N ratio; Litter TC: litterfall total C; DM: 

Litterfall dry matter amount (Kg ha-1 m-1); and GI: Green islands (unburned areas). 
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At the B0 site, for the first two weeks after the fire, sharp significant decreases in soil 

TC, TN, δ13C, and δ15N were observed for all soil sampling depths (Fig. 5.3a). Soil TC 

remained stable with a slight increase over the sampling time at 0-5 cm soil depth, while it 

fluctuated in deeper soil with another decrease at month 10 after the fire, followed with an 

increase thereafter (Fig. 5.3a). The reduction in soil TN after the fire continued to month 3 after 

the fire, and then a slight recovery began at month 7 before it decreased again at month 13, 

followed with another increase at the end of the sampling time (month 16). This fluctuation in 

soil TN after the fire was observed only at 0-5 cm soil depth as the deeper soil remained stable 

after month 3 (Fig. 5.4a). In the surface soil (0-5 cm), δ13C increased gradually from between 

two weeks to 10 months, and then decreased at month 13, followed with slight recovery at 

month 16. In the deep soil, δ13C followed the seasonal patterns after the reduction by the fire 

whereas it increased in summer and decreased in winter (Fig. 5.5a). A slight decline in the first 

two weeks after the fire was observed for δ15N for all three soil depths, and then it peaked 

between month 3 and month 10 before it decreased again at month 13, followed with an another 

increase by the end of the Month 16 (Fig. 5.6a). Although Green Islands are unburned areas, 

they showed a decrease in all variables after fire which could be attributed also for the fire 

effect as these areas were small areas and could be affected by fire flame. The decrease also 

might be attributed to the nutrient re-location through soil profile.  

54.3   The contribution of litterfall properties to the variations in soil TC, TN, δ13C, and δ15N 

Litterfall properties made a significant contribution to the variation in soil TC, TN, 

δ13C, and δ15N over the time since fire and this contribution varied among the soil sampling 

depths (Tables 5.4 and 5.6, and Supplementary Table 5S1). Litterfall δ13C explained about 13% 

of the variation in soil TC in the surface soil at B0 site and between 41% and 43% for that soil 

at B5 site (Tables 5.4 and 5.6, and Supplementary Table 5S1). The 20%-55% of the variation 

in soil δ13C from the soil samples collected at the B0 site from the green islands, was attributed 
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to the litterfall C: N ratio for all soil sampling depths as well as it explained about 24% of the 

variation in the deep soil TN (Tables 5.4 and 5.6, and Supplementary Table 5S1). Litterfall TC 

was the main driver for the changes in soil δ15N at the B0 site for the 5-10 cm in the burned 

areas and for the 0-5 cm in the green islands (Table 5.4 and Supplementary Table 5S1). At the 

B5 site, litterfall TN accounted for 19% and 20% of the variation in soil TN (10- 20 cm soil 

depth) and δ15N (5- 10 cm soil depth) respectively (Table 5.6 and Supplementary Table 5S1). 

  

 

 

Fig 5.3 Total carbon (TC %) for (a) before burning (0 month) and 16 months after the burning 

at B0 site; (b) unburned areas (Green Islands) at B0 site; (c) 3-5 years after the burning at the 

B3 site; and (d) 5-7 years after the burning at the B5 site for 3 soil depths. 
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Fig 5.4 Total nitrogen (TN %) for (a) before burning (0 month) and 16 months after the burning 

at B0 site; (b) unburned areas (Green Islands) at B0 site; (c) 3-5 years after the burning at the 

B3 site; and (d) 5-7 years after the burning at the B5 site for 3 soil depths. 
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Fig 5.5 Stable carbon (C) isotope composition (δ13C %) for (a) before burning (0 month) and 

16 months after the burning at B0 site; (b) unburned areas (Green Islands) at B0 site; (c) 3-5 

years after the burning at the B3 site; and (d) 5-7 years after the burning at the B5 site for 3 soil 

depths. 
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Fig 5.6 Stable nitrogen (N) isotope composition (δ15N %), for (a) before burning (0 month) and 

16 months after the burning at B0 site; (b) unburned areas (Green Islands) at B0 site; (c) 3-5 

years after the burning at the B3 site; and (d) 5-7 years after the burning at the B5 site for 3 soil 

depths. 
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5.4.4   The contribution of soil properties to the variations in soil TC, TN, δ13C, and δ15N 

 The multiple regression analyses also showed that the variation in soil TC, TN, δ13C, 

and δ15N could be attributed to the soil properties and the climatic variables over the time since 

fire for all soil sampling depths (Tables 5.4 and 5.6).  

At the B0 site, soil TN was the main driver for the variation in soil TC over the sampling 

time in the burned areas and green islands with a contribution of about 27%-76%. This 

contribution increased with increasing soil depth in the burned areas, while it decreased with 

increasing soil depth in the green islands (Supplementary Table 5S1). In addition to the fire 

effect, soil moisture and mean monthly rainfall explained the 7%-18% of the variation in soil 

TN and their contribution was higher for the second soil depth (5-10 cm) (Supplementary Table 

5S1). In the burned areas and green islands, for the deep soil (10-20 cm), soil δ15N accounted 

about 15%-17% of the variation in soil δ13C over the sampling time. On the other hand, 7%-

39% of the variation in δ15N was attributed to mean monthly rainfall in both burned areas and 

green islands (Supplementary Table 5S1).  

At the B3 site, soil TC and TN variations were driven by soil δ13C with a contribution 

of 21%- 45% over the sampling time. In the deep soil (10-20 cm), 21% of the variation in δ13C 

was explained by soil TC, but soil δ13C explained 16% of the variation in δ15N in the top soil 

(0-5 cm). Also there were small contributions of the soil pH and mean monthly temperature 

over the sampling time (Supplementary Table 5S1). 
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Table 5.5 Repeated measures analysis of variance within prescribed burning sites at B3 (3-5 years after burning) 

and B5 (5-7 years after burning) to determine the effect of time since fire (TSF) on soil total C, total N, C isotope 

composition, and N isotope composition at three soil depths in Toohey Forest south-east Queensland. 

 Source df F-value P>F   df F-value P>F  

   B3     B5   

TC (%) TSF 3 16.20 **   3 8.34 **  

 linear 1 35.18 **   1 4.98 *  

 quadratic 1 0.00 ns   1 15.46 **  

 cubic 1 0.79 ns   1 0.47 ns  

 Depth 2 362.19 **   2 4.90 *  

 TSF × Depth 6 8.08 **   6 0.66 ns  

 linear 2 4.46 *   2 1.02 ns  

 quadratic 2 14.78 **   2 0.50 ns  

 cubic 2 4.14 *   2 0.43 ns  

TN (%) TSF 3 1.58 ns   3 26.27 **  

 linear 1 0.00 ns   1 90.10 **  

 quadratic 1 1.55 ns   1 27.28 **  

 cubic 1 1.84 ns   1 1.13 ns  

 Depth 2 31.31 **   2 8.46 **  

 TSF × Depth 6 2.63 *   6 0.47 ns  

 linear 2 3.73 *   2 0.50 ns  

 quadratic 2 2.86 ns   2 0.66 ns  

 cubic 2 2.33 ns   2 0.27 ns  

δ13C (‰) TSF 3 17.58 **   3 8.18 **  

 linear 1 26.58 **   1 7.95 **  

 quadratic 1 5.75 *   1 11.65 **  

 cubic 1 9.46 **   1 4.33 *  

 Depth 2 139.06 **   2 66.23 **  

 TSF × Depth 6 19.17 **   6 9.10 **  

 linear 2 8.31 **   2 13.37 **  

 quadratic 2 46.20 **   2 9.02 **  

 cubic 2 5.83 **   2 3.35 *  

δ15N (‰) TSF 3 24.34 **   3 30.85 **  

 linear 1 38.82 **   1 25.52 **  

 quadratic 1 17.09 **   1 35.23 **  

 cubic 1 15.31 **   1 31.45 **  

 Depth 2 65.68 **   2 6.15 **  

 TSF × Depth 6 17.10 **   6 10.83 **  

 linear 2 29.47 **   2 10.60 **  

 quadratic 2 19.72 **   2 12.10 **  

 cubic 2 0.85 ns   2 8.36 **  

TC: total C (%), TN: total N (%), δ13C: C isotope composition (‰), δ15N: N isotope composition (‰), TSF: time 

since fire (months).* and ** significant at P< 0.05 and P< 0.01 respectively, ns: not significant. 
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Table 5.6 Total C (TC), total N (TN), C isotope composition (δ13C) and N isotope composition (δ15N) in relation to soil properties, time (months) 

since fire (TSF) and climatic variables for prescribed burning sites at B3 (3-5 years after burning) and B5 (5-7 years after burning) in Toohey 

Forest of south-east Queensland. 

Soil depth 

(cm) 

Regression equations * 

 

B3 B5 

 Total carbon (TC %)  

0-5 TC (%)=-13.05-0.615 δ13C 

(R2=0.446, n=64, P<0.001) 

TC (%)=48.79-8.643pH 

(R2=0.830, n=64, P<0.001) 

5-10 TC (%)=9.453-0.378TSF+0.00451(TSF)2 

(R2=0.299, n=64, P<0.001) 

TC (%)=-13.12-0.443Litterδ13C+0.0474δ15N+18.52TN+1.300LitterTN 

(R2=0.914, n=48, P<0.001) 

10-20 TC (%)=-7.097-0.327δ13C-0.0573Litterδ15N 

(R2=0.301, n=48, P<0.001) 

TC (%)=-7.969-0.288 Litterδ13C+0.0422δ15N+25.24TN 

(R2=0.895, n=48, P<0.001) 

 Total nitrogen (TN %)  

0-5 TN (%)=-0.622-0.0288 δ13C -0.0243Litterδ15N 

(R2=0.442, n=48, P<0.001) 

TN (%)=2.290-0.308pH+0.0186Litterδ13C 

(R2= 0.672, n=64, P<0.001) 

5-10 ns TN (%)= -0.337+0.00463δ15N-0.0116Litterδ13C+0.0788LitterTN+ 

0.00178 SM (R2= 0.754, n=48, P<0.001) 

10-20 TN (%)=5.079-0.304TSF+0.00606(TSF)2 -4.003(TSF)3 

(R2=0.539, n=64, P<0.001) 

TN (%)=0.0508+0.00303δ15N +0.0507LitterTN+0.00282Litterδ15N 

(R2=0.697, n=48, P<0.001) 

 Stable carbon isotope composition (δ13C ‰)  

0-5 δ13C (‰)=1.474-0.906TSF+0.00915(TSF)2-6.372TN+ 0.148δ15N-1.031pH 

(R2=0.750, n=64, P<0.001) 

δ13C (‰)=6.700-0.901TSF+0.00610(TSF)2-0.0870δ15N 

(R2=0.427, n=64, P<0.001) 

5-10 δ15N (‰)=-24.08+0.0702Litterδ15N-0.0231TSF 

(R2=0.144, n=48, P<0.001) 

δ13C (‰)=-32.07-0.225Litterδ13C-0.00272RF 

(R2=0.123, n=48, P<0.001) 

10-20 δ13C (‰)=-16.28-0.957TC-1.472pH 

(R2=0.249, n=64, P<0.001) 

ns 

 Stable nitrogen isotope composition (δ15N ‰)  

0-5 δ15N (‰)=13.78+0.488δ13C 

(R2=0.161, n=64, P<0.001) 

δ15N (‰)=25.13 -5.175pH+ 0.0817T 

(R2= 0.356, n=64, P<0.001) 

5-10 δ15N (‰)=-16.16-2.942pH-1.229Litterδ13C-0.0898T 

(R2=0.292, n=48, P<0.001) 

δ15N (‰)=54.38+121.5TN-9.205LitterTN+1.980Litterδ13C 

(R2=0.582, n=48, P<0.001) 

10-20 δ15N (‰)=348.8-21.001TSF+0.420(TSF)2-0.00279 (TSF)3 

(R2=0.617, n=64, P<0.001) 
δ15N (‰)=216.7+112.2TN-6.386TSF+0.0445(TSF)2 

(R2= 0.553, n=64, P<0.001) 

*TSF: time since fire (month); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C:  C isotope composition (‰); RF: rainfall (mm); T: temperature (ºC); Litter 

δ13C: Litterfall C isotope composition; Litter δ15N: Litterfall N isotope composition; Litter C: N: Litterfall C: N ratio; and Litter TC: litterfall total C. 
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At the B0 site, in the top soil, soil pH was a key driver of the variation in soil TC, TN, 

and δ15N over the sampling time, accounting for 29%-83% of their variations. On the other 

hand, soil TC and TN variations in the second and third soil depth were attributed to the soil 

δ15N over the sampling time with a contribution of about 33%-49% to the variation. In the 

second and third soil depths, the 34%-49% of the variation in δ15N was attributed to the soil 

TN over the sampling time (Supplementary Table 5.S1). 

