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Abstract 

Revegetation schemes are increasing in Australia and are part of strategy to restore cleared 

lands, enhance biodiversity and alleviate global climate change. Site preparation practices 

play a pivotal role in the successful establishment of revegetation projects in tropical and sub-

tropical Australia. However, site preparation practices are costly and there is great interest to 

develop cost-effective establishment methods.  The most common site preparation practices, 

in Australia, include weed control and fertilisation. Reduced weed competition is a crucial 

factor in the successful establishment of revegetation projects. Herbicide application is the 

most commonly used method of weed control but need for repeated site visits and sequential 

applications greatly increase establishment costs. Alternative methods are sought to reduce 

the reliance on herbicide application. One such method is scalping, the removal of the top 

100 mm of soil from the planting area which effectively removes the soil seed bank. Both 

herbicide and scalping have implications for soil properties which could in turn affect early 

plant growth and establishment. This study aimed to investigate the dynamics of soil organic 

matter (SOM), carbon (C) and nitrogen (N) pools under differing site preparation practices 

and the associated effects on plant survival, growth and eco-physiological status in tropical 

and sub-tropical Australia. 

Two experimental sites located at Rockhampton (23
º
31'24 S, 150

º
18'14 E) and 

Laidley (27
º
40'31 S, 152

º
24'04 E) were established in this study. The treatment layout was 

randomised complete block split plot. Treatments included topsoil removal (scalping) and 

herbicide application for weed control. Other treatments included the use of fertiliser to 

overcome the potentially negative effects of scalping and to give a competitive advantage to 

seedlings. 

Scalping was more effective than herbicide application to control weeds at both 

experimental sites. Weed coverage returned to 100% shortly after herbicide application, 
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though the spectrum of weeds observed at the sites was altered. In the scalped areas, weed 

coverage never exceeded more than 50% ground cover throughout the experimental period of 

about two years. 

The recovery of SOM, C and N pools following scalping and herbicide application 

was evaluated at the two experimental sites 61 and 45 weeks following treatment application. 

Different indicators of soil fertility were used including water soluble organic C (WSOC), 

water soluble total N, hot water extractable organic C (HWEOC), hot water extractable total 

N (HWETN), microbial biomass C and N (MBC and MBN), soil respiration, potentially 

mineralisable N (PMN), NH4
+
-N and NO3

–
-N. The results from the herbicide and scalped 

areas were compared with the control plots which received neither treatment. At both 

experimental sites, scalped plots showed significantly lower values for total C (TC), total N 

(TN), HWEOC, HWETN, MBC, MBN, NH4
+
-N, total inorganic N (TIN), PMN and soil 

respiration compared with the herbicide treatment and control. At Rockhampton, there was 

no significant difference between the herbicide and control for any of the parameters tested 

while, at Laidley, soil labile C and N in the herbicide area was significantly lower than the 

control plots. At Laidley, herbicide was applied four times to control weeds and this 

recurrence may have influenced soil labile C and N and microbial activities. At 

Rockhampton, there was a decline in soil C and N pools in all treatments including the 

control plots with drought conditions the probable cause for this condition.  

At Laidley, another field trial was established to evaluate SOM and microbial 

community functional diversity of 3 treatments: glyphosate; a mixture of glyphosate and 

phenoxyacetic acid (2-methyl–4–chlorophenoxyacetic acid) (MCPA) (glyphosate + MCPA); 

and scalping. These effects were evaluated using Biolog GN2 plates for a period of 20 weeks 

following treatment application. There was no significant difference in C utilisation pattern, 

Shannon Index and richness among all treatments. However, principal component analyses 
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(PCA) showed a clear separation in soil microbial community function in the scalped area 

compared to the other treatments.  The scalped area had lower SOM and microbial activity 

compared to the herbicide and control plots. There was no significant difference in WSOC, 

HWEOC, HWETN, MBC and MBN between the herbicide and control plots, particularly at 

week 20. NH4
+
-N and PMN showed significantly lower values at week 20 compared to the 

week 1 in all the treatments. It was concluded that this reduction could be due to seasonal 

changes.  

At Laidley, soil was collected under Acacia concurrens and Eucalyptus crebra 6 and 

12 months following treatment application to assess the effect of plant species on the soil at 

the early stage of establishment. There was no significant difference in soil TC and TN under 

both species, regardless of site preparation treatments. Soil HWEOC and HWETN increased 

but MBC and MBN decreased significantly (P<0.05) at months 6 and 12 compared to month 

0 under both species. There was no significant difference in TIN under both species at month 

12 compared to month 0. However, our results showed that soil under acacias may begin to 

recover faster than those under eucalyptus as indicated by soil microbial activity, measured 

through cumulative CO2-C, which increased more rapidly under acacia in the scalped areas. It 

was concluded that plants may influence soil properties as early as one year following tree 

planting.  

Plant survival was recorded at both experimental sites. There was no significant 

difference in plant survival between the herbicide and scalped areas at both sites, regardless 

of plant species. Removal of the top soil by scalping did not negatively affect plant survival. 

Plants that were vulnerable to environmental conditions had significantly greater survival in 

the scalped areas compared to the herbicide areas. At Laidley, after a severe frost, acacia 

mortality increased significantly but the mortality was significantly higher in the herbicide 

area than in the scalped areas.  
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At Rockhampton, plant growth was significantly higher in the herbicide areas 

compared to the scalped areas, regardless of plants species. This growth difference between 

the herbicide and scalped areas may not be important due to the fact that there was no 

significant difference in plant survival. At Laidley, plant growth was significantly greater in 

the scalped areas compared to the herbicide areas. Differences in comparative growth 

between the treatments that occurred between the two sites were a result of the higher weed 

competition that occurred at the Laidley site that had a marked effect on plant growth in the 

herbicide treated areas. 

Irrespective of plant species, there was no significant difference in net photosynthesis 

(An), maximum photosynthesis (Amax), instantaneous water use efficiency (iWUE) and 

photosynthetic N use efficiency (PNUE) between the treatments at both experimental sites. 

At Laidley, photosynthetic capacity of both acacia and eucalyptus was also measured and 

there was no significant difference in maximum rate of carboxylation (Vcmax) and maximum 

rate of electron transport (Jmax) between the herbicide and scalped areas. Plants in the scalped 

area had lower nutrient availability compared to the herbicide area and plants in the herbicide 

area encountered higher competition for available resources. Lower nutrient availability in 

the scalped area and weed competition in the herbicide area could explain the lack of 

significant differences in An, Amax, iWUE, PNUE, Vcmax and Jmax between the treatments for 

both species. 

Plant growth was explained by leaf-level physiological traits at both Rockhampton 

and Laidley sites. At Rockhampton, a linear regression was performed between height and 

An, height and iWUE and height and PNUE of A. disparimma and 25%, 19% and 55% of the 

variation in height were explained by the variation of An, iWUE or PNUE respectively (n=26, 

P<0.05). Likewise, 34%, 74% and 50% of the variation in height of E. crebra were explained 

by the variation of An, iWUE or PNUE respectively (n=26, P<0.05).  The slope of line 
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between height and An in the scalped areas was greater than that of the herbicide areas 

suggesting the same photosynthetic response, higher growth was obtained in the scalped 

compared to the herbicide area.  

There was no significant difference in WUE of eucalypts, as measured by foliar δ
13

C, 

between the treatments at both sites, with the exception observed at month 6 at Laidley, while 

it was significant for acacias. Foliar δ
13

C in acacia was significantly lower in the herbicide 

area than the scalped area at month 6 (P<0.05) but there was no significant difference at 

month 12. Our results may suggest that neither water nor nutrient was a limiting factor for 

eucalyptus between the treatments.  

Acacia species play an important role in Australian ecosystems through their capacity 

to increase N supply to other species. In the supplementary chapter (Chapter 9), biological N2 

fixation (BNF) of understory Acacia leiocalyx and A. disparimma was determined using 
15

N 

enrichment and 
15

N natural abundance methods. Both 
15

N enrichment and 
15

N natural 

abundance techniques may be used to estimate N2 fixation of acacia tree species. A grass 

reference plant, Themeda triandra, as well as tree reference plants, provided an appropriate 

δ
15

N signal. Potential B values for Acacia spp. between -0.3‰ and 1.0‰ provided an 

acceptable BNF estimation. It was concluded that the 
15

N natural abundance technique may 

be used to estimate BNF for acacias in the native forest. It was also concluded that a good 

difference in the δ
15

N signal between acacias and reference plants may have been caused by 

N deposition from the busy highway leading to the successful use of the 
15

N natural 

abundance technique. The dependence of both species on BNF at Site 2, where fuel reduction 

burning had not taken place for 8 years, suggests that the frequent burning impoverished the 

soil and this has wider implications as higher fire frequencies are to be expected in other 

Australian ecosystems as a result of global climate change. 
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In our study, it was concluded that scalping is a cost-effective method compared to 

the herbicide application. Scalping drastically reduced the soil seed banks which led to less 

weed competition for young plants. It is expected that SOM would recover over time through 

litterfall and nutrient cycling processes. SOM preservation may not be critical to maintain a 

successful tree planting whereas weed competition could result in failures and increase 

establishment costs. Despite the fact that the scalping controlled weeds effectively in these 

two revegetation ecosystems, it may not be a sustainable practice in plantation establishment 

particularly when establishing short rotation plantation. 

In the Supplementary Chapter (Chapter 9), it was concluded that 
15

N natural 

abundance technique may be used to estimate BNF under natural conditions in native forest. 

N deposition was considered to be one of the reasons for the successful use of 
15

N natural 

abundance technique but it needs to be examined in other suburban forests.  
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Chapter 1 Introduction 

1.1 Background 

It is estimated that forests are currently diminishing worldwide at a rate of 13 million ha/year 

(Laurance 2008). In Australia alone, the rate of forest destruction has been reported to be 

between 0.5 and 2.5% every year (Gibbons and Boak 2002; Saunders et al. 2003). The 

consequences of this loss include soil salinity (Barrett-Lennard 2002), erosion (Zuazo and 

Pleguezuelo 2008) and biodiversity decline (Lamb et al. 2005) leading to increased 

vulnerability in already fragile ecosystems.  

In Australia, part of this land clearance is due to mining operations and infrastructure 

projects. There is a legislative obligation for such activities to offset or rehabilitate their 

cleared lands. Land restoration is increasing in Australia and in the last two decades more 

than 50,000 ha have been restored in north and east Australia (Erskine et al. 2005). The 

benefits of revegetation include C sequestration (Laganiere et al. 2010; Yafeng Wang et al. 

2011) and biodiversity enhancement, both faunal (Munro et al. 2007) and floral (Kanowski et 

al. 2003). Revegetation is an important mechanism to reverse the negative trends of 

vegetation and habitat destruction and an extensive body of research is required to understand 

the basic principles underpinning successful revegetation projects.  

One of the major challenges in land revegetation is to alleviate the costs associated 

with site preparation and develop efficient and cost-effective methods for site establishment 

(Hobbs and Norton 1996). Weed control and fertilisation are universal practices for site 

preparation when tree planting but both weed control and fertilisation may have implications 

for soil fertility. Soil property alteration may influence plant early survival, growth and eco-

physiological status which may result in the success or failure of tree planting. Failures in 

plant establishment increase the cost of revegetation schemes.   
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Sites were established in tropical and sub-tropical Queensland to investigate the 

effects of site preparation on seedling establishment and growth in areas set aside for 

revegetation with Australian native species. The sites at Laidley in southeast Queensland and 

Stanwell in central Queensland were established to investigate the use of topsoil removal 

(scalping) and herbicide application for weed control. Other treatments included the use of 

fertiliser to overcome the potentially negative effects of scalping and to give a competitive 

advantage to seedlings. The trial was also set up to investigate the use of tubestock or direct 

seeding as establishment methods but a combination of droughts and floods ensured that only 

the tubestock survived. The experiments associated with these trials will form the basis for 

this thesis and the research questions and associated chapters are outlined below. 

1.2 Weed control 

Weed control methods used currently in Australia, including herbicide application, hand 

weeding, slashing and mulching, are expensive (George and Brennan 2002). Herbicide 

application may be less expensive compared to the other options. For instance, jute matting 

can be 15 times more expensive than herbicide application (George and Brennan 2002), but it 

is the need of recurrent applications that increases the costs of herbicide usage. Herbicide 

application has been shown to influence soil organisms negatively (Subhani et al. 2000; 

Ahemad and Saghir Khan 2009; Sebiomo et al. 2011) and may also increase floral diversity 

due to increased space for other species to develop following the suppression of dominant 

species (Balandier et al. 2006) with the potential that these new species could be more 

aggressive to exploit available resources leading to enhanced competition.  

A cost-effective alternative weed control method that controls weeds effectively is 

required, one of which is top soil removal or scalping, by which the top layer of soil to 

approximately 100 mm is removed. Scalping removes a large proportion of the weed seed 

bank leading to reduced follow-up weed control.  Scalping increases soil temperature due to 
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the sun exposure and exposes mineral nutrients which could favour plant early growth and 

establishment (Spittlehouse and Childs 1990). However, this method has drawbacks as it 

decreases soil moisture (MacDonald and Thompson 2003) and increases soil erosion risks 

(Little et al. 2006).  

Soil properties including organic matter, microbial biomass and microbial activities 

are influenced by site preparation practices under afforestation (Paul et al. 2002; Zinn et al. 

2002) or plantation establishment (Huang et al. 2008d; Xu et al. 2008), plant species (Khanna 

1997; Kasel et al. 2011) and environmental conditions (Schmitt and Glaser 2011; Yidong 

Wang et al. 2011). 

Weed control methods may influence soil properties due to alteration in soil physical 

and chemical properties. For instance, after vegetation removal, soil temperature increases 

and N mineralisation is stimulated (Gurlevik et al. 2004). Soil organic matter (SOM) 

particularly C input may decrease due to reduced inputs of root exudates, root mortality and 

litter fall leachates (Li et al. 2004; Ibell et al. 2010). There is a link between soil fertility and 

SOM, and weed control methods that have less implications for SOM may be preferable. 

Effects of weed control on SOM have been investigated under different ecosystems in 

Queensland, Australia (Xu et al. 2008; Ibell et al. 2010) but few studies have been undertaken 

on the effect of radical site establishment practices.  

We examined the effects of SOM removal and herbicide application on soil physical 

and microbial properties during the first 61 weeks of vegetation establishment at 

Rockhampton as reported in Chapter 2, Soil organic matter dynamics and nitrogen 

availability in response to site preparation and management during revegetation in tropical 

central Queensland, Australia, and during first 45 weeks of vegetation establishment at 

Laidley as presented in Chapters 3, Soil carbon pools and nitrogen availability in the first 

year following site management practices and its influences on plant growth of a 
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revegetation ecosystem in south-east Queensland, Australia. The main objectives of both 

studies were to determine SOM dynamics, soil microbial biomass C and N, soil respiration 

and N availability in response to scalping and herbicide application. It was hypothesised that 

labile C and N including hot-water extractable organic C, hot-water extractable total N, 

microbial biomass C and N and soil respiration would be lower in the scalped areas compared 

to the herbicide areas but it would improve over the period of the study.  Carbon and N are 

able to control most ecosystem processes (Aerts and Chapin 2000; He et al. 2008; Fahey et al. 

2011) and play a pivotal role in plant growth (Huang et al. 2008a, Huang et al. 2008b). It is 

well understood that soil microbes play an important role in N cycling and their activity is 

mostly related to C availability in the soil (Davidson and Swank 1987; Chen and Xu 2005). 

The impacts of soil organic matter removal and herbicide application on soil 

microbial community functional diversity was evaluated at Laidley using Biolog GN2 plates 

as described in Chapter 4, Effects of pre-planting site management on soil organic matter and 

microbial community functional diversity in subtropical Australia. It was hypothesised that 

labile C and N including hot and cold water extractable organic C, hot and cold water 

extractable total N, microbial biomass C and N and soil respiration would be lower in the 

scalped areas compared to the herbicide areas. It was also hypothesised that the application of 

two different herbicide treatments might influence soil microbial community differently.   

Soil microbial community structure is influenced by site preparation techniques 

(Ratcliff et al. 2006; Huang et al. 2008c).  The study of soil microbial community structure is 

important as soil microbial communities facilitate and control different functions in soil 

including nutrient cycling, litter-fall decomposition and soil structure (Garland and Mills 

1991; Burton et al. 2010). Alteration in soil microbial composition may affect soil C and N 

cycling and availability (Burton et al. 2010; Cao et al. 2010) which in turn could influence 

plant early establishment. 
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We investigated the effects of A. concurrens and E. crebra on soil properties in the 

presence of SOM removal and herbicide application over 12 months following treatment 

application at Laidley as reported in Chapter 5, Effects of Acacia concurrens and Eucalyptus 

crebra on soil carbon and nitrogen pools under site preparation practices of a revegetation 

ecosystem in south-east Queensland, Australia. The main objectives of this study were to 

determine the effects of acacias and eucalypts on SOM dynamics, soil microbial biomass C 

and N, soil respiration and N availability in response to scalping and herbicide application. 

This study hypothesised that the effect of plants on soil properties including hot water 

extractable organic C, hot water extractable total N, microbial biomass C and N and soil 

respiration may begin within the first year following treatment application.  Plant species are 

able to influence soil properties significantly (Hobbie 1992) and their effect is species-

specific (Khanna 1997; Kasel et al. 2011). Research has shown that plant species (Frey et al. 

2006) including Eucalyptus spp. and Acacia spp. alter SOM dynamics through their root 

exudates (Chen et al. 2010). Acacia spp. are also able to fix atmospheric N2 and contribute in 

N input to the ecosystem (May and Attiwill 2003; Reverchon et al. 2012).  

 We assessed the effects of SOM removal and herbicide application on plant survival, 

growth and ecophysiological traits at Rockhampton during the first 14 months following tree 

planting as presented in Chapter 6, Effects of site management practices and seasonal 

changes on growth and physiological status of Acacia disparimma and Eucalyptus crebra 

seedlings in central Queensland, Australia, and at Laidley during the first 17 months 

following tree planting as shown in Chapter 7, Physiological traits of Acacia concurrens and 

Eucalyptus crebra with respect to radical site preparation practices in a revegetation 

ecosystem, south-east Queensland, Australia.  

It was hypothesised that (a) the scalping might improve plant early survival and 

growth due to reduced competition, (b) leaf level gas exchange including photosynthesis, 
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stomatal conductance and transpiration might be lower in the scalped areas compared to the 

herbicide, and (c) water use efficiency of plants could improve in the scalped areas compared 

with the herbicide areas.  

Weed control may increase resource availability leading to plant growth improvement 

(Adams et al. 2003; Huang et al. 2008b; Graham et al. 2009). In a trial in Tasmania, 

Australia, Adams et al. (2003) showed that weeding in the first two years was critical for E. 

globulus establishment. Garau et al. (2009) found E. globulus was more susceptible to weed 

competition in the first year compared to the second and third years following establishment 

in Argentina. Whilst there have been many studies that have investigated the effects of weed 

control and fertilisation on growth and/or survival (Fleming et al. 1996; Graham et al. 2009), 

few have reported the effects on seedling eco-physiological status. Concurrent investigations 

of these factors may provide a better understanding of plant growth response to site 

preparation practices and environmental conditions and may help to predict plant 

performance under different revegetation schemes.  

The successful establishment of plants in ecosystem restoration is dependent on their 

ability to overcome their competitors and utilise available resources efficiently. Water use 

efficiency (WUE) is the amount of water used by plant per total dry matter produced 

(Ehleringer et al. 1993). Increased WUE could be due to enhanced photosynthesis or 

decreased transpiration as WUE is also defined by the ratio of net photosynthesis (An) to 

transpiration (E) (An/E) (Farquhar and Richards 1984). Under water stress conditions, plants 

tend to increase their stomatal closure to prevent water loss through transpiration. When 

stomata are open, water loss through stomata could be 50 times greater than CO2 uptake 

(Chaves et al. 2004). Increased stomatal closure reduces CO2 assimilation at the 

carboxylation sites due to decreased stomatal conductance (Zhang et al. 1997). Thus, under 

drought conditions, higher WUE in plants could be translated to greater productivity 
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compared to those with lower WUE (Jones 1993).  Long-term WUE of plants can be assessed 

using C isotope composition (δ
13

C) due to an independent link between δ
13

C and the ratio of 

intercellular CO2 (Ci) to atmospheric CO2 concentration (Ca) (Ci/Ca) (Farquhar et al. 1988). 

δ
13

C is commonly utilised to determine the photosynthetic pathways and to assess the WUE 

in plants (Holtum and Winter, 2005). Research has shown that δ
13

C is responsive to site 

preparation practices and environmental conditions (Xu et al. 2000; Xu et al. 2003; Huang et 

al. 2008b). 

Weed control decreases competition leading to alteration in water and nutrient 

availability. Alteration in resource availability may influence stomatal conductance and alter 

CO2 diffusion in plant leaves leading to an alteration in plant photosynthetic capacity (Wilson 

et al. 2000; Huang et al. 2008b). The physical status of leaves could influence foliar N 

fractions in photosynthesis. Research has shown a positive relationship between specific leaf 

area and N allocation in the photosynthetic apparatus (Feng 2008). Different studies have 

shown that foliar N and photosynthetic rates are positively correlated in different plant 

species (Eamus et al. 1999; Medhurst et al. 2006) because N is used by Rubisco which is an 

essential enzyme to fix CO2 in the photosynthetic system. It has also been pointed out that a 

decrease in foliar N content can culminate in a drop of maximal Rubisco activity (Vcmax) 

(Juarez-Lopez et al. 2008; Domingues et al. 2010). Photosynthetic capacity could be 

measured by the maximum rate of Rubisco carboxylation (Vcmax) and the rate of Ribulose-

1,5-bisphosphate (RuBP) regeneration (Jmax) respectively (Warren 2004). These two factors 

are derived by the analysis of the A/Ci response curves (Sharkey et al. 2007). Studies on 

photosynthetic capacity with respect to site preparation practices under revegetation 

ecosystems in south-east Queensland, could reveal useful information regarding weed control 

methods and plant species response to the weed control methods. 
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1.3 Fertilisation  

Failures in revegetated ecosystems are usually related to soil nutrient constrains to plant 

growth and productivity (Siddique et al. 2008). We investigated the effects of fertilisation on 

soil properties under A. concurrens and E. crebra over 12 months following treatment 

application at Laidley as reported in Chapter 5, Effects of Acacia concurrens and Eucalyptus 

crebra on soil carbon and nitrogen pools under site preparation practices of a revegetation 

ecosystem in south-east Queensland, Australia.  The effects of fertilisation on soil C and N 

pools are not consistent. For instance, Shan et al. (2001)  and Guo and Gifford (2002)  

pointed out that fertilisation could increase C storage through biomass but it may not affect 

the soil C sink due to enhanced decomposition. However, it has shown that long-term 

fertiliser application could enhance C sinks even with increased decomposition rates (Huang 

et al. 2011). Fertilised soil showed a lower annual soil respiration than non-fertilised soil in 

an 11-year-old (Maier and Kress 2000) and 17-year-old (Butnor et al. 2003) loblolly pine 

plantation. Maier and Kress (2000) argued that fertilised areas may begin sequestering C 

before non-fertilised areas in plantations. Adding N fertiliser in E. dunnii plantation in China 

increased MBN and decreased MBC (Wang et al. 2008). Inconsistent effects of fertilisation 

on soil microbial properties could be due to different causes including alteration of N 

immobilisation rates (Priha and Smolander 1995); soil pH (Thirukkumaran and Parkinson 

2000); and C input through root biomass (Ajwa et al. 1999).  

We also examined the effects of fertilisation on plant survival, growth and 

physiological traits at Rockhampton over 14 months following treatment application as 

reported in Chapter 6, Effects of site management practices and seasonal changes on growth 

and physiological status of Acacia disparimma and Eucalyptus crebra seedlings in central 

Queensland, Australia. The application of nutrients in an ecosystem can influence dry mass 

allocation, specific leaf area (Sands et al. 1992; Tang et al. 1999) and assimilation rate (Sands 
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et al. 1992). It has also been shown that in nutrient deficient soils, applying fertiliser can 

result in biomass enhancement (Xu et al. 1995a, Xu et al. 1995b; Allen et al. 2005). Research 

has also shown an increase in plant growth when weed control and fertilisation are combined 

(Otsamo et al. 1995; Scowcroft et al. 2007). However, a trial in Virginia by Amishev and Fox 

(2006) showed that fertiliser application did not increase plant growth in Pinus spp. due to 

increased growth of competitors. Those authors also found that there was no additional 

benefit of fertilisation for plant growth when applied with weed control compared to weed 

control only. It was hypothesised that (a) fertilisation might improve plant early survival and 

growth due to improved nutrient availability and (b) leaf level gas exchange including 

photosynthesis, stomatal conductance, transpiration and water use efficiency could be 

improved by fertilisation.  

The previous chapters in this thesis have dealt with effects of site preparation 

practices at each site separately as differences between the sites do explain why the results 

from the same experimental layout and treatment applications have given different responses 

and, as such in Chapter 8, Site comparisons, we examined site specific conditions which have 

given rise to differing responses to the treatments applied.  

1.4 N2 fixation 

In the present study, we investigated the use of two different methods, 
15

N enrichment and 

15
N natural abundance to estimate biological N2 fixation (BNF) of two understory Acacia spp. 

from April 2009 to March 2010 as presented in the Supplementary Chapter (Chapter 9), 

Examination of 
15

N enrichment and 
15

N natural abundance methods for estimating N2 

fixation by understory Acacia leiocalyx and A. disparimma in relation to plant photosynthesis 

and water use efficiency in a native forest in subtropical Australia. The objective of this 

study was to examine 
15

N enrichment and 
15

N natural abundance techniques in terms of their 
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utility for evaluation of N2 fixation of understory acacias. It was hypothesised that 
15

N 

enrichment might provide more accurate estimation of N2 fixation than 
15

N natural abundance 

technique. 

Urban forests are usually subjected to periodic fires to reduce the risk of wildfires.  

Fires may increase soil nutrient impoverishment leading to enhanced vulnerability in such 

ecosystems.  Understorey legumes play an important role in the ecosystem to input N to the 

ecosystem through fixing atmospheric N2 (Guinto et al. 2000; Reverchon et al. 2012). The 

15
N enrichment and 

15
N natural abundance methods can be used to estimate BNF but there 

are limitations when used for trees (Boddey et al. 2000). For the 
15

N enrichment, fertiliser 

should be homogenously added to soil (Warembourg 1993; Parrotta et al. 1994) and is 

expensive. The 
15

N natural abundance method is simple and inexpensive but the use of this 

method is not always successful particularly for trees due to its limitations (Guinto et al. 

2000). The limitations of the 
15

N natural abundance method have been extensively reviewed 

in Boddey et al. (2000) which include reference plant selections, soil N variation and  

alteration of plant N uptake over time.     

N2 fixing process in legumes has the potential to use a large proportion of C fixed 

through photosynthesis (Lambers et al. 2008). N is an important part of Rubisco, the enzyme 

which is used to assimilate CO2 at the carboxylation sites (Evans 1989). CO2 assimilation 

itself could be controlled by plant WUE strategies because one of the plant responses to 

increase WUE is to increase stomatal closure which would lead to decreased intercellular 

CO2 concentration (Li et al. 2000). The Plant’s ability to fix atmospheric N2 and other 

physiological traits may be linked directly or indirectly and alteration in plant N2 fixation may 

influence plant photosynthetic capacity. The other objective of this study was to determine to 

what extent plant photosynthetic capacity and WUE status may explain the ability to fix N2. 