 

5.5   Discussion             

5.5.1   Assessment of soil organic matter composition after prescribed burning  

 The variation in the soil organic matter chemical shifts among the three study sites may 

explain the post fire changes over the full fire cycle implemented in Toohey Forest. However; 

the results did not show such significant changes after the fire which could be due to the low 

intensity fire followed in this specific ecosystem. In the present study, the variation among the 

sites can be explained by the different initial quality of soil organic matter (Knicker, 2007; 

Merino et al., 2014). Our findings were consistent with previous studies which revealed that 

the low to moderate severity fires might not greatly affect soil organic matter composition 

(Alexis et al., 2010; Alexis et al., 2012; Merino et al., 2014). The generated pyrogenic organic 

matter from low combustion could cause decrease in aromatic C (Alexis et al., 2010) as it can 

be shown that aromatic C decreased in the first two weeks after the fire (Table 5.1). In contrast 

with our results, it has been demonstrated that soil heating could increase aromatic C resulting 

from O-alkyl C degradation (Almendros et al., 2003; González-Pérez et al., 2004; Kavdır et 

al., 2005; Knicker, 2007; Fernández et al., 2011; Merino et al., 2014), which decreased after 

the fire at the B0 site and the relative decrease in aromatic functionality reflects a general gain 

in waxes and other leaf derived functional group types (Table 5.1), or from the accumulation 

of char (Knicker et al., 2006). In addition to the combustion temperature, the time since fire is 
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another factor driving the variation and the recovery of the chemical functions of soil organic 

matter. It has been revealed that the large number of fires within a specific time period resulted 

in lasting degradation of methyl C, O-alkyl C, aromatic C and phenolic C functions which 

could lead to reduce the recovery of microbial properties after fire (Guinto et al., 1999; Guénon 

et al., 2011). The consumption of fresh litters that contain labile and easily decomposable 

materials caused a reduction in carbohydrate content and this reduction was higher in the recent 

burned forest compared with those burned previously (Kavdır et al., 2005). From our results 

and the previous studies, we can conclude that the low severity fire regime might not have long 

term impact on soil organic matter composition as revealed by the CP-MAS 13C NMR spectra.  

5.4.2   Impact of the time since fire on soil TC, TN, δ13C, and δ15N  

 The recovery time or the stabilisation of soil TC, TN, δ13C, and δ15N after fire 

disturbance varies, depending on fire severity, fire recurrence, and ecosystem characteristics 

(Johnson and Curtis, 2001; Neary et al., 2002; Aranibar et al., 2003; Eugenio et al., 2006; 

Garten, 2006; Martí-Roura et al., 2013). Although we did not directly compared the 

experimental sites in the present study, the decreased concentrations of soil TC and TN at the 

B0 site two weeks after fire were similar to the low levels observed at the five years old site 

which could reflect the lasted fire effect up to five years. On the other hand, the low levels of 

δ13C and δ15N after fire were the same as those at the seven years old site. Our results did not 

agree with results of Roaldson et al. (2014) who reported the lack of response in soil TC and 

TN to the time since fire (1-9 years after prescribed burning) in surface (0-20 cm) mineral soil. 

The recovery time in the present study was almost similar to that has been reported by Hatten 

et al. (2008) and Lavoie et al. (2010) who revealed that 6-7 years since fire was enough to allow 

O horizon, which is the main source of nutrient inputs and organic matter, to recover. Another 

study demonstrated that the time since fire had a significant effect on both soil TC and TN with 

an increase in the >10 years after the fire but not with the shorter time interval (Johnson and 
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Curtis, 2001). From the present study and the previous work in different ecosystems, it can be 

concluded that decreasing the time between fires can cause a consistent decline in soil TC and 

TN.         

 The reduction in soil TC and TN shortly after the fire (two weeks) was expected as a 

result of the combustion of the O horizon and N volatilization by fire (DeBano et al., 1998; 

Certini, 2005; Eugenio et al., 2006; Certini et al., 2011; Cheng et al., 2013; Kumar et al., 2013). 

Rainfall after fire can cause erosion losses (by surface erosion or leaching down into the profile 

soil), but the amount of loss varies depending on the distribution of ash, slope, and infiltration 

capacity of the soil, and the amount and duration of rainfall after fire (Yildiz et al., 2010). In 

the present study, there was some precipitation immediately after the fire (one week after fire), 

therefore, some of surface erosion may have happened leading to further soil TC and TN losses 

shortly after the fire. Our findings were consistent with those of Martí-Roura et al. (2013) who 

reported a decrease in organic C and TN from day 3 to month 9 post fire in burned mixed shrub-

grassland in the top 5 cm soil depth. Soil samples taken from Fethiye Forest in the western 

Mediterranean Sea region of Turkey showed a reduction by 40% in soil organic C two weeks 

after fire, while TN increased in the first 2 years after the fire because of the massive 

mineralisation of site stored N (Yildiz et al., 2010). Furthermore, soil TC and TN two days 

after prescribed burning were reduced due to the volatilisation in a Chinese fir forest (Yang et 

al., 2005). On the other hand, soil TC and TN were unaffected by burning in a pine forest from 

Western U.S., in the temperate forest, in the tropical savanna, or in a cheatgrass, Nevada 

because of the low severity of prescribed burning (Hatten et al., 2008; Coetsee et al., 2010; 

Nave et al., 2011; Jones et al., 2015).  

To improve our knowledge of C and N dynamics in forest ecosystems, the natural 

abundances of 13C and 15N were determined over the time since fire to integrate information 

on the dynamics of C and N, respectively (Robinson, 2001; Hou et al., 2015; Wang et al., 
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2015). Increasing soil δ13C (less negative) shortly after the fire (2 weeks) shown in this study 

could be attributed to the selective loss by fire for the light isotope (12C) compared to the 

heavier ones (13C) (Rumpel et al., 2006; Rumpel et al., 2007; Saito et al., 2007). The decline 

of soil δ13C (more negative) started from month 4 after the fire. Lower soil δ13C recorded after 

the fire could be related to shifts in community composition (increased C3 plants), resprouting 

stimulation producing plants with high photosynthetic rates, and the depletion by the charring 

process (Ansley et al., 2002; Ansley et al., 2006; Turney et al., 2006). The first reason could 

not be considered in the present study because the time after the fire was not enough to shift 

plant composition, but the time after the fire and spring season were suitable to stimulate the 

roots to resprout. Therefore, the second and third mechanisms could be the best explanations 

for decreasing δ13C after the fire. Our findings were consistent with some previous studies such 

as Saito et al. (2007) who reported that soil heating at 400 °C for 60 min increased δ13C which 

could be similar to the short term fire effect, while they reported a significant decrease in δ13C 

over nine months after the fire in the riparian zone analyses of South Shore Lake Tahoe, near 

Stateline, Nevada. On the other hand, although the temperature rose up to 700 °C as a 

consequence of a prescribed burning of shrub oak, stable isotope compositions (δ13C and δ15N) 

did not change significantly (Alexis et al., 2010) because of the less contribution of leaf-derived 

charcoal to the highly stable fraction.  

Soil total N (TN) becomes more 15N depleted (lower δ15N) when inputs (via 

atmospheric deposition and N2 fixation which are generally 15N depleted) exceeds losses 

(gaseous losses N via microbial transformation) (Högberg, 1997; Robinson, 2001; Aranibar et 

al., 2003; Ansley et al., 2006). Although there was a small decrease in soil δ15N two weeks 

after the fire, this change still could follow the scenario of N inputs more than losses because 

the fire can stimulate symbiotic or asymbiotic N2 fixation, reduce transformation rates, and 

increase immobilisation of inorganic N (Dell and Rice, 2005; Ansley et al., 2006). Leaching 
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and denitrification could be another ways for 15N (as 15N-NH4
+ or15N-NO3

-) loss because of the 

high availability of mineral N after the fire (Aranibar et al., 2003; Martí-Roura et al., 2013). 

Our findings did not agree with those of Saito et al. (2007) and Certini et al. (2011) who showed 

no significant changes in stable isotopes composition (δ13C and δ15N) and they attributed this 

to low soil temperature during the fire. Moreover, soils had to be burned at 400 °C to cause a 

significant enrichment of δ15N because of a greater loss of 14N compared to 15N by the high 

temperature (Saito et al., 2007). The decline of δ15N after the fire observed only in the first two 

weeks after the fire, and then followed with a high recovery in the first year after the fire. This 

recovery could result from the high post fire mineralisation producing higher concentrations of 

NH4
+-N which in turn increases nitrification that has been reported to discriminate against 15N 

(Herman and Rundel, 1989; Högberg, 1997; Wang et al., 2015). Burning followed with wetting 

can enhance gaseous loss of N leading to enrich the soil with 15N due to the high isotopic 

fractionation during the microbial processes involved (nitrification and denitrification) 

(Blackmer and Bremner, 1977; Mariotti et al., 1981; Robinson, 2001; Wang et al., 2015). 

In terms of the time since fire, soil δ13C and δ15N indicated apparent changes over the 

time, suggesting a temporal effect. The multiple regression analyses in this study indicated the 

relationship between stable isotope compositions (δ13C and δ15N) and the time since the fire, 

suggesting that monitoring these variables could be reliable indicators to infer pattern of fire 

history, C and N cycling, and the recovery processes after the fire disturbance. Previous studies 

showed different responses of stable isotope compositions (δ13C and δ15N) to time since fire 

(fire frequency and fire history), from positive pattern (Close et al., 2011; Martí-Roura et al., 

2013) to negative responses (Aranibar et al., 2003; Schafer and Mack, 2010).  
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 5.4.3   The contribution of litterfall and soil properties to the variation in soil TC, TN, δ13C, 

and δ15N 

Litterfall inputs are considered to be the major source of soil organic matter in terrestrial 

ecosystems and their decay controls nutrients inputs (León and Osorio, 2014; Wang et al., 

2015). The organic matter and nutrient return rate via litterfall depends on litterfall quantity 

and quality and climatic conditions (Loranger et al., 2002; Thomas et al., 2014; Mueller et al., 

2015; Yang and Zhu, 2015) because it has been reported that the decomposition rate to release 

C to the soil was negatively related to the ratio of recalcitrant compounds to N in leaf (Mueller 

et al., 2015). In the present study, the multiple regression analyses revealed the significant 

contribution of litterfall properties (litterfall quantity and litterfall quality: TC, TN, δ13C, δ15N, 

C: N ratio (Chapter 3)) to the variation of soil TC, TN, δ13C, and δ15N (Supplementary Table 

5S1). As it has been reported previously, this contribution could be attributed to the litterfall 

quality and quantity in the decomposition process which is the main mechanism to provide the 

mineral soil with C and N pools (Fang et al., 2015; Mueller et al., 2015; Wang et al., 2015). It 

has been reported that there were temporal variations in litterfall quantity and quality, which is 

also influenced by climatic parameters and soil properties (Chapter 3) so that the potential 

nutrient returns varied over time, which in turn affected on the soil C and N over the time. 

The inherent characteristics of the soil could make a significant contribution to the 

variation of C and N pools over the time since fire (Supplementary Table 5S1) because the 

availability of nutrients could stimulate microbial activity which leads to enhance the 

decomposition and mineralisation rates (Vesterdal et al., 1995; Sayer, 2006). In the present 

study, the effect of site-specific soil fertility was pronounced as the contribution of soil 

parameters varied among the three sampling sites (Supplementary Table 5S1). A positive 

correlation between soil total C and N was reported by Li et al. (2014) in Dawu village, Maqin 

County, of the Glog Tibetan Autonomous Prefecture of Qinghai Province, China. 
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The variation of soil pH and soil moisture after the fire also explained a proportion of 

the fluctuation of soil TC and TN over the time since fire (Supplementary Table 5S1). Soil pH, 

which increased after the fire (data not shown) as a result of organic acid denaturation (Certini, 

2005), was a driving factor of the variation in soil TC and TN in the longer term after the fire 

(B5 and GI of B0 sites) (Supplementary Table 5S1). It has been reported that a change in soil 

pH may have positive or negative impact on soil quality depending on system characteristics 

because the nutrient availability and different soil processes were influenced by soil pH 

(Arshad and Coen, 1992). The change in soil pH after the fire could lead to a shift in soil 

microorganisms, especially the decomposer groups (Rousk et al., 2009; Shen et al., 2013). Also 

it has been reported that the mineralisation of C and N as were measured by CO2-C and 

potentially mineralisable N respectively, was stimulated with increasing soil pH (Curtin et al., 

1998; Kemmitt et al., 2006). The multiple regression analyses also revealed that soil moisture 

contributed significantly to the variation of soil TC and TN (Supplementary Table 5S1) because 

of its role in soil organic matter mineralization (Rodrigo et al., 1997; Guntiñas et al., 2012). 

Drought stress could alter C/N stoichiometry as a result of the substantial effect of the drought 

on the active microbial functional groups (Abera et al., 2012; Brockett et al., 2012; Manzoni et 

al., 2012). In the present study, soil moisture fluctuated over the sampling time and showed the 

seasonal pattern in relation to rainfall. Therefore, the contribution of soil moisture to soil C and 

N pools varied over the time and was also different among the three sites due to the differences 

among them in soil properties, plant cover, and the time since the fire. 