Such studies may improve our understanding of plant functions under vulnerable conditions.  
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In conclusion, this study aimed to determine the effects of site preparation techniques 

on soil properties (Chapters 2, 3 and 4) and investigate plant species influences on soil 

properties in the presence of site preparation techniques (Chapter 5). This study also sought 

to evaluate the effects of site preparation techniques on plant survival, growth and eco-

physiological traits (Chapters 6 and 7). The results of two sites were compared (Chapter 8) in 

order to identify the most cost-effective method of site preparation techniques for tree 

planting. In the Supplementary Chapter (Chapter 9), this study sought to examine the 

methods of N2 fixation estimation for acacias due to N2 fixation importance in ecosystem N 

balance. The key aspects of this study are shown in the Fig. 1.1. 
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Fig. 1.1 A simplified flowchart encompassing the linkages among soil and plant 

parameters subjected to site preparation practices. 
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Chapter 2 Soil organic matter dynamics and nitrogen 

availability in response to site preparation and 

management during revegetation in tropical central 

Queensland, Australia  

2.1 Abstract 

There is considerable interest in finding a cost effective method of site preparation that 

effectively controls weeds during planting and further reduces the need for recurring 

herbicide applications in tree planting. In this study, two weed control methods (herbicide 

versus scalping) were examined. Both methods may have implications for SOM dynamics 

and nitrogen (N) which could consequently affect plant survival and vegetation 

establishment. This study aimed to investigate the dynamics of SOM, carbon (C) and N pools 

under site manipulation practices and the associated early plant survival and growth in 

tropical Australia. A field trial was established in Central Queensland to examine the 

recovery of SOM, C and N pools following scalping and the alternative site preparation 

technique of sequential herbicide application. Both were contrasted with control plots which 

received neither treatment. The SOM and N availability were compared with plant survival 

and growth to improve our understanding of plant responses to the site preparation practices. 

Scalped plots showed significantly lower values for labile C and N pools compared with the 

herbicide treatment and control. Generally, there was no significant difference between the 

herbicide and control for any of the parameters tested. Our observation indicated that 

herbicide application was significantly less effective than scalping to control weeds. Drought 

conditions were considered to be a major factor in the overall decline of SOM. Despite top 

soil removal, there was no significant difference in plant survival between herbicide and 
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scalped areas (81% and 79% survival respectively).  Plant growth was not affected by the 

treatments in the first six months when weed competition in the herbicide areas and low 

nutrient availability in the scalped plots would have been significant factors in controlling 

growth rates. However, plants in the herbicide areas, irrespective of species, showed stronger 

growth than those in the scalped plots at week 61 when they had outgrown the weed 

competition. It is likely that differences in plant growth response to treatments will become 

negligible over time. 

Top soil removal was more effective than the use of herbicide in the long term control 

of weeds. Lower SOM and N availability in the scalped areas did not affect plant survival 

rates when compared with that of the herbicide areas. Whilst the preservation of soil organic 

matter is considered to be vital in short term cropping systems, our results indicate that this is 

not the case for woody vegetation establishment and, in terms of cost and reduction of 

chemical use, removal of the organically rich top soil, with its accompanying seed burden 

may be both practical and desirable.   

2.2  Introduction 

Infrastructure projects, mining and petroleum activities involve some degree of vegetation 

clearance leading to land degradation and biodiversity loss. Revegetation schemes are part of 

the response to vegetation destruction (Lamb et al. 2005) and there is a legislative obligation 

for many such infrastructure operations to revegetate or offset areas of destroyed vegetation 

leading to an improvement in ecosystem function and biodiversity. In many countries, 

including Australia, revegetation schemes are increasing (Paul et al. 2002). Approximately 

52,000 ha of lands have been restored in north and east of Australia with rainforest and mixed 

hardwood planting (Erskine et al. 2005).  
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Site management practices (including weed control) are one of the main driving 

factors for revegetation success. These practices have the potential to alter soil biotic and 

abiotic conditions which could lead to an alteration in SOM and soil nutrient availability 

particularly C and N cycling (Tan et al. 2005; Xu et al. 2008). Weed control also accounts for 

the greatest expense associated with revegetation and there is considerable interest in finding 

a cost-effective method of site preparation that effectively controls weeds during planting and 

further reduces the need for subsequent herbicide applications.  

SOM parameters such as available organic C, N and microbial biomass C and N are 

used to indicate soil quality and fertility (Schoenholtz et al. 2000; Singh et al. 2001; Chen and 

Xu 2005; Xu et al. 2008).  Soil available C may facilitate N dynamics in soil leading to soil 

quality improvement as well as ecosystem productivity enhancement (Ibell et al. 2010; 

Moreira et al. 2011). Revegetation or plantation establishment may affect SOM dynamics and 

nutrient pools through different factors including: site management (Xu and Chen 2006; 

Huang et al. 2008a; Xu et al. 2008, 2009), climatic conditions, previous land use and soil 

characteristics (Paul et al. 2002; He et al. 2009). There is little known about the associated C 

and N dynamics in the soil under revegetation ecosystems particularly in Australia.  

Herbicides control weeds and improve early establishment success (Powers and 

Reynolds 1999; George and Brennan 2002). However, these chemicals can also target soil 

micro-organisms, causing them to either stimulate (Araújo et al. 2003) or suppress (Busse et 

al. 1996; Busse et al. 2006) their activities leading to an alteration in C and N dynamics 

(Huang et al. 2008a, b; Ibell et al. 2010). Other equally efficient methods are required to 

reduce the reliance on herbicide application. One such is top soil removal (scalping) which 

may be considered as an alternative method of weed control at revegetation sites (Harper et 

al. 2008; Graham et al. 2009). Scalping may suppress weeds through removal of the seed 

bank, expose mineral nutrients, increase soil temperature and affect soil moisture 
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(Spittlehouse and Childs 1990). These changed soil abiotic conditions may enhance or reduce 

soil microbial activities (Hendrickson et al. 1985) and may accelerate nutrient loss (Zabowski 

et al. 1994) and soil erosion leading to alteration of plant survival and vegetation 

establishment. 

Site manipulations at revegetation sites seek to: decrease potential competitors and 

improve early survival (Benayas et al. 2002) and growth (MacDonald and Thompson 2003; 

Graham et al. 2009); manipulate soil conditions providing higher resource availability; and 

also maintain long-term productivity in the ecosystem. There are studies investigating SOM 

and nutrient dynamics under afforestation or plantation establishment (Paul et al. 2002; Zinn 

et al. 2002; Xu et al. 2008) but limited information is available regarding revegetation 

schemes in Australia. This study aims to assess the impacts of site manipulation on SOM 

dynamics, N availability and early plant survival and establishment. Therefore, it was 

hypothesised that labile C and N including hot-water extractable organic C, hot-water 

extractable total N, microbial biomass C and N and soil respiration would be lower in the 

scalped areas compared to the herbicide areas but it would improve over the period of the 

study. 

2.3 Materials and methods 

2.3.1 Site description 

The experimental site was located at Stanwell (23
°
31′24 S, 150

°
18′14 E), approximately       

25 km southwest of Rockhampton, central Queensland, Australia. Before plantation 

establishment, the site had a history of disturbance, being used previously for growing grapes 

and most recently as poor quality pasture. The soil is a sandy loam containing 22%, 12% and 

66% clay, silt and sand content respectively. Total C (TC) was 1.90% and pH was 5.7. The 

average maximum monthly temperature of 28ºC ranged from 22ºC to 33ºC and rainfall of 

620 mm were recorded for the period of this study (from June 2009 to August 2010). The site 
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is sub-humid and precipitation occurred in only 4 months throughout the study period and for 

short period of time each month (Fig. 2.1).  

 

 

 

Fig. 2.1 Monthly rainfall (mm), mean maximum daily air temperature (°C) and soil 

temperature at 5 cm depth in herbicide (H) and scalped (S) plots of the experimental site 

located at Stanwell, central Queensland Australia from June 2009 to August 2010. 

The experiment was originally a randomized complete split block design with four 

blocks and 32 plots. The treatments were weed control (herbicide vs. scalping, main effects) 

and fertilisation regimes (fertilisation vs. non-fertilisation). Due to localised fertilisation 

application under plants, no significant difference between fertilised and non-fertilised plots 

was observed and soil sampling was conducted only in the herbicide and scalped areas with 8 

replications. The control plots were established immediately next to blocks with four 

replications.  The plots were 12 m × 12 m consisting of six planting rows and on average 

eight seedlings (tubestock) were planted at each row with 1.5 m × 1.5 m spacing. Prior to 

planting, each row was ripped to a depth of at least 30 cm. The three seedling species, Acacia 

disparimma (Fabaceae), Melaleuca quinquenervia and Eucalyptus crebra (both Myrtaceae), 

were planted randomly in the plots. In the herbicide plots, glyphosate was applied on two 

 
 

0

5

10

15

20

25

30

35

40

0

50

100

150

200

250

300

350

400

1 7 16 27 36 61

T
em

p
er

at
u
re

 (
°C

)

R
ai

n
fa

ll
 (

m
m

)

Weeks following revegetation establishment

Rainfall Temperature H

Temperature S Air temperature



Chapter 2- Soil organic matter dynamics at the Rockhampton site 

29 

 

occasions before plantation establishment at normal rates within 60 days (April and June 

2009) and the follow up spray after plantation was a monocotyledon specific herbicide called 

Verdict
TM

540 with active ingredient Haloxyfop. In the scalped plots, approximately 10 cm of 

top soil was removed in the scalped plots to control weeds and decrease potential 

competition. The scalping was applied prior to the planting by a bulldozer and no herbicide 

was applied to these plots before scalping. No herbicide was applied in the control plots. 

Herbicide was applied two weeks prior to scalping in order to allow herbicide action on 

weeds. All treatments were applied   on sunny days under stable conditions. 

2.3.2 Soil and plant sampling  

Soil sampling was conducted six times over the period of 14 months from June 2009 to 

August 2010 at 1, 7, 16, 27, 36 and 61 weeks following the treatment application. The soil 

samples (0-5 cm) were collected at five positions in each plot using an auger (60 mm internal 

diameter). The sampled soils in each plot were bulked and well mixed. A sub-sample of the 

soil was air-dried and the rest was refrigerated at 4°C and processed shortly after sampling 

within first month after sampling. Soils were passed through a 2-mm sieve prior to any 

analyses. At weeks 27 and 61, the number of surviving plants was recorded and the 

percentage of plant survival was calculated. Plant height (growth) was also recorded at weeks 

27 and 61. 

2.3.3 Soil analyses 

Total C (TC), total N (TN), C isotope composition (δ
13
C) and N isotope composition (δ

15
N) 

of air-dried samples were determined. The air-dried soil was ground to a fine powder using a 

Rocklabs
TM

 ring grinder. Then, approximately 40 mg of ground soil was transferred to tin 

capsules (5 mm × 8 mm) to measure TC, TN, δ
13
C and δ

15
N using a mass spectrometer (GV 

Isoprime, Manchester, UK) according the method of He et al. (2008).  
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NH4
+
-N and NO3

-
-N were determined by hot water extraction using a SmartChem 200 

Discrete Chemistry Analyser (DCA). To measure potentially mineralisable N (PMN), two 

sub-samples (5 g) of air dried sample were weighed. One sub-sample was added to 25 ml 

water and incubated at 40ºC for seven days. After incubation, 25 ml of 4 M KCl was added to 

the samples and the suspension was shaken for 60 min and centrifuged for 20 min at 2000 

rpm. After centrifuging, the samples were filtered by a Whatman 42 filter paper. The second 

sub-sample of soil was added to 50 ml of 2 M KCl and processed as above but without 

incubation. Inorganic N of both samples were determined using a SmartChem 200 Discrete 

Chemistry Analyser (DCA) and the PMN was calculated as described by Blumfield et al. 

(2006). The non-incubated KCl extractions were also used to determine total organic C 

(TOC) and dissolved organic N (DON) using a Shimadzu TOC-VCSH/CSN TOC/N analyser 

(Chen and Xu 2005).  

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

(HWEOC) and total N (HWETN). Briefly, 35 ml water was added to 7 g of air-dried soil and 

the samples were incubated in a capped and sealed tube at 70°C for 18 h. Following 

incubation, the suspension was shaken by an end-over-end shaker for 5 min followed by 

centrifuging at 10000 rpm for 10 min. The suspension was filtered through a Whatman 42 

filter paper followed by filtering through a 33 mm Millex syringe-driven 0.45 µm filter. The 

C and N concentration of filtered solution were measured using a Shimadzu TOC-VCSH/CSN 

TOC/N analyser (Chen and Xu 2005).  

To measure microbial biomass C (MBC) and microbial biomass N (MBN), in brief, 

two 10 g sub-samples of fresh soil were weighed; one of the sub-samples was fumigated by 

chloroform for 24 h.  Both fumigated and non-fumigated sub-samples were mixed with 50 ml 

of 0.5 M K2SO4 and the mixture was shaken with an end-over-end shaker for 30 min, 

followed by filtering through a Whatman 42 filter paper. The TOC and TON of both 
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extractions were measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu 

2005). The MBC and MBN were computed as described by Vance et al. (1987) and Brookes 

et al. (1985) respectively. 

2.3.4 Statistical analysis 

Analysis of variance (ANOVA) was conducted to explore the dynamics of soil 

fertility parameters throughout the sampling period as well as plant survival and growth. The 

Tukey HSD test at P<0.05 was used to determine the significance of differences between the 

treatment means. A linear regression was performed to indicate the trend of SOM during the 

period of study. Statistix software (Version 8) was used for all the statistical analyses. 