 

5.6   Conclusion   

In terms of soil organic matter composition, the use of 13C CP-MAS NMR was 

restricted by the inherent variability at each site. From this study, it can be concluded that the 

low severity fire might not have long term effect on soil organic matter composition which 
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could show the short term recovery at suburban forest in Southeast Queensland. The short time 

of fire return can result in a consistent decline in soil C and N pools. The time since fire 

explained the variation in soil δ13C and δ15N up to 7 years as shown by the regression analyses, 

which could be reliable soil indicators to monitor fire history, C and N cycling, and the recovery 

process after the fire disturbance. 
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CHAPTER 6   Soil Microbial Functional Diversity in Response to Prescribed 

Burning in an Australian Suburban Forest 

 6.1   Abstract 

 The wide array of soil microbes in the belowground system of forests fulfils essential 

ecological functions such as nutrient cycling and soil organic matter dynamics. However, soil 

microbes are highly affected by prescribed burning which has become a useful tool in forests 

management. The present study was undertaken within Toohey Forest, a suburban forest 

located in south-east Queensland, Australia. The aim of this study was to investigate soil 

microbial functional diversity within a full cycle of prescribed burning in this specific 

ecosystem using Biolog GN2 and to examine the validity of this approach in determining 

microbial response to the time since the fire. The results indicated that using short incubation 

time (24 h) was more sensitive than longer incubation time for the purpose of assessing the 

impact of the time since fire on soil microbial functional diversity. The results also highlighted 

the significant increases in soil microbial diversity indices (average well color development 

(AWCD), Richness, Shannon index H′) in the first 10 months after the fire. These increases 

and the overall variations of soil microbial diversity indices were significantly related to the 

post-fire variation in nitrogen (N) availability, soil pH, litterfall inputs, and climatic variables 

(rainfall and air temperature). The repeated measures analysis revealed that soil microbial 

diversity indices varied significantly with respect to time since fire, incubation time, and their 

interaction. We also concluded that the Biolog approach is a rapid and sensitive method to 

investigate soil microbial functional diversity for different sampling time periods and 

treatments of prescribed burning within first 24 h of incubation and there is no need for longer 

term incubation. This study improves our understanding of how the common forest 
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management practices of prescribed burning might improve soil microbial functional diversity 

and ecosystem health of suburban forest. 

6.2   Introduction        

The wide array of organisms in the belowground components of forest ecosystems fulfil 

essential ecological functions of nutrient cycling and soil organic matter dynamics such as 

nitrogen (N) fixation, denitrification, nitrification, ammonification, decomposition, and soil 

structure and soil water holding capacity (Staddon et al., 1996; Neary et al., 1999; Knicker, 

2007). Soil microbes are highly affected by prescribed burning which has become a useful tool 

in forests management for ecosystem restoration and to protect human infrastructure against 

severe wildfire (Guinto et al., 1999; Leckie, 2005; Reverchon et al., 2012; Wang et al., 2014; 

Wang et al., 2015b). Fires can affect soil microorganisms directly by the reduction of their 

biomass through microbial mortality via heating (in short-term) (Pietikäinen and Fritze, 1995; 

Certini, 2005) or indirectly by altering soil environmental properties such as nutrient 

availability, pH and moisture, and the production of some toxic compounds and redistributing 

them in the soil (in medium to long-term) (Kim et al., 2003; Garcia-Villaraco Velasco et al., 

2009; Fontúrbel et al., 2012; Wang et al., 2015a). The role of soil biota to regulate nutrient 

availability to vegetation depends on their quality and function (Neary et al., 1999). Therefore, 

analysis of soil microbial functional diversity after fire is important to evaluate the effect of 

fire in forest ecosystem diversity because of the contribution of soil microbes to the recovery 

and sustainability of soil ecosystems after the fire.   

 The changes of soil microbial populations after fire have been shown to be widely 

related to the fire severity, changes in some soil properties, and post-fire environmental 

conditions (DeBano et al., 1998; Certini, 2005; Neary et al., 2005; Mataix-Solera et al., 2009). 

Previous studies reported contrasting results in regard to fire’s effect on soil microbial 

communities (Staddon et al., 1998; Blankenship and Arthur, 1999; Rutigliano et al., 2007; 
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Swallow et al., 2009; Dooley and Treseder, 2012). For instance, the burning of clear-cut plots 

at Chalk River, Ontario, Canada, caused clear changes in the microbial communities for 

organic and mineral soils as a result of soil properties changes by fire such as soil pH and 

nutrient availability (Staddon et al., 1998). In an oak-pine ecosystem in eastern Kentucky, 

prescribed burning did not affect active fungal biomass, while it had a positive impact on active 

bacterial biomass in the organic horizon, but in the mineral soil, the effect was not found 

(Blankenship and Arthur, 1999). Burning had no effect on soil microbial community structure 

or function in deciduous, mixedwood and coniferous boreal forest floors within the boreal 

mixedwood plains of north-western Alberta (Swallow et al., 2009). There were significant 

differences between burnt and unburnt plots for soil microbial diversity structure immediately 

after fire in a Japanese red pine forest whereas the highest structural diversity was in the unburnt 

plots because fire altered total soil organic C and N content which can be the limiting factors 

for microorganisms (Mabuhay et al., 2006). In a Mediterranean maquis coastal area of Southern 

Italy, fire significantly changed the composition of soil microbial communities whereas it 

decreased the fungal mycelium and stimulated bacterial growth as a result of increasing organic 

C and nutrient contents in the burned plots (Rutigliano et al., 2007). Thus, quantifying both 

direct and indirect effects of fire on soil microbial properties is important to examine the role 

of fire in maintenance ecosystem functions (Wang et al., 2015a; Wang et al., 2015b).  

The microbiological characteristics of the soils may vary at different time periods from 

the fire (Guénon et al., 2011). Studies have differed about the determination of the suitable 

period after the fire for the recovery and the stabilization of microbial structure because this 

would depend on the soil physical and chemical properties, alteration in plant community 

composition and production after the fire (Fontúrbel et al., 2012). Dumontet et al. (1996) and 

Fernández et al. (1999) reported that soil microbes needed about one month after the fire to 

recover, while the soil microbial functional diversity reached to the pre-fire level as quickly as 
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three months following the fire (D’Ascoli et al., 2005). On the other hand, the microbial 

community structure did not returned to pre-fire level at the Rocky Mountains west of Colorado 

Springs after 15 months from the slash pile burning (Jiménez Esquilín et al., 2007). However, 

with 6 years after an experimental prescribed burning to facilitate Scots pine establishment at 

Abernethy Forest, UK, the burning had no lasting effect on the soil fungal community 

composition and microbial activity (Curlevski et al., 2011). As it has been shown in the 

previous studies that the recovery of soil microbial composition differs with the time since 

burning, studying soil microbial composition and function at different time periods following 

fire in specific ecosystems can determine the stabilization time of soil microbial structure in 

these ecosystems. Moreover, a better understanding of the relationships between fire history 

and soil microbial community, combined with soil quality, can have direct implications for 

choice of ecosystem management options (Scheffer and Carpenter, 2003; Williams et al., 2012; 

Wang et al., 2015a). 

The Biolog technique is a rapid and inexpensive approach that has been used for 

studying different characteristics of soil microbial communities (Stefanowicz, 2006). This 

method relies on measurements of utilisation of different carbon (C) substrates by microbes 

and these measurements can be used to qualify microbial metabolic capabilities and hence 

functional diversity of soil microbial community under different disturbances (Lindstrom et al., 

1998; Preston-Mafham et al., 2002; Stefanowicz, 2006; Bai et al., 2012a). The duration of the 

incubation time is one of the limiting factors affecting Biolog usage (Konopka et al., 1998; 

Lindstrom et al., 1998; Smalla et al., 1998; Stefanowicz, 2006). It has been reported that taking 

a number of readings during the incubation and choosing those readings that exhibit 

approximately the same average well color development is preferable as the soil community 

structure changes during incubation (Garland, 1996). Konopka et al. (1998) suggested that 

short incubation (24 h or less) would produce color in the wells from microbes which grow 
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quickly in the rapid metabolised substrate, while longer incubation could increase the number 

of positive wells of Biolog plates due to activation of slow growth microbes. Therefore, the 

optimum use of the Biolog requires monitoring of color developments carefully so that 

nonlinearity can be accounted for in the final interpretation of community response (Haack et 

al., 1995). Although the optimal incubation time has attracted much attention, choosing the 

suitable incubation time with specific treatments has received less consideration. Therefore, 

this study also aimed to evaluate the suitable incubation time to best elucidate the response to 

the time since fire in forest ecosystems.              

Suburban Toohey Forest of subtropical Australia has been managed with a repeated 

fuel reduction fire over the last 20 leading to change different function within the system as 

reported in different studies (Bai et al., 2012b; Bai et al., 2013; Huang et al., 2013; Ma et al., 

2015). This study aimed to answer the question about the variations in soil microbial indices 

(metabolic activity, microbe's richness, and diversity index) in response to the short to long 

term fire effects. This study also aimed to clarify the impact of the post-fire changes in soil 

properties, litterfall inputs, and environmental conditions on the variation of soil microbial 

indices for a full fire cycle. It was hypothesised that soil microbial indices were likely to change 

after the fire disturbance as a result of heating, soil physical and chemical alteration, plant 

production changes and ash deposition. By determining the extents of these changes in soil 

microbial indices, we could address issue of the lacking knowledge on the fire behaviour in 

relation to the belowground system and the trend of long-term recovery of soil microbial 

properties within the time frame typical of the fire cycle (ca 7-10 years) in this suburban forest 

in south-east Queensland, Australia. 
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6.3   Materials and methods               

6.3.1   Site description, experimental design and sample collection frequency 

The study area was located in Toohey Forest, a dry sclerophyll forest in southern 

Brisbane, Queensland, Australia (27°30′S, 153°02′ E). Toohey Forest has an elevation above 

sea level ranging between 35 and 195 m.a.s.l. (Catterall et al., 2001). The climate is subtropical, 

with an average annual rainfall of 1350 mm and a distinct wet season between January and 

March (Fig. 3.1). Mean annual temperature generally ranges from 10 °C in winter to 35 °C in 

summer (Stock, 1987; Catterall et al., 2001; Bai et al., 2012b; Huang et al., 2013). The soil is 

podzolic, with a thickness usually greater than 60 cm but rarely exceeding 1 m. Horizon-A (10-

20 cm) is sandy silt loam to sandy loam, while horizon-B (20-40 cm) ranges from sandy clay 

loam to sandy clay (Catterall and Wallace, 1987). Soil properties are described in Table 3.1. 

Since 1993, low severity, prescribed burning has been carried out, mainly in the cooler 

winter months (Catterall et al., 2001). The blocks in this forest were burned when the fuel load 

reached 12-20 t/ha. The aim of the low severity fire with scorch <5m is to reduce fuel load by 

75% over 60-80% of the burned block (Brisbane City council). A mosaic or patchwork 

approach has been used with discreet areas of the forest burned each year with the intention of 

leaving a 7-10 year period between burns. Three study sites approximately 8 ha in size were 

selected within Toohey Forest.  

Three study sites were selected within Toohey Forest. The first site, B0 (27°32'26.79''S, 

153°02'39.81E), was burned in August 2011 and previously in August 1995 then March 2003. 

Soil samples were collected just before the fire (June 2011) and then shortly after the fire (2 

weeks) (August 2011). Thereafter, samples were collected every 3 months in the 16 months 

period after the fire (until December 2012). Two further sites that had been burned prior to the 

present study were selected. Site B3 (27°32'34.02''S, 153°03'09.06E) was last burned in April 
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2008. The samples were collected 3 years following the last burning in June 2011. Site B5 

(27°32'28.61''S, 153°02'50.60E) was last burned in May 2006. The sampling was undertaken 

5 years following the last burning in June 2011.  

6.3.2   Soil sampling 

Five soil cores were randomly collected from each quarter in each plot within each 

study site. The samples were collected using a 2.5 cm diameter auger for 0-5 cm soil depth. In 

the laboratory, soil samples were passed through 2 mm sieve. A sub-sample of the soil was air-

dried and the rest was refrigerated at 4°C and processed shortly after sampling. For Biolog 

analysis, the samples from each plot were bulked together to present one sample for each plot 

and four samples for each site at each sampling time at B0 site and only the first sampling at 

B3 and B5 site (4 plates for each site at each sampling time, 36 plates in total).  

6.3.3   Soil analyses 

Soil microbial functional diversity was assessed using BIOLOG GN2, which is 

dependent on the utilization of C compounds as described in (Garland and Mills, 1991). Briefly, 

after each soil sampling, 5 g of fresh soil was suspended in 45 ml, 0.9% NaCl solution. This 

suspension was shaken with a rotary shaker, at 300 rpm for 30 min. After 10 min waiting 

period, the settled suspension was diluted 10-fold. 125 µL of the diluted suspension was then 

loaded in each well of BIOLOG plate. The plates were incubated at 20°C and the absorbance 

was measured an ELISA plate reader at 595 nm every 24 for 96 hours. Average well color 

development (AWCD), microbial richness, and the functional diversity (Shannon index H′) at 

96 h were calculated as described by (Huang et al., 2008). Carbon sources used in BIOLOG 

GN2 plates have been listed in (Hitzl et al., 1997). 
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6.3.4   Statistical analysis 

Direct comparison among experimental sites was not possible due to the fact that they 

had different properties and plant cover so each site has been independently assessed. The use 

of inferential statistics to compare among sites is subjected to the error of pseudoreplication as 

there is no true replication of time since fire because of the unique nature of the chronosequence 

in this study (Hurlbert, 1984; Idol et al., 2002). A one-way mixed analysis of variance model 

with repeated measures was used to examine changes in soil microbial indices over time since 

fire with time at B0 site as the within subject factor (Idol et al., 2002; Schafer and Mack, 2010; 

Köster et al., 2014). Differences in soil labile C and N variables among times were determined 

with post-hoc pairwise comparison with Tukey-HSD test to determine differences among the 

means when the variables were significant (Idol et al., 2002; Schafer and Mack, 2010; Köster 

et al., 2014). Pearson correlation and multiple regressions were carried out to quantify the 

variations of soil microbial indices in relation to the soil properties, litterfall inputs, and 

climatic variables. The best fit was selected to present the multiple regression equations. All 

analyses were considered as significant at P<0.05. Statistix software (version 8) was used for 

multiple regression analysis and Pearson correlation, while principle component analyses and 

repeated measure analysis were performed using SPSS 22. 