2.4 Results  

2.4.1 Soil temperature and moisture 

Soil temperature in the herbicide and scalped areas did not differ significantly at 5 cm 

depth. Soil temperature at the scalped areas was lower than the herbicide areas after week 27 

(Fig. 2.1). Soil moisture was significantly affected by site preparation (P<0.05) and scalped 

areas showed a significantly lower soil moisture than that of the herbicide and control plots. 

The soil moisture, irrespective of site preparation, ranged from 1.71% and 6.50% without 

taking into account the soil moisture of week 36 (Fig. 2.2). At week 36, there was a 

significant rainfall which increased soil moisture significantly (P<0.05) in all treatments.  



Chapter 2- Soil organic matter dynamics at the Rockhampton site 

32 

 

 

Fig. 2.2 Soil moisture (%) over 61 weeks after applying herbicide and scalping. 

2.4.2 TC, δ
13
C ,TN, δ

15
N and C:N ratio 

The herbicide and control plots had significantly higher TC than the scalped plots (P<0.05) in 

both weeks 1 and 61 (Table 2.1). TC did not vary significantly from week 1 to week 61, 

irrespective of the treatments, ranging from 1.78%, 1.10% and 1.85% at week 1, and 1.66%, 

1.15% and 2.01% at week 61 in the herbicide, scalped and control plots respectively. δ
13

C 

ranged from -19.2‰ to -20.4‰ and did not vary significantly in response to either site 

preparation method or sampling time. TN was significantly affected by site preparation at 

week 61 (P<0.05) but not at week 1 (Table 2.1). TN in the control plots increased 

significantly over the period of study (0.10% vs 0.12%, P<0.05) whereas it declined in the 

herbicide (0.11% vs 0.10) and scalped plots (0.10% vs 0.07%, ns). δ
15

N was significantly 

affected by site preparation (P<0.10) only at week 1 but not at week 61. In all treatments, 

δ
15

N was significantly enriched at week 61 compared to week 1 (P<0.05). C:N ratio was 

significantly affected by site preparation only at week 1 (P<0.05) (Table 2.1) and C:N ratio in 

the scalped areas was significantly lower than that of the herbicide and control plots. The C:N 

ratio significantly increased between week 1 and week 61 only in the scalped areas (11.5 vs 
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16.2; P<0.05). No significant difference was detected in C:N ratio of the herbicide and 

control plots between weeks 1 and 61 (Table 2.1).  

 

Table 2.1Total C (TC), total N (TN), C:N ratio, C isotope composition (δ
13

C) and N isotope 

composition (δ
15

N) in the presence of different site preparation techniques. Means followed by 

the lower and upper case letters within the same week demonstrate the significance at the level 

P<0.05 and P<0.10 respectively. 

 

Treatments TC (%)   TN (%)   C:N ratio   δ
13
C (‰)   δ

15
N (‰) 

Following treatment application  

       Week 1 

         Control 1.85 (0.13)a 

 

0.10 (0.00)a 

 

18.5 (1.30)a 

 

-20.4 (0.65)a 3.72 (0.42)A 

Herbicide  1.78 (0.09)a 

 

0.11 (0.001)a 

 

15.8 (0.64)a 

 

-19.6 (0.28)a 3.82 (0.41)A 

Scalping 1.10 (0.05)b 

 

0.10 (0.00)a 

 

11.5 (0.48)b 

 

-19.3 (0.30)a 2.68 (0.26)B 

          Week 61 

         Control 2.01 (0.07)a 

 

0.12 (0.006)a 

 

16.2 (0.46)a 

 

-19.4 (0.97)a 5.23 (0.40)a 

Herbicide  1.66 (0.07)b 

 

0.10 (0.003)b 

 

15.8 (0.32)a 

 

-19.3 (0.41)a 5.77 (0.09)a 

Scalping  1.15 (0.04)c   0.07 (0.003)c   16.2 (0.36)a   -19.2 (0.37)a 5.90 (0.12)a 

Paired bold values demonstrate that treatment means are significantly different between the week 1 and 

the week 61 at the P<0.05. 

Values in parentheses indicate mean standard errors. 

 

2.4.3 NH4
+
-N and NO3

-
-N 

NH4
+
-N and NO3

-
-N were significantly affected by site preparation (P<0.05) (Table 2.2). 

NH4
+
-N dominated inorganic N in the herbicide and control plots whereas NO3

-
-N was 

usually dominant in the scalped areas, except at weeks 27 and 61 (Table 2.2).  The scalped 

areas typically had an NH4
+
-N concentration around half that of the herbicide and control 

plots. The highest NH4
+
-N was observed at week 27 for all the treatments. The lowest value 

of NH4
+
-N was in the scalped plots, 26.8 µg g

-1
 observed at week 7 whereas the lowest 
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concentration of NO3
-
-N was in the control plots 1.88 µg g

-1
 indicated at the week 7 

following the treatment applications (Table 2.2).  

2.4.4 PMN, DON, TOC, HWEOC and HWETN  

PMN showed a significant response to site preparation (P<0.05). PMN of the scalped areas 

was significantly lower than that of the herbicide and control plots and no significant 

difference was observed between herbicide and control plots. PMN varied from 72.0 to 407 

µg g
-1

 among all the treatments. DON, in general, did not show a significant response to site 

preparation and ranged from 9.64 to 36.9 µg g
-1

 (Table 2.2). TOC was significantly affected 

by site preparation after week 16 (P<0.05) (Fig. 2.3a) and the scalped areas showed lower 

values than the herbicide and control plots. The scalped plots had significantly lower 

HWEOC and HWETN compared with the herbicide and control plots (P<0.05) (Fig. 2.3b and 

c). No significant difference in HWEOC and HWETN was determined between the herbicide 

and control, with the only exception observed at week 27 when HWEOC in the herbicide 

plots were significantly lower than in the control plots, two thirds of the control values (322 

µg g
-1

 vs 490 µg g
-1

 respectively). A significant decline in soil HWEOC and HWETN was 

observed in all the plots as indicated by a linear regression (Table 2.3) (n=24, R
2
=0.52 and 

R
2
=0.37 respectively, P<0.05).  
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Table 2.2 NH4
+
-N, NO3

-
-N, potentially mineralisable N (PMN) and dissolved organic N 

(DON)  in response to different site preparation techniques over 61 weeks following the 

treatment application. Means followed by the lower and upper case letters at the same 

week demonstrate the significance at the level P<0.05 and P<0.10 respectively. 

Treatments 
NH4

+
-N 

 

NO3
-
-N 

 

PMN 

 

DON 

(µg g
-1

) 

 

(µg g
-1

) 

 

(µg g
-1

) 

 

(µg g
-1

) 

Following treatment application  

     Week 1 

       Control 58.4 (3.93)ab 

 

13.9 (2.90)b 

 

195 (30.8)a 

 

17.0 (4.84)a 

Herbicide  67.1 (10.2)a 

 

23.9 (5.61)ab 

 

204 (14.8)a 

 

22.3 (3.70)a 

Scalping  28.4 (3.04)b 

 

38.6 (6.48)a 

 

72.0 (11.4)b 

 

26.7 (2.13)a 

        Week 7  

       Control 47.1 (7.82)a 

 

1.88 (0.44)c 

 

225 (24.9)a 

 

14.3 (0.38)a 

Herbicide  49.0 (3.76)a 

 

17.9 (3.95)b 

 

235 (14.6)a 

 

18.8 (1.22)ab 

Scalping  26.8 (2.02)b 

 

34.4 (2.90)a 

 

105 (14.0)b 

 

21.8 (1.17)a 

        Week 16 

       Control 79.6 (12.1)a 

 

3.10 (1.02)b 

 

345 (26.3)a 

 

15.8 (4.20)a 

Herbicide  56.5 (2.93)b 

 

50.4 (7.82)a 

 

284 (14.8)a 

 

20.1 (0.92)a 

Scalping  37.5 (1.92)c 

 

64.3 (4.55)a 

 

138 (13.3)b 

 

20.4 (1.50)a 

        Week 27 

       Control 89.9 (8.72)a 

 

2.13 (0.85)b 

 

407 (24.5)a 

 

16.4 (2.82)B 

Herbicide  147 (53.5)a 

 

78.7 (22.2)a 

 

258 (24.2)b 

 

36.9 (12.5)A 

Scalping  70.2 (14.7)b 

 

59.5 (18.9)a 

 

114 (16.6)c 

 

35.8 (6.30)A 

 
       Week 36 

       Control 52.6 (5.30)a 

 

23.9 (8.43)a 

 

200 (37.6)a 

 

9.64 (0.17)a 

Herbicide  46.4 (3.39)a 

 

42.7 (5.47)a 

 

136 (32.0)a 

 

13.0 (1.04)a 

Scalping  28.2 (1.62)b 

 

41.0 (13.0)a 

 

30.8 (6.51)b 

 

11.4 (1.18)a 

        Week 61 

       Control 62.4 (11.8)a 

 

4.50 (1.20)b 

 

230 (40.3)a 

 

9.97 (0.95)a 

Herbicide  54.3 (1.93)a 

 

28.8 (5.31)a 

 

175 (34.6)a 

 

11.3 (1.06)a 

Scalping  31.7 (1.70)b   23.1 (3.96)a   66.7 (6.25)b   9.46 (0.66)a 
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Fig. 2.3 The dynamics of a) extractable organic C (TOC), b) hot water extractable organic C 

(HWEOC) and c)  hot water extractable total N (HWETN) over 61 weeks after applying site 

preparation practices. Different lower case letters at each sampling week indicate a 

significant difference at level P<0.05. Similar lower case letters at each sampling week 

demonstrate a non significant difference. 

2.4.5 MBC and MBN 

The scalped plots had significantly lower MBC and MBN compared with the herbicide and 

control plots (P<0.05) (Fig. 2.4a and b). There was a significant difference in MBC between 

the herbicide and control plots only at week 16. MBC ranged from 108 µg g
-1

 to 396 µg g
-1
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and MBN from 10.8 µg g
-1

 to 49.8 µg g
-1

. No significant difference in MBC between the 

herbicide and control plots was observed at weeks 36 and 61. A linear regression between 

sampling weeks and MBC/N showed a significant decline of MBC and MBN over the period 

of study as reflected through a linear regression (Table 2.3) (n=24, R
2
=0.63 and R

2
=0.36 

respectively, P<0.05).  

 

Fig.  2.4 The dynamics of a) microbial biomass C (MBC) and b) microbial biomass N (MBN) 

over 61 weeks applying site preparation practices. Different lower case letters at each 

sampling week indicate a significant difference at level P<0.05. 

Table 2.3 Linear regression between time of sampling and SOM parameters (n=24). The unit 

for the slope is µg g
-1

. 

Dependent Slope R
2 F values Probability 

HWEOC -0.03 0.52 24.3 0.000 

HWETN -0.004 0.37 13.2 0.001 

MBC -0.03 0.63 38.1 0.000 

MBN -0.25 0.36 12.6 0.001 
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2.4.6 Plant survival and growth 

Tubestock survival, irrespective of plant species, was not significantly affected by site 

preparation at both weeks 27 and 61 (Fig. 2.5a). Plant survival significantly decreased 

between weeks 27 and 61, 19% and 20.2% reduction in the herbicide and scalping areas 

respectively, (P<0.05). The survival rate was 81% and 79.8% in the herbicide and scalping 

plots respectively at week 61. Plant growth (height), irrespective of plant species, did not 

vary significantly at week 27 and it was 51.8 cm and 51.2 cm in the herbicide and scalped 

areas respectively (Fig. 5b). A significant difference of plant growth was evident at only 

week 61 (P<0.05). Plant growth in the herbicide areas was greater than that of the scalped 

areas, 114 cm and 92.1 cm respectively (Fig. 2.5b). 

 

Fig.  2.5 Plant survival (numbers) (a) and growth (b) at weeks 27 and 61 following plot 

establishment. Different lower case letters at each sampling week denote a significant 

difference at level P<0.05. Similar lower case letters at each sampling week demonstrate a 

non significant difference. 

2.5 Discussion 

The scalped plots showed significantly lower TC, TN, inorganic N, HWEOC, HWETN, 

MBC and MBN, compared with the herbicide and control plots. SOM is considered as a 

readily decomposable substrate which governs the metabolic activity of soil microbes (Janzen 
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et al. 1992). Labile organic matter provides a readily available source of plant nutrients and 

enhances soil microbial activity (Xu et al. 2008; Ibell et al. 2010). Soil microbial activities are 

essential for maintaining soil quality (Bastida et al. 2007) and nutrient cycling and dynamics 

(Roldan et al. 1994). Therefore, any alteration associated with C and N inputs could affect 

other parameters in the soil. For instance, weed control in general could reduce the soil labile 

C pools due to decreased inputs of root exudates, root mortality and litter fall leachates (Li et 

al. 2004; Ibell et al. 2010).  

In general, no significant difference in HWEOC, HWETN, MBC and MBN was 

observed between the herbicide and control plots. This implies that labile C and N inputs may 

have not decreased in the herbicide areas due to either weed recovery shortly after herbicide 

application or plant residue inputs after applying herbicide. The present results were 

consistent with others who observed no effect of herbicide on soil micro-organisms (Wardle 

and Parkinson 1991; Busse et al. 2001). Herbicides that target plant specific biochemical 

pathways, which are not found in soil micro-organisms, should have no significant effect on 

soil micro-organisms (Lupwayi et al. 2004). Verdict and glyphosate, herbicides used in this 

study, belong to ACCas enzyme (Secor and Cséke 1988) and aromatic amino acid 

biosynthesis (Lupwayi et al. 2004) inhibitors respectively. If these groups of herbicides are 

applied in field rates, they may not negatively affect soil microbial biomass and activity 

(Busse et al. 2001; Lupwayi et al. 2009).  

Over the period of the study, a significant decline in SOM was observed in all the 

plots, including the control areas, as reflected through a linear regression (Table 3, P<0.05). 