 

6.4   Results                                 

6.4.1   Fire effects on soil microbial diversity indices 

 At all sites, the soil microbial diversity indices including average well color 

development (AWCD), Richness, Shannon index (H′), followed the same trend during the 

incubation time (Fig. 6.1). At the B0 site, the soil microbial diversity indices at 24 h were highly 

fluctuated to the time since fire compared to the other incubation time (Table 6.2 and Fig. 6.1). 



Chapter 6- Soil Microbial Functional Diversity 
 

187 
 

The differences among the three sites in soil and plant cover restricted our comparison for 

assessing long term fire effect on soil microbial activity. Therefore, the relationship between 

the time since fire and these indices was only tested at the B0 site for 16 months after the fire 

during 96 h incubation time (reading every 24 h) (Table 6.2 Supplementary Table 6S1). Over 

the sampling periods, the soil microbial diversity indices varied significantly in relation to the 

time since fire, incubation times, and their interaction (Table 6.3). 

Fire effect on the metabolic activity of soil microbial community was determined by 

microbial C-use intensity expressed as average well color development (AWCD) and the 

results showed in Fig. 6.1a. At the B0 site, initially, the fire caused a significant increase in the 

AWCD values as showed higher utilisation rate after the fire compared with the pre-fire values 

at all readings, while the increase was significant and observed at third month after the fire at 

24 h reading (Fig. 6.1a). The AWCD was more responsive at 24 readings showing fluctuation 

corresponding to different sampling (Fig. 6.1a). This was also confirmed by the regression 

analyses that the time since fire had a significant impact on AWCD after 24 h at the B0 site, 

whereas it explained about 24% of the variation in AWCD after the fire (Table 6.2 and 

Supplementary Table 6S1). After 48 h incubation, the time since fire also had a significant 

impact on AWCD, but less sensitive than the 24 h incubation. The AWCD values at the B3 and 

B5 sites were also shown in Table 6.1. 
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Table 6.1 Average well colour development (AWCD), Richness, and Shannon index (H′) in 

soil samples at the B3 site (3 years after burning) and the B5 site (5 years after burning) in 

Toohey Forest of south-east Queensland. 

Soil microbial 

indices a 

Site Incubation time (h) 

 24 h 48 h 72 h 92 h  

 

AWCD (595 nm) 

B3 0.006 (0.004) b 0.029 (0.007) 0.159 (0.022) 0.284 (0.025)  

B5 0.011 (0.007) 0.064 (0.019) 0.226 (0.043) 0.362 (0.037)  

       

 

Richness 

B3 1.50 (0.96) 8.00 (1.87) 34.75 (4.84) 47.50 (3.30)  

B5 2.25 (1.31) 14.50 (3.95) 39.00 (5.80) 47.75 (3.42)  

       

 

Shannon index (H′) 

B3 0.51 (0.33) 1.95 (0.24) 3.45 (0.16) 3.77 (0.08)  

B5 0.61 (0.41) 2.41 (0.44) 3.57 (0.15) 3.76 (0.08)  
a AWCD: average well colour development in the Biolog plates. 
b Numbers in the brackets denote standard errors 

 

Table 6.2 Soil microbial functional diversity for different incubation periods in relation to soil 

properties, time (months) since fire (TSF), litterfall input (Chapter 3), and climatic variables 

(temperature and rainfall) at the B0 site before burning and 16 months after the burning in 

Toohey Forest of south-east Queensland. 

Soil microbial 

indices a 

Incubation 

time (h) 

Regression equations b 

 

AWCD (595 nm) 

24 h 0.216+0.002 NH4
+- N+0.020TSF-0.019T (R2=0.875, n=28, P<0.001) 

48 h -0.930+0.018TSF+0.0013 NH4
+- N+0.182pH (R2=0.770, n=28, P<0.001) 

72 h -1.663+0.400pH (R2=0.598, n=28, P<0.001)  

96 h -1.587+0.453pH-0.012SM (R2=0.603, n=28, P<0.001) 

 

Richness 

24 h 27.89+0.267 NH4
+- N+2.510TSF-2.356T (R2=0.875, n=28, P<0.001) 

48 h -83.53+0.811TSF+0.075 NH4
+- N+20.22pH (R2=0.673, n=28, P<0.001) 

72 h -1809.2+0.119DM+305.7pH+0.872TSF+92.90TN-0.782SM 

(R2=0.715, n=28, P<0.001) 

96 h 71.60+0.685TSF+0.167RF-0.837SM (R2=0.499, n=28, P<0.001) 

 

Shannon index (H′) 

24 h 9.917+0.018 NH4
+- N+0.197TSF-0.132T-1.382pH (R2=0.701, n=28, P<0.001) 

48 h -3.073+1.176pH (R2=0.480, n=28, P<0.001)  

72 h 4.096+0.0091TSF-7.785DM+1.281TN (R2=0.609, n=28, P<0.001)   

96 h 4.135+0.009TSF+0.002RF-0.011SM (R2=0.408, n=28, P<0.001) 
a AWCD: average well colour development in the Biolog plates. 
b TSF: time since fire (month); TN: total N (%); RF: mean monthly rainfall (mm); T: air temperature (ºC); DM:  

Litterfall dry matter amount (Kg ha-1 m-1); SM: soil moisture (%). 

 

 

 



Chapter 6- Soil Microbial Functional Diversity 
 

189 
 

Table 6.3 Repeated measures analysis of variance for soil microbial functional diversity for different incubation 

periods in relation to time since fire (TSF) at B0 site (shortly after burning) in Toohey Forest south-east Queensland. 

 Source df F-value P>F 

AWCD (595 nm) TSF 6 43.95 ** 

 linear 1 79.69 ** 

 quadratic 1 77.95 ** 

 cubic 1 0.01 ns 

 Incubation time 3 161.49 ** 

 TSF × Incubation time 18 4.78 ** 

 linear 3 2.28 ns 

 quadratic 3 1.07 ns 

 cubic 3 3.36 ns 

Richness TSF 6 44.16 ** 

 linear 1 39.82 ** 

 quadratic 1 47.04 ** 

 cubic 1 1.07 ns 

 Incubation time 3 156.03 ** 

 TSF × Incubation time 18 7.63 ** 

 linear 3 1.43 ns 

 quadratic 3 6.89 ** 

 cubic 3 6.08 ** 

Shannon index (H′) TSF 6 18.00 ** 

 linear 1 17.72 ** 

 quadratic 1 17.58 ** 

 cubic 1 0.43 ns 

 Incubation time 3 81.78 ** 

 TSF × Incubation time 18 8.75 ** 

 linear 3 2.24 ns 

 quadratic 3 2.27 ns 

 cubic 3 4.58 * 

AWCD average well colour development in the Biolog plates, TSF time since fire (months). 

* Significant at the 0.05 probability level, ** significant at the 0.01 probability level, ns not significant. 
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Richness was calculated to determine the soil microbial richness as shown in Fig. 6.1b. 

At the B0 site, although it did not change significantly, the richness tended to increase as a 

consequence of fire throughout the first 10 months after the fire before it decreased thereafter 

(Fig. 6.1b). The 17-30% of the variation in the microbial richness was attributed to the time 

since fire over the different incubation time throughout study time (Table 6.2 and 

Supplementary Table 6S1). Although regression equations showed that the time since fire 

contribution observed up to 96 h incubation, the 24 h incubation was more responsive over the 

sampling time (Fig. 6.1 and Table 6.2). Longer time periods after the fire, the results of 

microbial richness values at the B3 and B5 sites were also shown in Table 6.1  

At the B0 site, the values of Shannon index (H′) showed the significant effect of the 

fire on the functional diversity of soil microbial community (Fig. 6.1c). In the first 2 weeks 

after the fire, an increase in H′ values was observed and it persisted up to 16 months after the 

fire at 48, 72, and 96 h incubation time (Fig. 6.1c). At 24 h, the increase was observed only 

between month 3 and 13 (Fig. 6.1c). A significant impact of the time since fire on H′ was 

observed at 24, 72, 96 h incubation time and the 24 h was more responsive to the samplings 

times (Table 6.2). The time since fire accounted for 19-26% of the variation in H′ (Table 6.2 

Supplementary Table 6S1). The values of H′ at the B3 and B5 sites were shown in Table 6.1. 

Although the comparison among the three sites was not reasonable, the H′ values at the pre-

fire samples, B3, and B5 sites at the point of 96 h indicated that the soil microbial community 

might be stabilised within three years after the low intensity, prescribed burning (Fig. 6.1c and 

Table 6.1). This was supported by the PCA separation over the three different sites (Fig. 6.2).  
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Fig. 6.1 (a) Kinetics of average well colour development (AWCD), (b) Richness, and (c) 

Shannon index (H′) in soil samples before burning (0 month) and 16 months after the burning 

in Toohey Forest of south-east Queensland. 

The PCA was performed for the pre-fire, 12 months, 3 years, 5 years after the fire (Fig. 

6.2). Although the previous results revealed that the 24 h incubation was more sensitive and 

responsive to the time since the fire, this PCA was done only for 96 h incubation. The reasons 

are that 96 h incubation was the peak of the C utilisation in the Biolog plates and the comparison 

among the three sites was not reasonable because of the differences in vegetation and the soil 

among them. This PCA separated the 12 months after the fire (positive values along PC1) from 

the other sampling time (negative values along PC1), whereas PC1 and PC2 explained 55.5% 

and 11.9% of the variance of the data, respectively (Fig. 6.2). 
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Fig. 6.2 Principle component analyses (PCA) of substrate utilisation patterns at 96 h incubation 

for  before burning and 12 months after the burning at B0 site (B0 and B0-12); 3 years after 

the burning (B3 site); and 5 years after the burning (B5 site). 

 

The PCA for the samples collected before the fire and 12 months, 3 years, and 5 years 

after the fire (Fig. 6.3) revealed the substrates that influenced PC1 were also mainly 

carbohydrate, carboxylate, and amino acids while those of PC2 were mainly carbohydrate and 

carboxylate (Table 6.4). 
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Table 6.4 Substrates with high correlation coefficient for PC1 and PC2 extracted from PCA of 

substrate utilisation pattern for the soil samples collected before the burning, 1 year after the 

burning, 3 years after the burning, and 5 years after the burning. 

PC1 

Carbohydrate 

D-Sorbitol 0.95 D-Arabitol 0.76 

Adonitol 0.94 Xylitol 0.74 

N-Acetyl-D-Glucosamine 0.94 D-Galactose 0.72 

Sucrose 0.94 D-Fructose 0.71 

D-Mannitol 0.92 D-Saccharic acid 0.68 

D-Gluconic acid 0.89 Glycogen -0.68 

i-Erythritol -0.88 D-Mannose 0.67 

α-D-Lactose -0.83 L-Fucose 0.65 

α-D-Glucose 0.82 Glycerol 0.64 

Maltose 0.81 D-Galacturonic acid 0.62 

D-Trehalose 0.81 L-Rhamnose 0.54 

m-Inositol 0.78 D,L-Glycerol-3-Phosphate 0.56 

N-Acetyl-D-Glucosamine -0.78 Dextrin 0.54 

D-Raffinose 0.77 3-Methyl-D-Glucoside 0.51 

Carboxylate 
Quinic acid 0.97 Malonic acid 0.67 

Bromosuccinic acid 0.97 γ-Hydroxybutyric acid -0.62 

Sebacic acid 0.96 Formic acid -0.61 

Succinic acid 0.95 Propionic acid 0.61 

D,L-Carnitine 0.93 α-Hydroxybutyric acid -0.60 

γ-Amino-N-Butyric acid 0.90 D-Galactonic acid-γ-Lactone -0.53 

β-Hydroxybutyric acid 0.89 Itaconic acid -0.50 

α-Ketobutyric acid 0.86 α-Ketoglutaric acid 0.55 

Citric acid 0.73 Succinamic acid 0.52 

Acetic acid -0.70 D-Glucosaminic acid 0.89 

Amino acid 
L-Asparagine 0.96 L-Alanine 0.90 

L-Aspartic acid 0.96 L-Proline 0.86 

L-Pyroglutamic acid 0.95 Putrescine 0.81 

L-Glutamic acid 0.94 L-Threonine 0.75 

L-Leucine 0.94 L-Histidine 0.65 

Hydroxy-L-Proline 0.94 L-Ornithine 0.53 

D-Alanine 0.93 Gly-Asp -0.54 

Nucleoside  Alcohol  

Inosine 0.93 2,3-Butanediol -0.93 

Thymidine -0.93 2-Aminoethanol 0.82 

PC2 

Carbohydrate  Carboxylate  

α-Cyclodextrin 0.85 Acetic Acid 0.52 

α-D-Glucose-1-Phosphate 0.84 γ-Hydroxybutyric acid 0.58 

D-Arabinose 0.79 Formic acid 0.57 

Lactulose 0.50 α-Hydroxybutyric acid 0.55 

D-Turanose 0.57 Itaconic acid 0.64 

  D,L-Lactic acid 0.57 

Amino acid  Nucleoside  

L-Phenylalanine 0.66 Uridine 0.77 
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6.4.2   Relationship between soil microbial diversity indices and soil properties, litterfall 

inputs, and climatic variables. 

The Pearson’s correlation and multiple linear regressions analyses were performed to 

quantify the relationships between soil microbial diversity indices and soil properties, litterfall 

inputs, and climatic variables over the time since fire at the B0 site only (Tables 6.2 and 6.5). 

The Pearson’s correlation coefficients revealed that only the microbial richness and the 

functional diversity (H′) were highly correlated with soil water soluble total N (WSTN), soil 

moisture, and mean monthly rainfall at p<0.05 and 0.01 (Table 6.4). 

Table 6.5 Significant Pearson’s correlation coefficients of soil microbial functional diversity 

with soil water soluble total nitrogen (WSTN), soil moisture, and rainfall at the B0 site before 

and 16 months after the burning in Toohey Forest of south-east Queensland. 

 Soil microbial indices a 

 Richness Shannon index (H′) 

WSTN 0.227*c  0.200* 

Soil moisture 0.208* 0.262** 

Rainfall 0.251* 0.270** 
a AWCD: average well colour development in the Biolog plates 
c Asterisks * and ** indicate significance at p<0.05 and 0.01 respectively. 

 

 

The multiple regression analyses indicated that the variation in AWCD and microbial 

richness was mainly explained by NH4
+- N in the first 48 h incubation whereas it explained 

about 30-44% of the AWCD variation and 29-43% of the microbial richness variation over the 

first 16 months after the fire (Table 6.2 and Supplementary Table 6S1). For the 48 h of the 

incubation time, soil pH accounted for 49-60% of the variation in the AWCD, while it 

explained 20% of the variation in the microbial richness at the 72 h incubation time over the 

sampling time (Table 6.2 and Supplementary Table 6S1). The H′ variation over the time since 

fire varied in relation to the incubation time. The 27% of the H′ variation was attributed to 

variation in NH4
+- N for the first 24 h incubation time, soil pH explained about 48% of its 

variation at the 48 h incubation time (Table 6.2 and Supplementary Table 6S1). Litterfall inputs 
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also had a significant impact on the variation of the soil microbial diversity, whereas litterfall 

inputs contributed about 22% and 20% to the variation in the microbial richness and the H′ 

respectively (Table 6.2 and Supplementary table 6.S1). The local climatic variables also 

affected the soil microbial diversity indices over the first 16 months after the fire. Mean 

monthly air temperature had a 19% contribution to the variation in each of the soil microbial 

diversity indices for the first 24 h incubation time (Table 6.2 and Supplementary Table 6S1). 

Mean monthly rainfall explained about 18% and 12% of the variation in microbial richness and 

H′ respectively for the 96 h incubation time (Table 6.2 and Supplementary Table 6S1). 

6.4.3   Principle component analyses in response to the incubation time 

 Principal component analyses (PCA) were performed to determine the patterns of the 

C utilised by soil microorganisms in the BIOLOG GN2 wells at incubation time 24, 48, and 96 

h for both before and up to 16 months after the fire. Because the results showed the differences 

between 24 h and 48 h but the 96 h is traditionally used, we performed three different PCAs 

for the B0 site (Fig. 6.3).  
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Fig. 6.3 Principle component analyses (PCA) of substrate utilisation patterns for samples 

collected before burning (0 month) and up to 16 months after the burning at B0 site at (a) 24 h, 

(b) 48 h, and (c) 96 h incubation. 

 

At the B0 site, the PC1 explained 49.6%, 35.7%, and 36% of the variance of the data at 

the selected incubation times respectively, while the PC2 explained 7.3%, 14.5%, and 12.7% 

of the variance of the data at those incubation times respectively (Fig. 6.3). At 24 h, in response 

to the time since fire, there was a clear separation over the time since the fire (Fig. 6.3a). The 

PCA results separated the C substrate utilisation of the pre-fire and post-fire sampling to two 

a b 

c 
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main groups at the 24 h incubation. The results revealed the month 7 and 10 after the fire in 

one group (positive values along PC1), while before burning, after burning (up to three 

months), and month 13, were grouped together (negative values along PC1) (Fig. 6.3a). In the 

last sampling, C utilisation shared between both groups (Fig. 6.3a).  

At the 48 h incubation, changes in the three groups along the PC1 and PC2, but the 

distribution in response to the time since fire was the same as 24 h incubation along PC1 

(Fig.6.3b). However, the PCA separated the post-fire sampling (two weeks) (negative values 

along PC2) from the other sampling (positive values along PC2) (Fig.6.3b). The PCA results 

tended to separate the C substrate utilisation of the pre-fire and the two weeks after the fire 

sampling (negative values along PC1) from the other post-fire samplings and after the fire 

(positive values along PC1) at the 96 h incubation (Fig. 6.3c).  

Carbon sources with high correlation coefficients for PC1 and PC2 for all PCAs are 

listed in Tables 6.6, and 6.7. Substrates that influenced PC1 and PC2 varied in response to the 

incubation time. At the 24 and 48 h, substrates that influenced PC1 were mainly amino acids, 

carbohydrate, and carboxylate, while those of PC2 were mainly carbohydrate, carboxylate for 

both PCAs (Table 6.6). After 96 h incubation, the microbes used new and different substrates 

as shown in Table 6.7. These substrates were mainly carbohydrate, carboxylate, and amino 

acids for PC1, while those of PC2 were mainly carbohydrate and carboxylate. 
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Table 6.6 Substrates with high correlation coefficient for PC1 and PC2 extracted from PCA of substrate utilisation pattern at 24 and 48 h incubation 

for the soil samples collected from the B0 site before the burning and up to 16 months after the burning 

PC1/ 24 h   PC1/ 48 h 

Carbohydrate   Carbohydrate 

D-Gluconic Acid 0.95 D-Glucuronic Acid 0.78  D-Arabinose 0.92   

D-Saccharic Acid 0.92 Succinamic Acid 0.76  Glycerol 0.86   

α -D-Glucose 0.86 Glycerol 0.70  D-Fructose 0.82   

D-Glucosaminic Acid 0.82 N-Acetyl-D-Glucosamine 0.68  D-Mannitol 0.78   

D-Mannitol 0.80 D-Galactose 0.62      

D-Galacturonic Acid 0.78 D-Mannose 0.61      

Carboxylate   Carboxylate  

Quinic acid 0.96 D,L-Lactic acid 0.84  D,L-Carnitine 0.81   

D-Gluconic Acid 0.95 D-Galactonic Acid-γ-Lactone 0.80  Succinamic Acid 0.77   

Citric Acid 0.92 α-Ketoglutaric Acid 0.72  γ-Amino-N-Butyric Acid 0.70   

β-Hydroxybutyric acid 0.89 Succinic Acid 0.68      

γ-Amino-N-Butyric Acid 0.85       

Amino acid  Amino acid  

Hydroxy-L-Proline 0.96 L-Alanine 0.88  L-Serine 0.91 Putrescine 0.75 

Putrescine 0.95 L-Histidine 0.88  D-Alanine 0.90 L-Asparagine 0.71 

L-Serine 0.92 L-Glutamic Acid 0.84  L-Alanine 0.89 L-Aspartic Acid 0.69 

L-Asparagine 0.91 L-Pyroglutamic Acid 0.76  L-Proline 0.89 L-Phenylalanine 0.69 

L-Aspartic Acid 0.91 2-Phenylethylamine 0.71  2-Phenylethylamine 0.88 Hydroxy-L-Proline 0.68 

L-Proline 0.89 Ala-Gly 0.54  Ala-Gly 0.81 L-Glutamic Acid 0.65 

D-Alanine 0.88 L-Phenylalanine 0.52  L-Leucine 0.79 L-Pyroglutamic Acid 0.64 

Alcohol  Nucleoside   Alcohol  Nucleoside  

2-Aminoethanol 0.60 Inosine 0.57  2-Aminoethanol 0.60 Inosine 0.87 

PC2/ 24 h   PC2/ 48 h  

Carbohydrate  Amino acid   Carbohydrate  Carboxylate  

N-Acetyl-D-Glucosamine 0.61 D-Serine                  0.55  α-D-Lactose -0.89 γ-Hydroxybutyric Acid -0.88 

D-Glucose-6-Phosphate 0.98    Lactulose -0.89 Formic Acid -0.87 

Maltose 0.85    i-Erythritol -0.81 α-Hydroxybutyric Acid -0.84 

3-Methyl-D-Glucoside 0.81    α-D-Glucose-1-Phosphate -0.81 Acetic Acid -0.80 

D-Trehalose 0.75    Gentiobiose -0.63 Quinic Acid 0.58 

L-Rhamnose 0.57    Amino acid  Alcohol  

     Gly-Asp -0.55 2,3-Butanediol -0.83 

     Nucleoside  

     Uridine -0.83 Thymidine -0.71 
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Table 6.7 Substrates with high correlation coefficient for PC1 and PC2 extracted from PCA of 

substrate utilisation pattern at 96 h incubation for the soil samples collected from the B0 site 

before the burning and up to 16 months after the burning 

PC1  

Carbohydrate  

Glucuronamide -0.95 m-Inositol 0.70 

Sucrose 0.91 D-Sorbitol 0.68 

α-D-Glucose-1-Phosphate -0.85 α-Cyclodextrin -0.66 

D-Mannitol 0.83 D-Trehalose 0.66 

Adonitol 0.82 D-Arabitol 0.62 

α-D-Lactose -0.79   

Carboxylate  

γ-Hydroxybutyric acid -0.98 Quinic acid 0.71 

Acetic acid -0.96 Sebacic acid 0.68 

α-Hydroxybutyric acid -0.93 Succinic acid 0.63 

Formic acid -0.93 Itaconic acid -0.60 

D,L-Carnitine 0.82 α-Ketobutyric acid 0.53 

Amino acid  

L-Asparagine 0.91 L-Pyroglutamic acid 0.78 

Gly-Asp -0.88 L-Proline 0.78 

L-Aspartic acid 0.80 Putrescine 0.62 

L-Glutamic acid 0.79 L-Serine -0.57 

L-Leucine 0.78   

Nucleoside  Alcohol  

Thymidine -0.94 2,3-Butanediol -0.95 

Uridine -0.79   

Inosine 0.70   

PC2  

Carbohydrate  Carboxylate  

D-Saccharic acid 0.82 Quinic acid 0.56 

i-Erythritol -0.74 Succinic acid 0.55 

D-Gluconic acid 0.74 Bromosuccinic acid 0.79 

D-Galacturonic acid 0.73 Citric acid 0.72 

D-Arabinose -0.72 D,L-Lactic acid 0.67 

N-Acetyl-D-Glucosamine 0.60 γ-Amino-N-Butyric acid 0.65 

  Malonic acid 0.56 

  D-Glucosaminic acid 0.75 

Amino acid  Alcohol  

L-Histidine 0.72 2-Aminoethanol 0.53 

Polymer    

Tween 40 0.91   

    

 

6.5   Discussion                                 

6.5.1   Incubation time in response to the time since fire 

The relationship between the time since fire and incubation time revealed that the early 

incubation time (24 h) was more sensitive compared to the longer incubation time in response 
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to the time since fire (Table 6.2 and Fig. 6.1). The time-course of colour development in Biolog 

wells is an important factor which could affect the statistical analysis of growth of a microbial 

community so that repeated measurements could be taken to select the most appropriate time 

point for a single time-point analysis (Haack et al., 1995; Hackett and Griffiths, 1997; Preston-

Mafham et al., 2002). In this study, the multiple readings were taken in response to the 

incubation time and the time since the fire. The results showed that positive wells appeared and 

had more variation in the first 24 h incubation over the time since fire (Table 6.2 and Fig. 6.1). 

The number of positive wells is a sigmoidal function of time and previous studies have used 

different incubation periods for determining time for data analysis (Hackett and Griffiths, 1997; 

Konopka et al., 1998). For example, Hackett and Griffiths (1997) concluded that most studies 

reported that >80% of wells turn to positive after 3 days or less incubation time, while >90% 

positive wells can appear after 144 h incubation. Our findings were consistent with Konopka 

et al. (1998) who recommended 24 h or less incubation time to produce initial positive wells 

indicating the rapid microbial growth and substrate metabolization. The longer incubation time 

increases the number of positive wells but the difference among the treatments may become 

smaller in the amount of color per well or the number of positive wells (Konopka et al., 1998). 

Our experiment has also shown that selecting the initial response is probably the most useful 

to differentiate among different treatments. These results were supported by the PCA in that 

there was a clear separation in C utilisation for two groups in the first 24 h incubation (Fig. 

6.3). Biolog plates are suitable and rapid method to determine soil microbial functional 

diversity at specific time point and do not homogenize them among different sampling times 

or treatments (Crecchio et al., 2004; Garcia-Villaraco Velasco et al., 2009).  

6.5.2   Fire effects on soil microbial diversity indices 

The effect of fire on soil microbial functional diversity has been studied in a suburban 

native forest in this present work. Fire caused a significant increase in soil microbial indices in 



Chapter 6- Soil Microbial Functional Diversity 
 

201 
 

the first 10 months after the fire as determined by AWCD, richness, and Shannon index (Fig. 