Soil temperature and moisture were recorded throughout the trial. Soil temperature at 5 cm 

depth averaged 24ºC (19ºC – 33ºC) and was not considered to be a limiting factor for 

microbial activity and SOM dynamics. The average temperature exceeded 30ºC during 2 

months of the sampling period, the rest being lower than 27ºC. However, soil moisture was 
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very low, (2.10% - 6.20%) with effective rainfall being recorded for only one month 

(February 2010; week 36). Soil moisture could be more important than soil temperature to 

govern changes in soil microbial properties (Chen et al. 2003). Therefore, in the present 

study, drought conditions are considered to be a major factor in the overall decline of SOM. 

N availability and dynamics were significantly affected by site preparation practices 

(P<0.05). Soil disturbance may increase N availability especially when soil temperature and 

moisture are optimised as indicated in other studies (Blumfield and Xu 2003; Ibell et al. 

2010) or when C supply is not limited. However, this newly available N following soil 

disturbance could be easily lost through leaching or volatilisation (Vitousek et al. 1992). 

Significantly greater δ
15

N at week 61 in all treatments may also suggest that plant residues in 

the soil may have been enriched in δ
15

N as a consequence of microbial activities and loss of 

lighter N (Connin et al. 2001; Asada et al. 2005).  Soil moisture is an important factor 

affecting soil N availability and mineralisation (Smithwick et al. 2005; Qi et al. 2011; Zhang 

et al. 2011). Soil moisture enhancement could increase microbial activity leading to greater N 

availability. At week 36, there was a significant rainfall event which, combined with low 

seasonal temperatures, may have resulted in a  temporary increase in soil moisture leading to 

an increased soil N availability through N mineralisation as observed in the increased NH4
+
-

N and PMN at week 61 (Table 2). However, increased soil moisture accelerated loss of NO3
-
-

N at week 61(Table 2). This newly available N and microbial activity may have resulted in an 

increased δ
15

N in all treatments at week 61.  

 Despite the fact that NH4
+
-N was dominant in the herbicide areas, NO3

-
-N 

availability in both herbicide and scalped areas was significantly higher than that of the 

control plots. NO3
-
-N could be easily lost if it is not either immobilised by soil microbes or 

taken up by plants because it is mobile (Nadelhoffer et al. 1994). C:N ratio of the scalped 

areas significantly increased from week 1 to week 61. The C:N ratio is used to indicate soil 
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fertility and N availability and is important for plant growth (Shi et al. 2010) as well as soil 

microbial activity (Gurlevik et al. 2004). C:N ratio enhancement may suggest an N limitation 

in the ecosystem (Burton et al. 2010). Increased C:N ratio in the scalped areas occurred due 

to N loss because C did not change. Significant rainfall at week 36 may have accelerated N 

loss through leaching in the scalped areas leading to increased C:N ratio at week 61. 

Despite the fact that, in the scalping treatment, a majority of organic matter and 

microbial community was removed, the survival rate did not vary significantly between 

herbicide and scalping treated areas. The survival rate of the tubestocks was similar 

irrespective of plant species, 79.8% and 81% survival in the scalped and herbicide areas 

respectively, at week 61. Weed competition (Benayas et al. 2002; Rey Benayas et al. 2005; 

Amishev and Fox 2006) and first growing season conditions (Rey Benayas et al. 2005) could 

be considered as the two most important factors influencing plant survival. In the present 

study, environmental conditions were harsh with a long period of drought and soil moisture 

in the scalped areas was significantly lower than that of the herbicide areas. On the other 

hand, weed recovery in the scalped areas was always less than 50%, according to our 

observation, compared to 100% recovery of weeds in the herbicide areas shortly after 

herbicide application. Therefore, a better soil moisture availability in the herbicide areas and 

lack of weed competition in the scalped areas may explain lack of differences of seedling 

survival in these two treatments. Approximately 20% of seedling mortality at both herbicide 

and scalped areas was observed which could be due to drought conditions in the first growing 

season. Despite the lack of a significant influence on seedling survival, there was a better 

growth response to the higher SOM and N availability in the herbicide areas compared to the 

scalped areas once the plants overcame the initial weed competition. Plant growth was 

significantly affected by the treatments at week 61 (P<0.05) but not at week 27, during the 

first 6 months after plot establishment, when weed competition would have been a significant 
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factor in growth rates, particularly in the herbicide areas. Lower growth demonstrated in the 

scalped areas may have been due to rapid water loss from the exposed soil surface (Flint and 

Childs 1987) and also lower nutrient availability (Mallik and Hu 1997). Scalping did not 

significantly reduce survival rates compared to herbicide treatment though there was a 

significant effect on seedling growth. How this translates to overall growth differences over 

time remains to be seen. This initial difference in plant growth may not be really important 

over time particularly when the scalping was also a more cost-effective method compared to 

the herbicide application by reducing the man-hours worked to one third.  

2.6 Conclusions 

Top soil removal was more effective than the use of herbicide in the long term control of 

weeds. However, SOM and nutrient availability were significantly impacted by this site 

preparation technique, demonstrating much lower indicators of soil fertility. SOM had not 

recovered 61 weeks after the soil disturbance and a general decline of SOM was also 

observed throughout the sampling period. While the preservation of SOM is important in 

agriculture, it may not be so in long-term woody vegetation establishment and a cost benefit 

analysis over time may prove that benefit from removal of the seed bank far outweighs the 

disadvantages of removing the SOM rich top soil particularly when plant survival and growth 

are not affected. Native tree species that are used to revegetate are highly adapted to grow in 

Australian impoverished soils so that SOM removal through scalping may not significantly 

affect plant growth and survival.  
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Chapter 3 Soil carbon pools and nitrogen availability in the first 

year following site management practices and their 

influence on plant growth of a revegetation ecosystem 

in south-east Queensland, Australia 

 

3.1 Abstract 

Soil carbon (C) pools and nitrogen (N) availability are essential to maintain soil fertility and 

quality in revegetation ecosystems. However, labile C and N pools are likely to be altered in 

response to site manipulation. Weed competition is considered to be a primary cause of 

failure during tree planting and management of weeds is critical to establishment success.  

Herbicide application is a typical and routine method for weed control but due to its normally 

short term effects, there is usually a need for expensive multiple applications. Therefore, cost-

effective methods that control weeds effectively and over a longer period than typical 

herbicidal control would be valuable. One alternative method is top soil removal (scalping). 

Both methods are likely to alter soil C and N pools and consequently affect plant growth and 

establishment. This study aimed to evaluate the effects on soil organic matter (SOM) and soil 

microbial dynamics of the soils in the scalped areas as they change from sub soil to top soil 

compared with the intact soils in the herbicide treated areas. Soil total organic C (TC), total N 

(TN), inorganic N, hot water extractable organic C (HWEOC), hot water extractable total N 

(HWETN), microbial biomass C (MBC), microbial biomass N (MBN), potentially 

mineralisable N (PMN) and soil respiration were measured 8 weeks before and 1, 10, 22, 36 

and 45 weeks after treatment application. Soil labile C and N in the scalped plots were 
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significantly lower than the herbicide and control plots. In general, soil labile C and N in the 

herbicide area was significantly lower than those of the control plots. HWEOC, HWETN and 

microbial activity recovered gradually throughout the period although this recovery was 

slower in the scalped area than in the herbicide treated area. Despite removing the majority of 

SOM and nutrients in the scalped area, plant growth was significantly higher than the 

herbicide area evidently due to less weed competition. Our results emphasise the importance 

of weed control in the establishment phase of tree planting.  The preservation of SOM is not 

pivotal to achieve successful revegetation outcomes and scalping is a cost-effective method 

that effectively controls weeds through weed removal of the soil seed banks, and which 

improves early plant growth and establishment. 

3.2 Introduction 

In Australia, revegetation efforts are increasing (Paul et al. 2002) and in the last two decades, 

for instance, in the north and east of Australia, more than 50,000 ha of lands have been 

restored (Erskine et al. 2005). The main goals of restoration schemes are to alleviate land 

degradation and biodiversity loss as a consequence of previous clearing of native vegetation 

often due to mining operations and infrastructure projects. One of the major costs associated 

with revegetation during the establishment phase is site maintenance to reduce weed 

competition for resources (light, water and nutrients); one of the primary causes of 

establishment failure. The effects of site manipulation on soil organic matter (SOM), 

including C pools and N availability have been extensively investigated (Blumfield and Xu 

2003; Xu and Chen 2006; Burton et al. 2007; Huang et al. 2008b; Xu et al. 2008) indicating a 

link between soil fertility and SOM (Roose and Barthès 2001). However, little published 

information is available of direct relevance to revegetation schemes in Australia, particularly 

in sub-tropical Queensland. 
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 Sequential application of herbicide is the most commonly-used site preparation 

technique; this requires multiple visits before and after establishment and is thus expensive. 

Herbicides may also influence soil micro-organisms (Busse et al. 1996; Araújo et al. 2003; 

Busse et al. 2006) leading to an alteration of C and N pools (Huang et al. 2008a; Huang et al. 

2008b; Ibell et al. 2010). Hence, alternative methods may be sought to address these issues. 

Removal of the top 10 cm of soil (scalping) is a potential alternative. It drastically reduces the 

soil seed bank but also removes the majority of soil carbon (C) and nitrogen (N) pools. 

Furthermore, scalping may alter soil microbial activities due to changes in the abiotic soil 

components (Hendrickson et al. 1985) and promote nutrient loss (Zabowski et al. 1994).  

Different measures of soil fertility may be used to evaluate soil C pools and N 

availability, including total organic C (TC), total N (TN), inorganic N, hot water extractable 

organic C (HWEOC), hot water extractable total N (HWETN), microbial biomass C (MBC), 

microbial biomass N (MBN), potentially mineralisable N (PMN) and soil respiration. These 

factors are considered to be useful indicators of soil labile properties associated with soil C 

and N cycling and availability as pointed out in various studies (Blumfield and Xu 2003; 

Chen and Xu 2005; Blumfield et al. 2006; Burton et al. 2010; Ibell et al. 2010). Those studies 

demonstrated that these factors reflected the productivity of an ecosystem and were highly 

influenced by soil disturbance. Site preparation techniques affect early plant growth due to 

reduced weed competition (MacDonald and Thompson 2003; Graham et al. 2009) or 

alteration of nutrient cycling and availability (Ibell et al. 2010). Consequently, this project 

was designed to examine contrasting methods of site preparation with respect to the effects 

on SOM and soil microbial dynamics. It was hypothesised that labile C and N including hot-

water extractable organic C, hot-water extractable total N, microbial biomass C and N and 

soil respiration would be lower in the scalped areas compared to the herbicide areas but it 

would improve over the period of the study. 



Chapter 3- Soil organic matter dynamics at the Laidley site 

53 

 

3.3  Materials and methods 

3.3.1 Site characteristics 

The site was established at Laidley (27
°
40′31 S, 152

°
24′04 E) approximately 75 km west of 

Brisbane, southeast Queensland, Australia. Before plantation establishment in December 

2009, the vegetation was dense grass dominated with Chloris gayana (Poaceae). Soils had 

means of 24%, 25% and 52% clay, silt and sand content respectively and mean pH was 5.8. 

Throughout the study the average maximum daily temperature was 26ºC, ranging from 21ºC 

to 33ºC and 2010 average annual precipitation was 820 mm (Fig. 3.1).  

 

 

Fig. 3.1 Monthly rainfall (mm) and mean maximum daily temperature (°C) of the 

experimental site located at Laidley, south-east Queensland, Australia from June 2009 to 

April 2011. 

3.3.2 Experimental design and treatments 

The experiment was designed as a randomized complete block split plot with four blocks and 

four replicates per treatment at each block. The plots were 12 m × 12 m consisting of six 

planting rows and on average eight tubestocks were planted at each row with 1.5 m × 1.5 m 
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spacing. Each planting row was ripped to a depth of 30 cm. The three seedling species, 

including Acacia concurrens (Fabaceae), Melaluca quinquenervia and Eucalyptus crebra 

(both Myrtaceae), were randomly planted in the plots in December 2009. The first herbicide 

application was conducted in November 2008 followed in December 2009, February and 

October 2010 to suppress weeds. The herbicide applied in November 2008 was a mixture of 

Glyphosate (1.5 kg ha
-1

) and MCPA (2-methyl-4-chlorophenoxyacetic acid) (1 L ha
-1

).  

Afterward, a selective herbicide, Fusilade (Butyl(R)-2-[4-[[5-trifluoromethyl)-2-

pyridinyl]oxy]phenoxy]propanoate) at 3.3 L ha
-1

, was applied. Approximately 10 cm of top 

soil was removed in the scalped areas to control weeds and decrease seed banks. The scalping 

was applied prior to the planting by a bulldozer and no herbicide was applied to these plots 

before scalping. Control plots received neither of the treatments.  

3.3.3 Soil sampling  

The soil was collected six times: 8 weeks before (week -8) and 1, 10, 22, 36 and 45 weeks 

after treatment application from October 2009 to November 2010. The soil samples (0-5 cm) 

were collected at five positions in each plot using a 60 mm internal diameter auger. The 

sampled soils in each plot were bulked, well mixed and passed through a 2-mm sieve. A sub-

sample of the soil was air-dried and the remainder was refrigerated at 4°C which was 

processed shortly after sampling.  

3.3.4 Soil analyses 

Total C (TC), total N (TN), C isotope composition (δ
13
C) and N isotope composition (δ

15
N) 

of air-dried samples were determined. A fine powder of soil was used to measure TC, TN, 

δ
13
C and δ

15
N using a mass spectrometer (GV Isoprime, Manchester, UK). NH4

+
-N and NO3

-

-N were determined in a hot water extraction using ChemSmart 200, Discrete Chemistry 

Analyser (DCA). To measure potentially mineralisable N (PMN), briefly, two sub-samples   

(5 g) of air dried sample were weighed. One sub-sample was added to 25 ml water and 
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incubated at 40ºC for seven days. After incubation, 25 ml of 4 M KCl was added to the 

samples and the suspension was shaken for 60 min and centrifuged for 20 min at 2000 rpm. 

After centrifuging, the samples were filtered by a Whatman # 42 filter paper. The second sub-

sample of soil was added to 50 ml of 2 M KCl and processed as above but without 

incubation. Inorganic N of both samples were determined using a ChemSmart 200, Discrete 

Chemistry Analyser (DCA) and the PMN was measured as described in Blumfield et al. 

(2006). 

Hot water extractable organic C (HWEOC) and hot water extractable total N 

(HWETN) were determined by adding 7 g of air-dried to 35 ml water and incubating in a 

capped and sealed tube at 70°C for 18 h. Following incubation, the suspension was shaken by 

an end-over-end shaker for 5 min followed by centrifuging at 10000 rpm for 10 minutes. The 

suspension was filtered through a 33 mm Millex syringe-driven 0.45 µm filter. The 

concentration of TOC and TSN in the filtered solution was measured using a Shimadzu TOC-

VCSH/CSN TOC/N analyser (Chen and Xu 2005). 

 To measure microbial biomass C and N (MBC and MBN), a fumigation-extraction 

method was used. Two sub-samples of fresh soil (10 g) were weighed (for direct extraction 

and fumigation). One of the sub-soil samples was fumigated by chloroform for 24 h.  Both 

fumigated and non-fumigated (directly extracted) sub-samples were mixed with 50 ml of 0.5 

M K2SO4 and each mixture was shaken with an end-over-end shaker for 30 min, followed by 

filtering through a Whatman # 42 filter paper. The TOC and TSN of both extractions were 

measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu 2005). The MBC 

and MBN were derived from the equations as described in Vance et al. (1987) and Brookes et 

al. (1985) respectively. 
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Soil respiration was assessed by the sodium hydroxide (NaOH) trap method. Field 

moist soil (25 g) was incubated in a 1 L sealed glass container at 22ºC for one week. Then, 

CO2 which was a product of soil respiration was absorbed by 10 ml of 0.1 M NaOH 

following a titration with 0.05 M HCl. Soil samples collected at the weeks 22 and 45 were 

incubated over a period of 35 days to investigate accumulated CO2 as an indicator of 

biologically available labile C in the soil (Chen et al. 2004).  The trapped CO2 in the NaOH 

was sampled at 7-day intervals and accumulated CO2 evolved from soil was calculated during 

this period. The soil moisture was adjusted to 65% of water holding capacity before 

incubation. Metabolic quotient (qCO2) then was determined as CO2-C (µg g
-1 

7 days
-1

) / 

MBC (µg g
-1

).  

3.3.5 Statistical analysis 

An analysis of variance (ANOVA) was performed to detect the dynamics of all 

variables throughout the sampling period. The Tukey HSD test at P<0.05 was used to assess 

significance of comparisons among treatment means. Linear regression analysis was 

performed between TC and HWEOC, TC and MBC, TN and HWETN, TN and MBN, MBC 

and soil respiration. Linear regression was also conducted between soil moisture content and 

labile C and N parameters. Statistix software (Version 8) was used for all the statistical 

analyses. 

3.4 Results 

3.4.1 TC, TN, δ
13
C and δ

15
N  

There was no significant difference in soil TC among the plots before applying treatments. 

TC was significantly lower in the scalped area than the herbicide and control plots at weeks 1 

and 45 following treatment application. There was no significant change in TC, regardless of 

the treatments, between the week 1 and 45 (Table 3.1). Soil TN did not show a significant 
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difference among the plots before applying treatments. After applying the treatments, TN was 

significantly lower in the scalped plots than in the herbicide and control areas, irrespective of 

sampling time (P<0.05). There was no significant change in TN, irrespective of the 

treatments, from the week 1 to the week 45. There was no significant difference in C:N ratio 

in response to the treatments at either weeks 1 or 45. C:N ratio did not differ in all treatments 

between weeks 1 and 45.  

δ
13

C had no significant response to the site preparation treatments following treatment 

application regardless of sampling time (Table 3.1). There was no significant difference in 

δ
13
C in all treatments at week 45 compared to week 1. No significant difference in δ

15
N was 

detected among the plots before applying the treatments. After applying the treatments, δ
15

N 

was significantly higher in the scalped area than the herbicide and control areas at both weeks 

1 and 45. (P<0.05, Table 3.1). There was no significant difference in δ
15

N, regardless of the 

treatments, at week 45 compared to week 1(Table 3.1). 

3.4.2 N pools 

Before treatment application, NH4
+
-N in the herbicide areas was significantly lower than in 

the control plots. After treatment application, NH4
+
-N in the herbicide areas was significantly 

lower than in the control plots but not at weeks 36 and 45. Following the treatment 

application, NH4
+
-N, regardless of sampling time, was significantly lower in the scalped area 

than the herbicide area  but not at the weeks 1 and 45 (P<0.05, Table 3.2) with the exception 

observed at week 1 when there was no significant difference in NH4
+
-N between herbicide 

and scalped areas. NO3
–
-N was inconsistent during the sampling period in all the treatments 

and mean values varied from 1.59 µg g
-1 

to 92.8 µg g
-1

(P<0.05, Table 3.2). TIN was 

significantly lower in the scalped areas than in the herbicide and control plots from week 10 

onwards and was lower at week 1 but not significantly so.  
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Table 3.1 Total C (TC), total N (TN), C:N ratio, C isotope composition (δ
13

C) and N isotope 

composition (δ
15

N) in the presence of different site preparation practices, 8 weeks before, 1 and 

45 weeks following applying the treatments in a revegetation ecosystem of south-east 

Queensland, Australia. Means followed by the lower case letters within the same week 

demonstrate the significance at the level P<0.05. There was no significant difference in all 

parameters between the week 1 and week 45 at the P<0.05. 

Treatments TC (%)   TN (%)   C:N ratio   δ
13
C (‰)   δ

15
N (‰) 

Before treatment application 

Week 8          

Control 2.56 (0.42)a  0.17 (0.02)a   14.1 (0.45)a  -16.0 (0.31)a  4.40 (0.56)a 

Herbicide  2.53 (0.27)a  0.17 (0.01)a  14.4 (0.40)a  -16.5 (0.22)a  4.47 (0.18)a 

Scalping  2.77 (0.31)a  0.18 (0.01)a  14.9 (0.31)a  -15.8 (0.23)a  3.74 (0.16)a 

Following treatment application  

Week 1          

Control 3.57 (0.42)a  0.24 (0.02)a  14.6 (0.06)a  -16.1 (0.42)a  4.52 (0.35)b 

Herbicide  2.30 (0.23)b  0.16 (0.01)b  13.7 (0.30)a  -16.1 (0.20)a  4.34 (0.17)ab 

Scalping 1.47 (0.17)c  0.10 (0.01)c  13.6 (0.50)a  -16.5 (0.37)a  5.44 (0.20)a 

Week 45          

Control 3.04 (0.35)a  0.21 (0.02)a  14.3 (0.40)a  -15.6 (0.45)a  4.78 (0.38)ab 

Herbicide  2.48 (0.27)ab  0.17 (0.02)a  13.9 (0.20)a  -16.3 (0.13)a  4.51(0.13)b 

Scalping  1.62 (0.20)b   0.11 (0.01)b   13.9 (0.16)a   -16.7 (0.35)a   5.38 (0.23)a 
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Table 3.2 NH4
+
-N, NO3

-
-N, total inorganic N (TIN) and potentially minerralisable N 

(PMN) in the presence of the different site preparation techniques 45 weeks following 

the treatment application in a revegetation ecosystem of south-east Queensland, 

Australia. Means followed by the lower and upper case letters at the same week 

demonstrate the significance at the level P<0.05. 

Treatments 
NH4

+
-N 

(µg g
-1

)   

NO3
-
-N 

(µg g
-1

)   

TIN 

(µg g
-1

)   

PMN 

(µg g
-1

) 

Before treatment application 

Week 8        

Control 114.6 (27.0)a  1.59 (0.30)b  115 (27.1)a  598 (70.3)a 

Herbicide  73.0 (4.40)b  24.4 (6.05)a  96.0 (5.42)a  441 (33.9)a 

Scalping 85.0 (5.45)ab  5.90 (1.29)b  90.2 (5.26)a  557 (47.9)a 

        

Following treatment application 

Week 1        

Control 101.3 (18.6)a  3.43 (1.25)b  104 (19.4)a  808 (38.9)a 

Herbicide  53.3 (7.07)b  37.7 (11.6)a  91.1 (11.5)a  366 (30.1)b 

Scalping  50.2 (7.52)b  34.6 (6.77)a  84.9 (11.7)a  206 (38.3)c 

        

Week 10        

Control 110.1 (13.5)a  6.29 (3.44)b  117 (14.8)a  370.7 (54.0)a 

Herbicide  64.4 (4.20)b  50.7 (7.75)a  115 (9.00)a  237.0 (33.4)b 

Scalping  35.1 (2.78)c  13.5 (1.93)b  48.7 (2.94)b  87.3 (15.5)c 

        

Week 22        

Control 161.7 (26.2)a  31.1 (21.4)b  192 (35.0)a  580 (63.4)a 

Herbicide  89.44 (8.86)b  92.8 (14.2)a  182 (16.9)a  381 (44.9)a 

Scalping  44.33 (4.48)c  12.9 (2.84)b  57.2 (6.91)b  137 (15.8)b 

        

Week 36        

Control 88.4 (10.6)a  31.6 (14.2)b  120 (24.3)a  495 (61.9)a 

Herbicide  71.2 (9.25)a  57.8 (8.79)a  129 (14.5)a  313 (25.2)b 

Scalping  33.8 (5.09)b  14.8 (3.30)b  48.7 (8.07)b  165 (36.7)c 

        

Week 45        

Control 105 (16.3)a  34.3 (15.3)a  139 (30.9)a  501 (38.0)a 

Herbicide  68.6 (13.1)ab  27.0 (8.16)a  109 (10.3)a  329 (29.2)b 

Scalping 35.4 (3.06)b   5.96 (1.04)b   41.4 (2.93)b   191 (25.8)c 
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3.4.3 PMN, HWEOC and HWETN 

The scalped plots had significantly lower PMN than the herbicide and control plots in all 

sampling times following treatment application while there was no significant difference in 

PMN in all areas before treatment application (P<0.05, Table 3.2). PMN in the scalped areas 

averaged 51% (42% - 64%) lower than the herbicide areas. The herbicide areas averaged 

38% (34% - 54%) lower PMN than the control plots.   

HWEOC in the scalped areas was significantly lower than those of the herbicide and 

control plots in all sampling weeks following treatment application (P<0.05, Fig. 3.2a). At 

week 45, HWEOC, in all treatments, was significantly higher compared to week 1 following 

treatment application (Fig. 3.2a). HWETN in the scalped was significantly lower than in the 

herbicide and control plots, regardless of sampling time, following treatment application 

(P<0.05, Fig. 3.2b). HWETN, in all treatments, significantly increased throughout the 

sampling period and at week 45, it was significantly higher than that of week 1 following 

treatment application (Fig. 3.2b).  
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Fig. 3.2 The dynamics of a) hot water extractable organic C (HWEOC) and b)  hot water 

exractable total N (HWETN) over 45 weeks after applying herbicide and scalping in a 

revegetated ecosystem in south-east Queensland,  Australia. There was a significant 

difference in all treatments between week 1 and 45 at the P<0.05. 

3.4.4 MBC, MBN and microbial activity 

Before the treatment application MBC was significantly higher in the scalped area than in the 

herbicide and control plots. Following the treatment application, MBC in the scalped area, 

regardless of sampling time, showed significantly lower values than those of the herbicide 

and control plots with the exception observed at week 36 when there was no significant 

difference between the herbicide and scalped plots. MBC was significantly lower in the 

herbicide area than in the control plots in all sampling weeks following the treatment 

application (P<0.05, Table 3.3). MBN was significantly lower in the scalped area than in the 

herbicide and control plots, in every sampling except at week 36, when it was lower in the 

scalped area compared to the herbicide areas but not significantly (P<0.05, Table 3.3). MBN 

in the herbicide area was significantly lower than in the control plot in all sampling times 

after the treatment application, but not significantly so at weeks 1 and 36. Microbial C:N ratio 

did not show a significant difference in response to the treatments in all sampling times 

before or after treatment application, with the exception observed at week 45 when Microbial 
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C:N in the scalped plots was significantly higher than in the herbicide and control plots 

(P<0.05, Table 3.3). 

Soil respiration was significantly lower in the scalped area than in the herbicide and 

control plots, regardless of sampling time, even before, and after the treatment application 

(P<0.05, Fig. 3.3). There was a significant difference in soil respiration between herbicide 

and control plots in all sampling weeks after treatment application, with the exception found 

at week 10. At week 10, no significant difference between herbicide and control plots was 

detected. Metabolic quotient CO2 (qCO2) was not significantly affected by the site 

preparation throughout the sampling period following treatment application (Table 3.3). 

Cumulative CO2 evolution was significantly lower in the scalped plots than in the herbicide 

and control plots at both weeks 22 and 45 following treatment application (P<0.05, Fig. 3.4a, 

b). Cumulative CO2 evolution in the herbicide and scalped areas increased significantly at 

week 45 compared to week 22. 
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Table 3.3 Microbial biomass C (MBC), microbial biomass N (MBN), microbial C:N 

and quotient CO2 (qCO2) in the presence of the different site preparation practices 

over 45 weeks following the treatment application in a revegetation ecosystem of 

south-east Queensland, Australia. Means followed by the lower case letters at the 

same week demonstrate significance at the level P<0.05. 