6.1). This increase is present because fire changes the forms of C available for microbial 

utilisation (D’Ascoli et al., 2005; Wang et al., 2015a). Fire can cause significant changes in 

soil chemical properties because of soil organic matter combustion and ash deposition and these 

changes generally increase nutrient and substrate availability (Kutiel and Shaviv, 1992; Grasso 

et al., 1996; Ponder Jr et al., 2009). It has been reported that nutrient availability can induce 

long-term changes in soil microbial communities (Moore et al., 1993; Wang et al., 2015a). The 

higher values of soil microbial diversity index after the fire may be also due to the high post-

fire pH (Fontúrbel et al., 2012; Wang et al., 2015a). In the present study, the higher values of 

soil microbial indices after the fire may be attributed to the availability of nutrients and C 

substrates that were presented after the fire (Chapter 4). The soil pH values in this study showed 

a rising trend after the fire (data not shown), which may stimulate the bacteria to use C 

substrates (Fontúrbel et al., 2012). Our findings were consistent with previous studies that have 

been reported that fire increased soil microbial diversity (D’Ascoli et al., 2005; Garcia-

Villaraco Velasco et al., 2009; Fontúrbel et al., 2012; Chandra and Bhardwaj, 2015; Wang et 

al., 2015a). 

Soil microbial communities differed over the time since the fire and this was 

distinguishable by PCA which also showed that the separation between groups varied over the 

incubation time (Fig. 6.2 and 6.3). The differences observed in soil microbial community 

profiles over the time since the fire could be attributed to the differences in the soil microbial 

communities over the time (Wang et al., 2015a) as would probably occur as fire could kill some 

species and stimulate some bacterial species (Dooley and Treseder, 2012; Lombao et al., 2015). 

The variation in soil microbial indices was dependant on the time since the fire 

(Vfizquez et al., 1993) and related to changes in the soil and environment after the fire (Mataix-

Solera et al., 2009). Previous studies reported different time periods for the soil microbial 
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diversity to be stabilised after fire disturbance, depending on the fire regimes. For example, 

Mataix-Solera et al. (2009) reviewed some previous studies (before 2009) which reported that 

the reduction in soil microbial functional diversity ranged from one week to 25 years after fire. 

In the present study, the increases in soil microbial indices were observed in the first 10 month 

after the fire (Fig. 6.1) and these increases were consistent with detected increases in the 

available C substrates and N in the first 10 months after the fire (Chapter 4). Fontúrbel et al. 

(2012) reported different time periods for the increases in the three soil microbial indices (180 

days for AWCD and 90 days for richness and H′).         

6.5.3   Relationship between soil microbial diversity indices and soil properties, litterfall 

inputs, and climatic variables. 

  The Pearson’s correlation and multiple linear regressions analyses revealed the 

significant impact of the soil properties on soil microbial indices (Tables 6.2 and 6.4). Fire can 

indirectly affect soil microbial functional groups by altering abiotic factors such as C and 

nutrient availability, and metal solubility (Wang et al., 2015a). In the present study, fire 

increased available N as a result of increased N mineralisation (Chapter 4). These findings are 

supported by Mataix-Solera et al. (2009) who reported that heating increases nutrients content 

(ammonium) which can lead to explosive growth of bacteria. 

 The higher values of soil pH detected after the fire (data not shown) had a significant 

impact on soil microbial indices (Tables 6.2 and 6.4). The positive relationship between soil 

pH and the three microbial diversity indices appears to confirm this hypothesis as shown in the 

model produced from regression. Our findings were consistent with the previous studies 

showing that soil pH is the most important factor determining soil microbial composition 

directly by affecting microbial activity or indirectly altering nutrient availability (Bååth et al., 

1995; Rousk et al., 2009; Fernández-Calviño et al., 2010; Fontúrbel et al., 2012). Similarly, 

White et al. (2005) and Grayston et al. (2004) related the variation in microbial diversity to 
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differences in soil pH. There is a relationship between high acidity and the reduction in 

available C to the soil microbial communities (Bååth et al., 1995) and this is also related to 

slower bacterial growth rates (Bååth, 1998). Bacterial communities adapt to different pH values 

(Andersson and Nilsson, 2001; White et al., 2005), and different bacterial communities might 

grow at this study site, resulting in differences in the substrate utilisation of the community 

(Anderson and Joergensen, 1997; White et al., 2005). Our results confirmed the importance of 

soil pH in influencing the variation of soil microbial functional diversity. Modifications in soil 

properties (mainly available N and pH) by fire are important factors that can drive the variation 

of soil microbial communities (Mataix-Solera et al., 2009). 

 Climatic variables such as rainfall and temperature also had a significant contribution 

to the variation in soil microbial functional diversity (Table 6.2). In addition to the climatic 

variables, plant community and vegetation cover are also another influential factors affecting 

soil microbial functional diversity as described in (Han et al., 2007; Lauber et al., 2013). 

Although we did not record plant cover changes, we were aware that such changes existed in 

our experimental sites. The interaction between soil microbial community and climatic 

variables was confirmed by Peltoniemi et al. (2015) and (Curiel Yuste et al. (2014). Burning 

can increase the canopy openness which increases light exposure and daily and seasonal 

temperatures (Neary et al., 1999; Mataix-Solera et al., 2009). This induces changes in diversity 

such as increases in photoautotrophic microorganisms (Vfizquez et al., 1993). An increase in 

temperature can reduce soil C availability because labile substrates are depleted faster than 

more recalcitrant ones (Neary et al., 1999; Davidson and Janssens, 2006).  The effect of the 

variation in rainfall on plant community composition may alter the amount and quality of litter 

inputs into the soil ecosystem, and these changes may indirectly alter the soil microbial 

community (Castro et al., 2010). After the fire, rainfall can play a vital role in dissolving and 

releasing mineral nutrients arising from the combustion of organic matter (Ahlgren and 
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Ahlgren, 1965; Garcia-Villaraco Velasco et al., 2009; Mataix-Solera et al., 2009) increasing 

nutrient availability for plant uptake and aiding plant regrowth and recovery. 

 Litterfall inputs also had a significant impact on soil microbial diversity (Tables 6.2 and 

6.5). After burning at this study site, litterfall production was detected to be increased after the 

fire (Chapter 3). It has been reported previously that increases in plant litter production can 

provide substrate inputs from plant detritus as sources of energy for cellular metabolism 

(Phillips et al., 2002). 

 

6.6   Conclusion 

   The results of this study highlighted that short incubation time (24 h) for developing 

the well color in the Biolog GN2 plates was suitable incubation time for the purpose of 

assessing the impact of the time since fire on soil microbial functional diversity in the first two 

years after the prescribed fire. Low intensity fire can be a suitable tool to improve soil health 

and quality as it can modify soil microbial functional diversity at suburban forest in Southeast 

Queensland. Soil microbes can be recovered rapidly after the low intensity fire, and the fire 

interval followed in this suburban ecosystem could be enough in term of the recovery of soil 

microbial functional diversity, but other aspects of the ecosystem functions should also be 

considered. 
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CHAPTER 7   General Discussion and Conclusions 

7.1   Background 

Prescribed fire is a common forest management practice for many Australian 

ecosystems (Oliversa and Bell, 2008; McCaw, 2013). While controlled burning has been 

considered a suitable tool to reduce the intensity and frequency of forest fires, the resulting soil 

heating and ash deposition can alter soil system functioning in the short, medium and long term 

(Neary et al., 1999; Neary et al., 2002; Doerr and Cerdà, 2005). Nutrient cycling, especially 

nitrogen (N) and carbon (C) dynamics in the soil and vegetation are important for ecosystem 

sustainability and soil fertility (Elser et al., 2000; Kerkhoff et al., 2006; Landsberg and Sands, 

2011). These ecosystem processes are directly or indirectly affected by prescribed burning and 

the recovery of them after fire varies depending on the interval between fires and fire intensity 

(Aranibar et al., 2003; Garten, 2006; Macedo et al., 2008; Rhoades et al., 2015). However, in 

suburban forests, fire interval is the most influential factor rather than intensity because forest 

management depends upon low intensity prescribed burning. Therefore, this study was 

conducted to investigate C and N cycling at different time since fire in a suburban forest 

ecosystem of south-east Queensland, with a well-documented history of burning. The study 

was undertaken at different time intervals since last burning, including: shortly before burning 

and directly after the burning (0-2 years); 3 years after the burning (3-5 years); and 5 years 

after the burning (5-7 years). This project investigated the changes in soil fertility in relation to 

C and N cycling and the factors that would contribute to their variation at different intervals 

following the repeated low intensity burning. These factors included: litterfall quantity and 

quality; soil microbial community and function; and local climate variables (rainfall and 

temperature). The potential interactions among these variables were also investigated. A 
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greater understanding of the ecological impacts of this practice during a full fire cycle in a 

suburban forest is critical and can help the managers to make changes in the current practices. 

7.2   Litterfall quantity and quality after the fire 

Litterfall quantity and quality in response to the time since fire, as measured by mean 

monthly litterfall of the main components (leaves and twigs), total C (TC) and total N (TN) for 

both components, and C and N isotope compositions (δ13C and δ15N), differed over the time 

since fire (Chapter 3). Shortly after the fire at the B0 site, fire increased litterfall and this 

increase resulted from the mortality of leaves and twigs (Smith et al., 2004). At the three sites, 

this study highlighted that N is a major determinant or limiting factor in forest ecosystem 

productivity as the results revealed that the variation in litterfall quantity was mainly explained 

by litterfall N content and then by the time since fire. This was confirmed with increased 

litterfall N, possibly due to the increased N availability after the fire (Chapter 4). 

Litter production and nutrient cycling patterns are likely to change after forest fires and 

may be affected by fire intervals (Chandrashekara and Ramakrishnan, 1994). Fire impacts on 

litterfall quantity and quality in Australia and elsewhere have been well documented (Odiwe 

and Muoghalu, 2003; Ferwerda et al., 2006; Williams and Wardle, 2007). Whilst there are 

studies of the responses of litterfall properties to fires in different ecosystems (Odiwe and 

Muoghalu, 2003; Dezzeo and Chacón, 2006; Pandey et al., 2007; Ukonmaanaho et al., 2008), 

few studies have been conducted to quantify the litterfall quality and quantity changes after 

prescribed burning for a full fire cycle in a suburban forest ecosystem. 

 Litterfall quality could reflect soil fertility after fire disturbance as the nutrient content 

of litters was observed to decrease along a gradient of soil nutrient availability (Dent et al., 

2006). The authors reported that the variation in litterfall quality two years after the fire was 

mainly attributed to the time since fire. The litterfall properties and the climatic conditions 
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through the sampling time also explained the variation in litterfall quality in the longer time 

since fire for more than two years in this ecosystem. Therefore, both time since fire and climatic 

variables mainly explained the litterfall quality in our experiment. 

The current study also highlighted that δ15N was a sensitive indicator for assessing the 

effect of time since fire on litterfall quality in this forest as the time since fire impact was 

observed only in the first 12 months after the fire, while this impact was absent in the longer 

time. The high concentration of soil nitrate (nitrification which discriminates strongly against 

15N (Högberg, 1997; Cook, 2001)) can support and explain the δ15N variations of litterfall 

shortly after the fire (Chapter 4). Litterfall quality is expected to influence litterfall 

decomposition which is a major pathway for providing organic and inorganic elements for 

dynamic nutrient processes and controls nutrient return to the forest ecosystem (Xu et al., 2009; 

Bellingham et al., 2013). In this suburban forest, it has been reported by Wang et al. (2015b) 

that litterfall N was the main driver of litterfall decomposition and the authors highlighted the 

importance of litterfall in nutrient (especially N) retention in the subtropical forest under the 

fire regimes. 

 

7.3   Soil labile C and N pools after the fire 

 This study highlighted the changes in labile C and N pools in response to the time since 

fire. Our study also indicated labile C and N pools were the most sensitive indicators of the 

responses to prescribed burning. The effect of the time since fire was more clearly elucidated 

through the use of cold water extraction compared with hot water extraction, we found that 

water soluble organic C (WSOC) and water soluble total N (WSTN) were more significant and 

sensitive indicators of soil labile C and N pools in response to the prescribed burning compared 

with the other measurements (Chapter 4). Most previous studies reported that hot water 
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extraction was preferred to predict mineralisable-C and mineralisable-N (Sparling et al., 1998; 

Ghani et al., 2003; Curtin et al., 2006; Landgraf et al., 2006), but the cold water extraction is 

recommended as it has less impact on the parameters being studied (Chantigny et al., 2014). 

The difference between our results and the previous studies may be due to land use and 

management practices in different ecosystems (Chantigny, 2003) and type of plant cover 

because the quality and quantity of litters produced by different plant species affect soil labile 

C and N pools (Finzi et al., 1998; Wang et al., 2010; Uchida et al., 2012). These results require 

further validation on other ecosystems and the qualitative assessment also is needed to improve 

this comparison. 

 Under this suburban forest condition, low intensity prescribed burning could be an 

important agent to improve soil quality and fertility even for the short time after fire. The 

significant increase in hot water extractable organic C (HWEOC), hot water extractable total 

N (HWETN), WSOC, and WSTN shortly after the fire (2 weeks- 2 months) could be attributed 

to greater fall of dried leaves resulted from the fire impact (Chapter 3). Many previous studies 

reported similar increases, but they did not show the periods of the time since fire for the full 

fire cycle (Czimczik et al., 2003; Prieto-Fernández et al., 2004; Richards et al., 2012). These 

variations in soil labile C and N pools were related to the soil type, vegetation cover, climate, 

soil microbes, and analytical methods used (Hishi et al., 2004; Chen et al., 2005; Rodríguez et 

al., 2009; Lu et al., 2011; Guigue et al., 2015). 

The effect of the time since fire on soil NH4
+˗N and potential mineralisable N (PMN) 

indicated that the 5 years’ time was enough for the available N to be stabilised after the fire 

except for the seasonal variation. The N availability increased in the first 7 months after the 

prescribed burning (Chapter 4) due to the rapid decomposition and mineralisation of organic 

matter caused by the fire due to the modification of substrate quality, microbial population, 

environmental condition, reduced plant uptake (reduced understory vegetation), and ash 
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deposition (Debano and Conrad, 1978; White, 1986; Wan et al., 2001; Johnson et al., 2008; 

Raison et al., 2009; Koyama et al., 2012; Wang et al., 2013). The temporal variation in soil N 

availability following fire was also affected by soil moisture (Wright, 1982); N deposition 

(Christensen, 1994; May and Attiwill, 2003); N transformation, leaching and soil erosion  

(Debano and Conrad, 1978; Weston and Attiwill, 1996); plant uptake and microbial 

immobilisation (Kaye et al., 1999); plant cover (Richards et al., 2012); and spatial differences 

(Grogan et al., 2000). In the present study, soil moisture and rainfall were responsible for some 

of the temporal variation in soil NH4
+˗N and potential mineralisable N (Chapter 3). 

In this study, both microbial biomass (C and N) and activity were affected by the fire 

and they were significantly related to the time since fire. Our results showed that labile C and 

N pools increased in the first two weeks after the fire; therefore, the decline in soil microbial 

biomass could be mainly caused by the direct mortality due to soil heating from the fire. This 

hypothesis was confirmed by our results which detected increase in soil microbial biomass (C 

and N) and activity one months after the fire (Chapter 4) because of the favourable environment 

caused by the increasing soil temperature, soil moisture and nutrient availability after the fire 

(Fisher et al., 2000; Liu et al., 2007; Rodríguez et al., 2009). The C substrate limitation or 

alteration was another factor affecting soil microbial biomass and activity after fire 

(Choromanska and DeLuca, 2001; Choromanska and DeLuca, 2002; Guénon et al., 2011; 

Ginzburg and Steinberger, 2012) and our Biolog analysis indicated that fire altered C substrate 

utilisation over time (Chapter 6). Prescribed burning in this ecosystem was not severe enough 

to decrease soil microbes significantly; therefore, the regression of soil microbial biomass and 

activity with the time since fire indicated that these variables were similar to those detected at 

the site 5 years after the fire. 

Our results indicated that labile C and N pool responses to the time since fire varied 

within different soil depths (Chapter 4) due to the effect on soil properties such as water 
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repellency after fire, and ash deposition (DeBano, 2000; Mills and Fey, 2004; Doerr and Cerdà, 

2005; Granged et al., 2011; Tokareva et al., 2011; Richards et al., 2012; Verma and Jayakumar, 

2012; Montoya et al., 2014). 

 

7.4   Soil organic matter composition as revealed by solid-state 13C CP-MAS NMR 

 Pre and post fire results revealed that the fire did not have significant impact on soil 

organic matter composition. However, a relative decrease was observed in the aromatic C after 

the fire and this decrease might reflect a general gain in waxes and other leaf derived functional 

group types. The preliminary data indicated that the signal intensity obtained in 13C CP-MAS 

NMR spectra of the samples was highly dependent on the location of the specific plots (Chapter 

5). Therefore, the variability among different signal intensity obtained in 13C CP-MAS NMR 

spectra restricted our comparison for the purpose of assessing the impact of burning on the soil 

organic matter composition. A more thorough and longer term investigation would be required. 

 

7.5   Soil TC, TN, δ13C, and δ15N after the fire 

 In our study, soil TC, TN, δ13C, and δ15N were responsive to the time since fire (Chapter 

5).  The recovery time or the stabilisation of soil TC, TN, δ13C, and δ15N after fire disturbance 

varied depending on the fire severity, fire recurrence, and ecosystem characteristics as reported 

in different studies (Johnson and Curtis, 2001; Neary et al., 2002; Aranibar et al., 2003; 

Eugenio et al., 2006; Garten, 2006; Martí-Roura et al., 2013). We found in this specific 

ecosystem that fire decreased soil TC, TN, δ13C as a result of the combustion of the organic 

matter horizon and N volatilization by fire as shown in other studies (DeBano et al., 1998; 

Certini, 2005; Eugenio et al., 2006; Certini et al., 2011; Cheng et al., 2013; Kumar et al., 2013) 

and the time since fire persisted for 5 years for soil TC and TN, while the fire effect lasted for 
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up to 7 years for soil δ13C and δ15N. The results also indicated that the 7-10 years fire cycle 

implemented in this suburban forest was suitable for the recovery of soil TC, TN, δ13C, and 

δ15N as the time since fire contribution to those variables was not observed in the results from 

the green islands (unburned areas at the B0 site). From previous work in different ecosystems, 

Hatten et al. (2008); Lavoie et al. (2010); and Roaldson et al. (2014) and the present study, it 

can be concluded that decreasing the time between fires can cause a consistent decline in soil 

TC and TN in suburban forest in Southeast Queensland. 

Previous studies reported different responses of soil δ13C and δ15N to the time since fire 

(fire frequency and fire history) (Aranibar et al., 2003; Schafer and Mack, 2010; Close et al., 

2011; Martí-Roura et al., 2013). The multiple regression analyses in this study indicated the 

relationship between soil δ13C and δ15N and the time since the fire (Chapter 5), suggesting that 

monitoring these variables could be reliable indicators to infer pattern of fire history, C and N 

cycling, and the recovery process after the fire disturbance. 

Litterfall inputs are considered to be the major source of soil organic matter in terrestrial 

ecosystems and their decay controls nutrients inputs (León and Osorio, 2014; Wang et al., 

2015b). The recovery of soil quality and fertility after the fire was reported to be dependent on 

litterfall quantity and quality and climatic conditions (Loranger et al., 2002; Thomas et al., 

2014; Mueller et al., 2015; Yang and Zhu, 2015). In the present study, the multiple regression 

analyses revealed the high contribution of litterfall properties to the variation of soil TC, TN, 

δ13C, and δ15N (Chapter 5). As it has been reported in Chapter 3, there were temporal variations 

in litterfall quantity and quality over the time since fire, which could have reflection on soil C 

and N pools. 

Soil chemical properties before fire disturbance could make a significant contribution 

to the variation of C and N pools over the time since fire (Chapter 5). The implemented 
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prescribed fires used in this ecosystem are considered as low intensity fires; therefore, this 

practice did not cause a high loss in soil TC and TN. The remaining C substrates and nutrients 

could stimulate microbial activity which, would lead to enhancing the decomposition and 

mineralisation rates (Vesterdal et al., 1995; Sayer, 2006).  

The nutrient availability and different soil processes were also influenced by soil pH 

(Arshad and Coen, 1992). The change in soil pH after the fire could lead to a shift in soil 

microorganisms, especially the decomposer groups (Rousk et al., 2009; Shen et al., 2013). This 

was confirmed by the Biolog results in relation to soil pH (Chapter 6), which was increased 

after the fire (data not shown). This relationship indicated the role of soil pH in soil microbial 

composition after the fire.  

Soil moisture, which has been reported to affect soil C and N pools as it affects the 

active microbial functional groups (Abera et al., 2012; Brockett et al., 2012; Manzoni et al., 

2012), had made the varied contributions to the soil C and N pools over the time.  These 

contributions were also different among the three sites due to the differences among them in 

soil properties, plant cover, and the time since the fire. 

 

7.6   Soil microbial functional diversity after the fire 

The results of this study showed that the color within the wells developed in response 

to the substrate utilisation. The color development had more variation in the first 24 h 

incubation over the time since fire and the relationship between the time since fire and 

incubation time revealed that 24 h incubation time was more sensitive compared to the longer 

time in response to the time since fire (Chapter 6). The short time incubation (24 h) by using 

Biolog GN2 plates was reported in the previous tests for this method, but the test was not in 

response to any field treatments (Konopka et al., 1998).  The longer incubation time would 
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increase the positive wells but the difference among the treatments might become smaller in 

the amount of color per well or the number of positive wells (Konopka et al., 1998). Therefore, 

selecting the initial response may be useful for differentiating among the samples from different 

treatments and in this case, the 24 h incubation may be best indicator of microbial growth in 

response to the time since fire. These results were also supported by the PCA that there was a 

clear separation in C utilisation for two groups in the first 24 h incubation (Chapter 6). 

In terms of fire effects on soil microbial functional diversity, the availability of C 

utilisation and nutrients after the fire (Chapter 4) could be the reasons for the significant 

increases in soil microbial indices in the first 10 months after the fire (Chapter 6). These results 

were consistent with previous studies (D’Ascoli et al., 2005; Garcia-Villaraco Velasco et al., 

2009; Fontúrbel et al., 2012; Chandra and Bhardwaj, 2015; Wang et al., 2015a). The soil pH 

values in this study showed a rising trend after the fire (data not shown), which may stimulate 

the bacteria to use C substrates (Fontúrbel et al., 2012). As fire can kill some species and 

stimulate some bacterial species (Dooley and Treseder, 2012; Lombao et al., 2015), soil 

microbial communities over the time would be changed (Wang et al., 2015a).  Therefore, The 

PCAs revealed the various separations after the fire and over those incubation times (Chapter 

6).  

 The variation in soil microbial indices is dependent on the time since fire (Vfizquez et 

al., 1993) and is related to changes in the soil and environment after the fire (Mataix-Solera et 

al., 2009). We found that the increases in soil microbial indices were consistent with the 

increases in substrates and nutrients availability shortly after the fire (10 months). 

 Soil microbial community after the fire was mainly related to the available N which 

was reported to increase after fire (Chapter 4). High available N can lead to explosive growth 

of bacteria (Mataix-Solera et al., 2009). Our findings were consistent with the previous studies 
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showing that soil pH was an important factor determining soil microbial composition directly 

by affecting microbial activity or indirectly altering nutrient availability (Bååth et al., 1995; 

Rousk et al., 2009; Fernández-Calviño et al., 2010; Fontúrbel et al., 2012). Modification in soil 

properties (mainly available N and pH) by fire is an important factor which can drive the 

variation of soil microbial communities (Mataix-Solera et al., 2009). 

 An average amount of rainfall was recorded at this study site for the first two weeks 

after the fire, which could help in dissolving and releasing mineral nutrients from combustion 

of organic matter (Ahlgren and Ahlgren, 1965; Garcia-Villaraco Velasco et al., 2009; Mataix-

Solera et al., 2009). The interaction between soil microbial community and climatic variables 

were concluded by Peltoniemi et al. (2015) and Curiel Yuste et al. (2014). Fire can contribute 

to the modification in the microclimate such as increasing openness which can affect soil 

microbes (Neary et al., 1999; Mataix-Solera et al., 2009). The effect of variation in the rainfall 

on plant community composition may alter the amount and quality of litter inputs into the soil 

ecosystem, and these changes may indirectly alter the soil microbial community (Castro et al., 

2010).  

 Fire has been reported to increase litterfall quantity in this suburban ecosystem (Chapter 

3). This increase could have a significant impact on the modification in soil microbial 

communities after the fire (Chapter 6) as it can be source of energy for cellular metabolism 

(Phillips et al., 2002). 

 

7.7   Conclusions 

 Although fire had significant impact on litterfall quantity, litterfall quality, especially 

litterfall N content, was the main driving factor of the variation in litterfall quantity 

after prescribed burning in this specific ecosystem; 
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 Litterfall δ15N was found to be a sensitive indicator of litterfall quality in the short 

term (less than 12 months after the fire); 

 In this suburban forest ecosystem, the environmental variables such as rainfall and 

temperature were significant drivers of litterfall production in longer term after the 

fire, showing significant seasonal variations over the sampling intervals; 

 Over the sampling time since fire, WSOC and WSTN were the most sensitive 

indicators of the responses of soil labile C and N pools to prescribed burning under 

these conditions; 

 The variability among different signal intensity obtained in 13C CP-MAS NMR 

spectra restricted their use for assessing the impact of prescribed burning on soil 

organic matter composition; 

 From this study, it can be concluded that the low intensity fire does not have a long 

term effect on soil organic matter composition, but shorter intervals between fires may 

result in a consistent decline in soil C and N pools; 

 The presence of the time since fire explained the variation in soil δ13C and δ15N up to 

7 years and these variables could be reliable and useful indicators to monitor fire 

history, C and N cycling, and the recovery process after the fire disturbance; 

 The shorter incubation time (24 h) for the development of color in the Biolog GN2 

plates was more sensitive than the longer incubation time for the purpose of assessing 

the impact of the time since fire on soil microbial functional diversity in the first two 

years after the prescribed fire; 

 Low intensity fire may be a useful tool to improve soil health and quality as it could 

modify soil microbial functional diversity;  
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 Soil microbes recovered rapidly after the low intensity fire, and the fire interval used 

in this suburban ecosystem should be adequate in terms of the recovery of soil organic 

matter, but other aspect of the ecosystem functions should also be considered. 