Treatments 
MBC   MBN   Microbial C:N   qCO2 

 (µg g
-1

)    (µg g
-1

)     
(µg CO2-C mg

-1
  

microbial C h
-1

) 

Before treatment application 
    

  Week 8 

 
    

 
 

Control 439 (67.4)ab 

 

51.0 (5.91)a 

 

8.51 (0.55)a 

 

1.93 (0.36)a 

Herbicide  402 (23.4)b 

 

46.4 (3.29)a 

 

8.93 (0.35)a 

 

1.29 (0.17)ab 

Scalping  553 (37.2)a 

 

56.1 (4.36)a 

 

10.0 (0.40)a 

 

0.78 (0.12)b 

        Following treatment application  

     Week 1 

       Control 761 (78.9)a 

 

82.4 (8.44)a 

 

7.23 (0.06)a 

 

0.88 (0.15)a 

Herbicide  461 (34.5)b 

 

57.2 (4.20)a 

 

8.07 (0.30)a 

 

1.06 (0.24)a 

Scalping  269 (30.8)c 

 

31.4 (4.96)b 

 

9.81 (0.90)a 

 

0.99 (0.22)a 

        Week 10  

       Control 600 (32.3)a 

 

92.0 (11.2)a 

 

6.64 (0.54)a 

 

0.65 (0.07)a 

Herbicide  339 (49.7)b 

 

57.8 (6.20)b 

 

5.75 (0.32)a 

 

1.10 (0.22)a 

Scalping  218 (24.1)c 

 

37.8 (4.06)c 

 

5.77 (0.22)a 

 

0.82 (0.33)a 

        Week 22 

       Control 621 (55.0)a 

 

89.7 (8.29)a 

 

7.00 (0.50)a 

 

1.15 (0.12)a 

Herbicide  256 (33.0)b 

 

39.8 (4.53)b 

 

6.48 (0.66)a 

 

1.34 (0.20)a 

Scalping  139 (17.0)c 

 

19.0 (1.95)c 

 

7.30 (0.49)a 

 

1.12 (0.25)a 

        Week 36 

       Control 410 (78.7)a 

 

66.5 (7.80)a 

 

6.06 (0.62)a 

 

0.95 (0.14)a 

Herbicide  248 (27.9)b 

 

42.9 (5.28)ab 

 

5.94 (0.37)a 

 

0.92 (0.18)a 

Scalping  164 (28.7)b 

 

27.4 (5.87)b 

 

7.41 (1.38)a 

 

0.81 (0.16)a 

        Week 45 

       Control 433 (46.3)a 

 

84.3 (5.50)a 

 

5.16 (0.11)b 

 

2.01 (0.13)a 

Herbicide  284 (28.5)b 

 

43.6 (2.36)b 

 

6.48 (0.43)ab 

 

1.38 (0.16)a 

Scalping  169 (24.1)c   22.4 (3.05)c   7.52 (0.24)a   1.38 (0.30)a 
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Fig. 3.3 The dynamics of soil respiration over 45 weeks after applying herbicide and scalping 

in a revegetated ecosystem in south-east Queensland, Australia. 

 

 
Fig. 3.4 Cumulative CO2-C in soil at week 22 (a) and week 45 (b) in the present of herbicide 

and scalping in a revegetated ecosystem in south-east Queensland, Australia. 

3.4.5 Relationships among labile C and N pools 

A significant positive relationship was observed between TC and HWEOC (R
2
=0.58, P<0.05, 

n=52, Fig. 3.5a) and TC and MBC (R
2
=0.59, P<0.05, n=52, Fig. 3.5b). TN could explain 

41% and 49% of the variation in HWETN and MBN respectively (P<0.05, n=52, Fig. 3.5c, 

d). There was a positively significant relationship between HWETC and soil respiration 
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(R
2
=0.41, P<0.05, n=144, Fig. 3.6a) and MBC and soil respiration (R

2
=0.31, P<0.05, n=144, 

Fig. 3.6b). A significant linear relationship was detected between soil moisture and SOM 

parameters including: HWEOC, HWETN, MBC and MBN (Table 3.4). 

 

Fig. 3.5 Relationship between soil total C (TC) and hot water extarctable organic C 

(HWEOC) (a), TC and microbial biomass C (MBC) (b), total N (TN) and hot water 

extarctable total N (HWETN) (c) and TN and microbial biomass N (MBN) (d) in soils (0-5 

cm) of a revegetated ecosystem in south-east Queensland, Australia. 
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Fig. 3.6 Relationship between soil respiration and hot water extractable organic C (HWEOC) 

(a) or microbial biomass C (MBC) (b) in soils (0-5 cm) of a revegetated ecosystem in south-

east Queensland,  Australia. 

 

Table  3.4 Linear regression between soil moisture content (%) and SOM parameters (n=134), 

HWEOC - hot water extractable organic C, HWETN - hot water extractable total N and MBC, N - 

microbial biomass C and N. The unit of slope is µg g
-1

. 

Dependent Slope R
2
 F values Probability 

HWEOC 9.67 0.18 29.6 0.00 

HWETN 9.80 0.17 27.5 0.00 

MBC 8.81 0.27 51.6 0.00 

MBN 7.30 0.40 87.6 0.00 

 

3.5 Discussion 

The scalped area had lower soil organic matter (SOM) than the herbicide and control plots, 

regardless of measurement time after the treatment application. The herbicide areas had 

significantly lower SOM parameters as well as microbial biomass and activity than those of 

the control plots. Labile C and N pools are considered to be readily decomposable parts of 

SOM that are essential to maintain soil fertility and nutrient supply for plant growth (Chen et 

a b 
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al. 2003; Xu et al. 2008; Burton et al. 2010; Ibell et al. 2010) but may be influenced by 

management practices (Roose and Barthès 2001; Huang et al. 2008b) including weed control. 

Significantly lower SOM in the scalped area compared to the herbicide area was due to top 

soil removal resulting in nutrient and SOM export from the area. Lower SOM in the herbicide 

area compared to the control plots may suggest that frequent herbicide application could 

negatively affect labile C and N pools as herbicide was applied four times to achieve a 

reasonable level of weed control. Our results are also consistent with those studies that found 

SOM declined in response to soil disturbance due to decreased C input (Li et al. 2004; Turner 

et al. 2005; Nouvellon et al. 2008; Ibell et al. 2010). Herbicides could depress soil microbial 

properties due to either decreased C input or toxicity (Busse et al. 2006).  

Over the study period, HWEOC and HWETN in the herbicide and scalped areas 

increased significantly and HWEOC and HWETN in the herbicide and scalped areas were 

significantly higher at week 45 compared to week 1. These results suggest a general recovery 

of labile C and N pools in both the herbicide and scalped plots during the experimental 

period. Xu et al. (2010) reported an improvement of SOM properties in a revegetated 

ecosystem although the measurements were conducted 12 and 20 years after plantation 

establishment. There are studies demonstrating recovery of SOM properties after a few 

months or years in an afforested ecosystem due to enhanced litter-fall decomposition (Paul et 

al. 2002; Paul et al. 2003). The improvement of SOM properties could have occurred due to 

the improved organic matter input through plant residue decomposition and root exudation 

leading to an enhancement of metabolic activity of soil microbes (Xu et al. 2010).  HWEOC 

and HWETN improvement in the herbicide area may be caused by repeated killing of the 

weeds which should have provided high organic matter inputs at the soil surface.  

Considering lower weed coverage in the scalped areas compared to the herbicide 

areas, organic matter input through weed biomass may not be significant to improve HWEOC 
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and HWETN recovery in the scalped areas. Haron et al. (1998) found that root materials may 

play an important role to increase organic matter input rather than litter decomposition. It has 

also been shown that plant root development may be induced under water stress condition 

(Osonubi et al. 1992). We speculated that rooting systems may have been more developed in 

the scalped area compared to the herbicide area because soil moisture was significantly lower 

in the scalped areas than in the herbicide (Chapter 8) which may have led to a significant 

organic matter input through roots to the soil in the scalped areas. We do not know whether 

improved SOM input was due to the weed biomass or root exudates in the scalped areas but it 

seems that labile C and N input were sufficient to improve HWEOC and HWETN.  

Soil microbial activity of the herbicide and scalped areas, as indicated by cumulative 

CO2-C, increased significantly at week 45 compared to week 22 (P<0.05, Fig. 4). However, 

the recovery of microbial activity in the scalped areas was slower than the herbicide areas. 

There is a positive relationship between soil moisture and soil microbial activities (Xu and Qi 

2001; Chen et al. 2003). Although the scalped areas had significantly lower soil moisture 

compared to the herbicide and control plots in all sampling times after the treatment 

application (Chapter 8), soil in the scalped area was still moist and water was not considered 

to be a limiting factor in this study. The lower soil moisture in the scalped area compared to 

the herbicide area may explain slower recovery of soil microbial activities in the scalped area. 

There was no significant difference in the qCO2 of the scalped areas compared to the 

herbicide and control plots in all sampling times after treatment application. The soil qCO2 

indicates the efficiency of the soil micro-organisms to utilise substrates in the soil  (Insam 

1990). Greater qCO2 demonstrates lower efficiency of substrate utilisation (Behera and 

Sahani 2003). Therefore, our results suggest that the efficiency of the soil microbial 

community to utilise substrates in the scalped areas may not have been significantly affected 
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despite removing the top soil and the majority of organic matter possibly because water was 

not a limiting factor as the rainfall was evenly distributed throughout the sampling period.  

The scalped areas had generally significantly lower NH4
+
-N, NO3

–
-N and TIN, 

compared to herbicide and control plots. This lower N availability in the scalped areas 

compared to the herbicide and the control plots could be simply explained by lower N 

availability in the soil depth (Prévost 1994; Munson and Timmer 1995) because about 10 cm 

of the top soil was removed in this treatment. However, this could not explain the highest N 

availability, NH4
+
-N, NO3

–
-N and TIN, in the scalped areas at week 1 following the treatment 

application. Vegetation removal may alter soil biotic and abiotic conditions leading to 

alteration of N availability (Gurlevik et al. 2004; Ibell et al. 2010). After vegetation removal, 

soil temperature increases and N mineralisation is stimulated (Frey et al. 2003; Gurlevik et al. 

2004). At week 1, TIN in the scalped areas did not differ significantly compared to the 

herbicide and control plots. The highest PMN of the scalped areas was at week 1 which may 

have been due to higher N availability compared to other sampling times following the 

treatment application. δ
15

N in the scalped area was significantly higher than the herbicide 

(week 45) and control plots (weeks 1) (P<0.05). Soil δ
15

N is enriched in the soil depth 

(Hogberg 1997). Soil δ
15

N enrichment could be due to microbial activities or N loss (Connin 

et al. 2001; Hobbie and Ouimette 2009; Bragazza et al. 2010).  

Plant growth, irrespective of species, in the scalped areas was significantly greater 

than in the herbicide areas at both weeks 22 and 45 (P<0.05, Chapter 7). Significantly greater 

plant growth in the scalped area compared to the herbicide area could be explained by less 

weed competition compared to the herbicide area. In our experimental period, weed coverage 

returned to 100% soon after herbicide application increasing competition between seedlings 

and weed for available resources (Chapter 8). For instance, higher N availability, particularly 
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NO3
-
-N,  in the herbicide area could be in favour of the weeds rather than plant seedlings as 

weeds are usually stronger competitors to utilise available resources (Thevathasan et al. 

2000). Despite the fact that the scalping had implications for soil fertility, it improved plant 

growth and reduced site visits for weed control.  

3.6 Conclusion  

Despite the fact that SOM in the scalped area was significantly lower than in the herbicide 

and control plots, an improvement in HWEOC, HWETN and microbial activity was observed 

in this treatment. Both scalped and herbicide areas recovered in HWEOC, HWETN and 

microbial activity at week 45 compared to week 1. The preservation of SOM is not pivotal to 

achieve successful revegetation outcomes and scalping is a cost effective method that 

effectively controls weeds by removing the soil seed banks and improves early plant growth 

and establishment. 
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Chapter 4 Effects of pre-planting site management on soil 

organic matter and microbial community functional 

diversity in subtropical Australia  

 

4.1 Abstract 

Weed control is a key factor affecting early plant growth and establishment in revegetation 

projects in South-east Queensland. Costs associated with weed control are significant and 

methods which reduce establishment costs and effectively suppress weeds are of great 

interest. However, different methods may have implications for soil quality and fertility and 

require a detailed investigation. Understanding the response of soil organic matter (SOM) and 

microbial functional diversity to weed control method is crucial as they affect soil quality and 

nutrient availability. A field trial was established in Southeast Queensland to identify the 

effects of glyphosate, a mixture of glyphosate and MCPA ( a phenoxyacetic acid 2-methyl-4-

chlorophenoxyacetic acid) and top soil removal (scalping) on SOM, microbial biomass, soil 

respiration, NH4
+
-N availability, potentially mineralisable N (PMN) and soil microbial 

community functional diversity (as assessed by carbon substrate utilisation using Biolog GN2 

plates). Weed recovery in the scalped area reached less than 20% coverage whereas weed 

coverage in the herbicide plots reached 100% shortly after the herbicide application. The 

scalped area had lower SOM and microbial activity compared to the herbicide and control 

plots. There was no significant difference in water soluble organic carbon (WSOC), hot water 

extractable organic C (HWEOC), hot water extractable total N (HWETN) and microbial 

biomass C and N (MBC and MBN) between the herbicide and control plots, particularly at 

week 20. NH4
+
–N and PMN showed significantly lower values in week 20 compared to week 

1 in all treatments. Week 20 was the end of the growing season and reduction in N 
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availability may have been the result of decreasing temperature. Principle component 

analyses (PCA) from Biolog GN2 results indicated a separation in soil microbial function 

community in the scalped area compared to the other treatments which may have 

implications for soil properties in the long term. Scalping proved to be the most cost-effective 

method of site preparation due to reduced weed recovery requiring fewer site visits for weed 

control. However, SOM was significantly affected by scalping due to topsoil removal. Our 

results indicated that herbicide application at field rates did not impact soil organisms but it 

did not effectively control weeds either. When weed competition is considered to be the main 

limiting factor to vegetation establishment, scalping could be used to reduce the burden of 

weeds on young plants  

4.2 Introduction 

Weed control is a key factor to the success of early plant growth and establishment of woody 

revegetation in South-east Queensland of sub-tropical Australia. Weed competition for 

limited resources may decrease plant growth at early tree establishment (Rey Benayas et al. 