 

7.8   Future studies 

This study has developed a better understanding of the effect of prescribed burning on C 

and N pools and their dynamics in the suburban forest ecosystem of subtropical Australia. The 

information could help the managers of this ecosystem to review the fire regimes implemented 

in this ecosystem. The following future studies are highly recommended: 

 A longer-term monitoring of soil and litterfall trends at these study sites (especially 

B0 site) to evaluate the trends of C and N cycles for longer term after the fire;  

 Our results revealed that the time since fire had a significant impact on soil nutrient 

status which could change tree nutrition and ecophsiology. These changes in tree 

canopy responses may affect ecosystem sustainability and need to be examined; 

 The litterfall results indicated that litterfall quantity was mainly driven by litterfall 

quality (N content), which was affected by the fire. Changes in litterfall quality after 

the fire could affect litterfall decomposition which needs to be quantified under the 

field conditions; 

 The 13C CP-MAS NMR did not show any significant impact on soil organic matter 

composition in the first two weeks after the fire; 

 The comparison between hot and cold water extraction to determine soluble organic 

C and total N revealed that WSOC and WSTN were more sensitive to the time since 

fire, but this needs to be validated in more relevant long-term studies under different 

soils, vegetation types, and climatic conditions; 
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  BIOLOG GN2 results indicated that the shorter incubation time was more sensitive 

to the time since fire compared with the longer incubation time. This needs to be 

examined under different field conditions and treatments; 
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Appendix 

 

 

Fig. 3S1 Soil moisture (%) for 0-5 cm during the litterfall collection times at (a) site B0 - shortly 

after burning, (b) B3 - 3 years after burning, and (c) B5 - 5 years after burning. 
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Fig. 3S2 The C: N ratio of litterfall (leaves and twigs) at (a) site B0 - shortly after burning, (b) 

B3 - 3 years after burning, and (c) B5 - 5 years after burning. 
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Table 4S1 The contribution of soil properties parameters, time (months) since fire (TSF) and climatic 

variables to the variations in labile C and N pools for prescribed burning sites at B0 (before and shortly 

after burning), B3 (3 years after burning), and B5 (5 years after burning) in Toohey Forest of south-

east Queensland. 

Soil depth 

(cm) 

B0 B3 B5 

   

0-5 HWEOC  pH: 16% 

TSF: 12% 

SM: 10% 

HWEOC  TSF: 33% 

RF: 13% 

TC: 9% 

HWEOC  TSF: 22% 

TC: 10% 

5-10  HWEOC  TSF: 42% 

SM: 22% 

δ15N: 8% 

HWEOC  TSF: 25% 

RF: 23% 

δ13C: 7% 

HWEOC  TSF: 23% 

TC: 15% 

10-20  HWEOC  

 

TSF: 28% 

 

HWEOC TSF: 23% 

δ13C: 11% 

HWEOC  TSF: 39% 

TC: 10% 

SM: 7% 

0-5 HWETN ns HWETN ns HWETN 

 

TSF: 23% 

TN: 23% 

SM: 13% 

5-10  HWETN 

 

δ15N: 17% 

RF: 10% 

 

HWETN TSF: 19% 

RF: 18% 

HWETN 

 

TN: 19% 

SM: 18% 

 

10-20  HWETN ns HWETN RF: 20% 

TSF: 18% 

TN: 10% 

HWETN 

 

TSF: 27% 

TN: 17% 

SM: 14% 

0-5  WSOC  TSF: 68% WSOC  

 

TSF: 47% 

δ15N: 14% 

TC: 13 

WSOC  δ15N: 42% 

TSF: 29% 

5-10  WSOC  TSF: 59% 

RF: 6% 

WSOC  TSF: 66% 

TN: 11% 

WSOC  TC: 43% 

TSF: 30% 

T: 4% 

10-20  WSOC  TSF: 42% WSOC  

 

TSF: 44% 

δ13C: 19% 

T: 6% 

WSOC  

 

TC: 51% 

TSF: 24% 

δ15N: 4% 

T: 4% 

0-5  WSON  TSF: 62% 

SM: 12% 

RF: 10% 

T: 4% 

WSON  

 

T: 38% 

TSF: 24% 

pH: 10% 

SM: 8% 

WSON  

 

TSF: 31% 

pH: 23% 

T: 9% 

RF: 6% 

5-10 WSON  TSF: 50% 

RF: 16% 

SM: 8% 

T: 7% 

WSON  TSF: 52% 

SM: 13% 

WSON  

 

TSF: 50% 

TN: 17% 

RF: 5% 

10-20  WSON  TSF: 35% 

T: 9% 

WSON  TSF= 36% 

RF= 19% 

WSON  

 

TSF: 21% 

TN: 14% 

0-5  NH4
+- N  TSF= 60% NH4

+- N  

 

SM: 46% 

TSF: 22% 

T: 14% 

pH: 3% 

NH4
+- N  

 

RF: 28% 

pH: 24% 

 

5-10  NH4
+- N  TSF: 45% NH4

+- N  

 

RF:34% 

 

NH4
+- N  

 

SM: 44% 

TSF: 3% 

10-20  NH4
+- N  

 

TSF: 50% 

δ15N: 6% 

NH4
+- N  

 

RF: 29% 

 

NH4
+- N  

 

RF: 12% 
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Table 4.S1 (continue) 
0-5 NO3

- - N ns NO3
- - N ns NO3

- - N  

5-10 NO3
- - N ns NO3

- - N 

 

TSF: 47% 

TN: 7% 

NO3
- - N  

10-20  NO3
- - N 

 

pH: 17% 

δ15N: 12% 

NO3
- - N 

 

pH: 25% 

TN: 17% 

NO3
- - N 

 

δ15N: 16% 

δ13C: 16% 

0-5  PMN  

 

TSF: 16% 

TC: 15% 

δ15N: 10% 

RF: 6% 

PMN ns PMN  TC: 57% 

δ13C: 7% 

5-10  PMN  TSF: 20% 

δ15N: 19% 

PMN  

 

TSF: 11% 

 

PMN  

 

TC: 34% 

RF: 22% 

10-20  PMN  TSF: 16% 

δ15N: 16% 

PMN  

 

 PMN  

 

TC: 49% 

SM: 9% 

0-5  MBC  

 

TSF: 22% 

 

MBC  

 

TSF: 25% MBC  

 

δ15N: 64% 

RF: 5% 

5-10  MBC  

 

δ13C: 14% 

 

MBC ns MBC  TC: 69% 

δ13C: 5% 

SM: 4% 

pH: 4% 

10-20  MBC  

 

δ15N: 29% 

pH: 16% 

MBC ns MBC  TC: 76% 

pH: 5% 

0-5  MBN  

 

SM: 15% 

RF: 8% 

 

MBN  

 

T: 34% 

TSF: 20% 

 

MBN  

 

δ15N: 66% 

TC: 6% 

5-10  MBN  TSF: 14% MBN  TN: 19% 

TSF: 10% 

MBN  TC: 43% 

δ15N: 10% 

T: 8% 

SM: 6% 

10-20  MBN  δ15N: 11% 

pH: 11% 

TSF: 7% 

MBN  T: 22% 

TSF: 12% 

SM: 11% 

MBN  TN: 57 

δ13C: 28% 

0-5  CO  TSF: 18% CO  

 

SM: 19% CO ns 

5-10 CO  TSF: 20% CO ns CO  TC: 20% 

10-20  CO  

 

TSF: 10% 

 

CO  TSF: 20% CO ns 

0-5  qCO2  TSF: 31% qCO2  SM: 11% qCO2 ns 

5-10  qCO2  TSF: 21% qCO2  

 

TN: 23% 

SM: 17% 

qCO2 ns 

10-20  qCO2 ns qCO2 ns qCO2 ns 

* TSF: time since fire (month); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C: C isotope 

composition (‰); RF: rainfall (mm); T: temperature (ºC); SM soil moisture (%). 
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Fig. 4S1 NH4
+- N and NO3

- - N respectively before burning (0) and 16 months after the burning 

at B0 site (A,B), 3 years after the burning at B3 site (C,D), and  5 years after the burning at B5 

site (E,F), for 3 soil depths. 
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Fig. 4S2 Potentially mineralisable nitrogen (PMN) before burning (0) and 16 months after the 

burning at B0 site (A), 3 years after the burning at B3 site (B), and 5 years after the burning at 

B5 site (C), for 3 soil depths. 
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Fig. 4S3 Microbial biomass C (MBC) and microbial biomass N (MBN) respectively before 

burning (0) and 16 months after the burning at B0 site (A,B), 3 years after the burning at B3 

site (C,D), and  5 years after the burning at B5 site (E,F), for 3 soil depths. 
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Fig. 4S4 Soil respiration and metabolic quotient (qCO2) respectively before burning (0) and 16 

months after the burning at B0 site (A,B), 3 years after the burning at B3 site (C,D), and  5 

years after the burning at B5 site (E, F), for 3 soil depths. 
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Table 5S1 The contribution (%) of soil parameters, time (months) since fire (TSF) and climatic variables 

to the variations in Total C (TC), total N (TN), C isotope composition (δ13C) and N isotope composition 

(δ15N) using a linear multiple regression for prescribed burning site at B0 (before and shortly after burning) 

for burned areas and unburned areas (green islands GI), 3-5 years after burning at the B3 site, and 5-7 years 

after burning at the B5 site in Toohey Forest of south-east Queensland. 

Soil depth 

(cm) 

 

 B0 B0.GI B3 B5 

 Total carbon (%)    

0-5 TN: 23%,  Litter δ13C: 13% 

pH:13%,   TSF: 10% 

SM: 3% 

TN: 76% 

pH: 6% 

δ13C: 45% pH: 83% 

5-10  TN: 38% 

RF: 10% 

TN: 28% 

pH: 11% 

TSF: 30% Litter δ13C: 43% 

δ15N: 33% 

Litter TN: 6% 

TN: 9% 

10-20  TN: 57%,   TSF: 4% 

T: 4%,        SM: 3% 

pH: 3%,     δ15N: 2% 

TN: 27% 

pH: 15% 

δ13C: 21% 

Litter δ15N: 9% 

Litter δ13C: 41% 

δ15N: 34% 

TN: 14% 

 Total nitrogen (%) 
0-5 TSF: 24%,   pH:7% 

SM: 12%,    

δ13C: 26% δ13C: 40% 

Litter TN: 4% 

pH: 63% 

Litterδ13C: 4% 

5-10  TSF: 26%,    

SM: 18%, 

 RF: 12%   

δ13C: 17% ns δ15N: 41% 

Litter δ13C: 26% 

Litter TN: 5% 

SM: 3% 

10-20  TSF: 17%,    pH: 3% 

RF: 8%,        δ15N: 2% 

SM: 7% 

Litter C:N: 24% 

δ15N: 14% 

TSF: 50% δ15N: 49% 

Litter TN: 19% 

Litter δ15N: 2%  

 Stable carbon isotope composition (δ13C ‰) 
0-5  Litter δ13C: 7%,   TSF: 5% 

TC: 5%,               T: 4% 

Litter C:N: 55% TSF: 55%,   TN: 7% 

δ15N: 7%,     pH: 4% 

TSF: 40% 

δ15N: 3% 

5-10  SM: 19%,     DM: 10% 

TC: 5% 

Litter C:N: 20% Litter δ15N: 8% 

TSF: 6% 

Litter δ13C: 6% 

RF: 6% 

10-20  δ15N: 15% 

Litter δ15N: 5% 

Litter C:N: 28% 

δ15N: 17% 

TC: 21% 

pH: 4% 

ns 

 Stable nitrogen isotope composition (δ15N ‰) 
0-5  TSF: 26%,    pH: 20% 

DM: 10%,    RF: 7% 

δ13C: 2% 

Litter TC: 22% δ13C: 16% pH: 29% 

T: 7% 

5-10 Litter TC: 51% 

TSF: 33% 

RF: 39% 

TSF: 16 

pH: 11% 

Litter δ13C: 9% 

T: 9% 

TN: 34% 

Litter TN: 20% 

Litter δ13C: 4% 

10-20  TSF: 33%,    RF: 25% 

δ13C: 10%,    T: 8% 

RF: 14% TSF: 62% TN: 49%  

TSF: 6% 

TSF: time since fire (month); TC: total C (%); TN: total N (%); δ15N: N isotope composition (‰); δ13C:  C isotope composition 

(‰); RF: mean monthly rainfall (mm); T: mean monthly temperature (ºC); SM: soil moisture (%); Litter δ13C: Litterfall C 

isotope composition; Litter δ15N: Litterfall N isotope composition; Litter C: N: Litterfall C: N ratio; Litter TC: litterfall total C; 

DM: Litterfall dry matter amount (Kg ha-1 m-1); and GI: Green islands (unburned areas). 

 

 



Appendix 

250 
 

Table 6S1 The contribution of soil properties parameters, time (months) since fire (TSF) and 

climatic variables to the soil microbial indices at the B0 site before and 16 months after the 

burning in Toohey Forest of south-east Queensland. 

 Incubation time (hrs) 

Soil microbial indices 24 48 72 96 

AWCD NH4
+- N: 44% 

TSF: 24% 

T: 19% 

TSF: 43% 

NH4
+- N: 30% 

pH: 4% 

pH: 60% pH: 49% 

SM: 11% 

Richness NH4
+- N: 43% 

TSF: 26% 

T: 19% 

TSF: 30% 

NH4
+- N: 29% 

pH: 8% 

DM: 22% 

pH: 20% 

TSF: 17% 

TN: 10% 

SM: 3% 

TSF: 24% 

RF: 18% 

SM: 8% 

H′ NH4
+- N: 27% 

TSF: 20% 

T: 19% 

pH: 4% 

pH: 48% TSF: 26% 

DM: 20% 

TN: 15% 

TSF: 19% 

RF: 12% 

SM: 10% 

AWCD: average well colour development in the Biolog plates; H′: Shannon index; TSF: time since fire 

(month); TN: soil total N (%); RF: mean monthly rainfall (mm); T: mean monthly air temperature (ºC); SM: 

soil moisture (%); and DM: Litterfall dry matter amount (Kg ha-1 m-1);  

 

 