2005; Huang et al. 2008a). Costs associated with weed control are significant and methods 

which effectively suppress weeds may reduce establishment costs. 

Herbicide application is the conventional method to control weeds. However, the need 

for repeat applications increases the costs and might also have implications for non-targeted 

organisms in the soil. Glyphosate (N-phosphonomethylglycine) is a non-selective herbicide 

which is applied post-emergence to control weeds (Veiga et al. 2001). The use of glyphosate 

is preferred in forestry because it eliminates targeted plants effectively (Busse et al. 2001). 

Glyphosate has low toxicity for other organisms, especially mammals (Levesque and Rahe 

1992), since it interrupts shikimic acid pathways which do not exist in the majority of 

complex multicellular organisms (Franz et al. 1997). Nonetheless, concerns have grown after 
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negative side effects from glyphosate have been shown for soil micro-organisms in laboratory 

studies (Santos and Flores 1995; KrzyskoLupicka and Orlik 1997). Glyphosate may be 

applied with other herbicides to increase its efficiency, one of which is MCPA (2-methyl-4-

chlorophenoxyacetic acid), which may increase the toxicity of the glyphosate.  

An alternative method for weed control in revegetation projects is top soil removal or 

scalping (Harper et al. 2008; Graham et al. 2009). Scalping is the removal of the upper layer 

of soil, generally to a depth of 100 mm, which removes the majority of the soil seed bank. 

However, scalping may alter soil physical and chemical properties (Spittlehouse and Childs 

1990) leading to potential nutrient loss (Zabowski et al. 1994) and land degradation. Scalping 

may increase soil temperature and water availability (Spittlehouse and Childs 1990), leading 

to improved plant early growth and survival. Our research has shown that despite the fact that 

scalping removes the most biologically active layer of the soil, it may not affect plant growth 

and survival and may improve plant growth in the scalped areas compared to the herbicide 

treated areas (Chapter 7). Spot scalping did not show a negative impact on plant growth when 

used to regenerate a mixed species community by planting white spruce (Picea glauca, 

[Moench] Voss) and jack pine (Pinus banksiana Lamb.) in Canada (MacDonald and 

Thompson 2003; Man et al. 2009). 

Soil organic matter (SOM) and N availability maintain soil quality, leading to 

increase ecosystem productivity (Xu et al. 2008; Ibell et al. 2010; Moreira et al. 2011).  The 

significant impact of site management practices on SOM and N availability under forest and 

plantation ecosystems has been well documented (Chen et al. 2002; Blumfield and Xu 2003; 

Tutua et al. 2008; Xu et al. 2008). Different studies evaluated SOM and N availability under 

silvicultural management practices using water extractable organic C and N, microbial 

biomass C and N, N mineralisation (Chen et al. 2002; Chen and Xu 2005; Blumfield et al. 

2006; Xu et al. 2008) and microbial community functional diversity (Huang et al. 2008b). 
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There is little knowledge about the C and N dynamics in the soil under contrasting weed 

control techniques used in the establishment phase of revegetating native species in sub-

tropical Australia.   This study aimed to examine the short term recovery of soil microbial 

activity and functional diversity following different herbicide treatments and scalping. It was 

hypothesised that labile C and N including hot and cold water extractable organic C, hot and 

cold water extractable total N, microbial biomass C and N and soil respiration would be 

lower in the scalped areas compared to the herbicide areas. It was also hypothesised that the 

application of two different herbicide treatments might influence soil microbial community 

differently.   

4.3  Materials and methods 

4.3.1 Site description 

The experimental site was located at Laidley (27
º
40′31 S, 152

º
24′04 E), approximately 75 km 

west of Brisbane, south east Queensland, Australia. Before the treatment application, the 

vegetation was dense grass dominated with Chloris gayana (Poaceae). The soil is a sandy 

loam containing 24%, clay, 25%, silt, and 52%, sand. Total C (TC) was 1.90% and pH was 

5.7. During the 5 month study period, average maximum daily temperatures were 30ºC (27ºC 

- 32ºC) and precipitation was 415 mm (Fig. 4.1).  
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Fig  4.1 Monthly rainfall (mm) and maximum daily temperature from December 2008 to April 

2009. 

The experiment was a randomized complete block design with four blocks. Three 

additional plots, 3 m × 3 m, were established next to the blocks for glyphosate application. 

Herbicide treatments were glyphosate 1.5 g ha
-1

 and a mixture of Glyphosate (1.5 g ha
-1

) and 

MCPA (2-methyl-4-chlorophenoxyacetic acid) (1 L ha
-1

) applied at the normal recommended 

rates. This herbicide application occurred to examine the effects of two different herbicide 

treatment and freshly scalped areas in a short period of time (20 weeks). The plots that were 

treated by glyphosate and MCPA were the actual plots which were then used for revegetation 

and also follow-up herbicide applications occurred only in these plots, results presented in 

Chapter 3. However, the glyphosate only plots were established next to the actual plots only 

for the study reported in Chapter 4 and we did not plant any seedlings in those plots and they 

were not used for the purpose of revegetation. Approximately 10 cm of top soil was removed 

in the scalped areas to remove existing grass and weeds and decrease seed banks. All 

treatments were applied in November 2008.  Control plots received neither of the treatments. 

4.3.2 Soil sampling and analyses 

Soil sampling was conducted on two occasions, in December 2008 and April 2009, 1 and 20 

weeks following the treatment application. The soil samples (depth 0-5 cm) were randomly 

collected at five positions in each plot using a 60 mm (internal diameter) auger. The sampled 
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soils in each plot were bulked and well mixed. A sub-sample of the soil was air-dried and the 

rest was refrigerated at 4°C and processed shortly after sampling. Soils were sieved (through 

a 2-mm mesh) prior to any analyses.  

Labile C and N fractions were investigated using water soluble organic C (WSOC) 

and total N (WSTN). Briefly, 40 ml water was added to 8 g of air-dried soil and the 

suspension was shaken by an end-over-end shaker for 5 min followed by centrifuging at 

10000 rpm for 10 min. The suspension was filtered through a Whatman 42 filter paper 

followed by filtering through a 33 mm Millex syringe-driven 0.45 µm filter. The 

concentration of filtered solution was measured using a Shimadzu TOC-VCSH/CSN TOC/N 

analyser (Chen and Xu 2005).  

To assess hot water extractable organic C (HWEOC) and hot water extractable total N 

(HWETN), 35 ml water was added to 7 g of air-dried soil and the samples were incubated in 

a capped and sealed tube at 70°C for 18 h. Following incubation, the suspension was shaken 

by an end-over-end shaker for 5 min followed by centrifuging at 10000 rpm for 10 min. The 

suspension was filtered through a Whatman 42 filter paper followed by filtering through a   

33 mm Millex syringe-driven 0.45 µm filter. The concentration of filtered solution was 

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

To measure microbial biomass C (MBC) and microbial biomass N (MBN), two 10 g 

sub-samples of fresh soil were weighed; one of the sub-samples was fumigated by 

chloroform for 24 h.  Each fumigated and non-fumigated sub-samples were mixed with 50 ml 

of 0.5 M K2SO4 and the mixture was shaken with an end-over-end shaker for 30 min, 

followed by filtering through a Whatman 42 filter paper. The TOC and TON of both 

extractions were measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu 

2005). The MBC and MBN were derived as described by Vance et al. (1987) and Brookes et 

al. (1985) respectively. Soil respiration was assessed by sodium hydroxide (NaOH) trap 
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method. Field moist soil (25 g) was incubated in a 1 L sealed glass containers at 22ºC for one 

week. Carbon dioxide (CO2) which was a product of soil respiration was trapped in 10 ml of 

0.1 M NaOH and the remaining NaOH was titrated with 0.05 M HCl.  

NH4
+
-N was determined by hot water extraction using a SmartChem 200 Discrete 

Chemistry Analyser (DCA). To measure potentially mineralisable N (PMN), briefly, two sub-

samples (5 g) of air dried soil were weighed. One sub-sample was added to 25 ml water and 

incubated at 40ºC for seven days. After incubation, 25 ml of 4 M KCl was added to the 

samples and the suspension was shaken for 60 min and centrifuged for 20 min at 2000 rpm. 

After centrifuging, the samples were filtered through a Whatman No. 42 filter paper. The 

second sub-sample of soil was added to 50 ml of 2 M KCl and processed as above but 

without incubation. Inorganic N of both samples was determined using SmartChem 200 

Discrete Chemistry Analyser (DCA) and the PMN was calculated as described by Blumfield 

et al. (2006). 

Soil microbial functional biodiversity was assessed using BIOLOG GN2 plates as 

described in Garland and Mills (1991). Approximately 5 g of fresh soil was added to 45 mL 

of 0.9% NaCl, shaken for 30 min at 300 rpm followed by resting for 10 min to let the 

suspension settle. The suspension was diluted 10 times and 125 µL of the diluted suspension 

was added to the each well of GN2 plate. The plates were incubated at 20 °C and the 

absorbance was measured using an ELISA plate reader at 595 nm every 24 h for 96 h. 

Average well colour development (AWCD) and Shannon’s diversity index (H') at 96 h were 

calculated as described by Huang et al. (2008b). 

4.3.3 Statistical analysis 

Analysis of variance (ANOVA) was carried out to contrast the values of all 

parameters at weeks 1 and 20. The Tukey HSD test at P<0.05 was used to determine a 
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comparison among treatment means. Statistix software (Version 8) was used for all the 

statistical analyses. Principal component analyses (PCA) was performed using SPSS, PASW 

Statistics 18. 

4.4 Results 

4.4.1 WSOC, WSTN, HWEOC and HWETN 

Soil from the scalped area showed significantly lower WSOC than the herbicide and control 

plots at both weeks 1 and 20 (P<0.05). The glyphosate treated plots had the highest WSOC 

among the treatments at week 1 (P<0.05, Table 4.1). WSOC was significantly lower at week 

20 compared to week 1, regardless of the treatments. Whilst the scalped area had the lowest 

WSTN among the treatments, the glyphosate treated plots had the highest WSTN, regardless 

of sampling time. WSTN was significantly higher at week 20 compared to week 1, regardless 

of the treatments. 

HWEOC was significantly lower in the scalped area than in the herbicide and control 

plots at either sampling week (P<0.05, Table 4.1). There was no significant difference in 

HWEOC at week 20 compared to week 1, regardless of the treatments. The scalped area had 

the lowest HWETN compared to the herbicide and control plots at both weeks 1 and 20. 

HWETN did not demonstrate a significant difference in both herbicide treatments compared 

to the control plots, regardless of sampling weeks. HWETN was significantly higher at week 

20 than at week 1 in all the treatments. 

4.4.2 MBC and MBN and microbial activities 

MBC was significantly lower in the scalped and glyphosate + MCPA areas than in the 

glyphosate treatment and control plots at week 1. By week 20, MBC in the glyphosate + 

MCPA areas improved and there was no significant difference in both herbicide treated areas 
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compared to the control plots but it was still lower than the glyphosate treatment and control 

(P<0.05, Table 4.2). The scalped area had the lowest MBC compared to the other treatments 

at week 20. Despite these differences among treatments, there was no significant difference 

in MBC at week 20 compared to week 1, regardless of the treatments. MBN was the lowest 

in the scalped area compared to the herbicide and control plots at both sampling times. MBN 

showed significantly lower values at week 20 compared to week 1 in all treatments. 

At week 1, soil respiration was the lowest in the scalped areas and the highest soil 

respiration was in the glyphosate treated areas. At week 20, soil respiration in the scalped 

area was the lowest (P<0.05, Table 4.2). Soil respiration was significantly lower in both 

herbicide areas than in the control plots at week 20 and even lower in the scalped plots.  

4.4.3 NH4
+
-N availability and PMN 

NH4
+
-N was significantly lower in the scalped area than in the herbicide and control 

plots at either sampling week (P<0.05, Table 4.2). All treatments had significantly lower 

NH4
+
-N at week 20 compared to week 1. The scalped area had significantly lower PMN 

compared to the herbicide and control plot at both weeks 1 and 20 (P<0.05, Table 4.2). There 

was no significant difference in PMN between the herbicide and control plots, regardless of 

sampling time. PMN was significantly lower at week 20 compared to week 1 in all treatments 

(P<0.10, Table 4.2). 
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Table 4.1 Soil moisture, water soluble organic C (WSOC), water soluble total N (WSTN), hot water extractable organic C (HWEOC) 

and hot water extractable total N (HWETN) under different weed control methods at weeks 1 and 20 following treatment application in a 

revegetation ecosystem of subtropical Australia. Means followed by the lower case letters within same column demonstrate the 

significance at the level P<0.05. Paired bold means indicate a significant difference between week 1 and 20 at the level P<0.05. 

Parameters Soil moisture (%) WSOC (µg g
-1

) WSTN (µg g
-1

) HWEOC (µg g
-1

) HWETN (µg g
-1

) 

Week 1 

   
      

Control 21.1 (2.32)ab 

 

505.8 (6.77)bc 26.1 (4.17)b 1753 (326)ab 

 

109.8 (23.2)a 

Glyphosate 28.2 (0.83)a 

 

658.6 (44.7)a 
 

42.7 (6.12)a 2058 (104)a 

 

117.3 (12.0)a 

Glyphosate and MCPA 24.3 (1.96)a 

 

520.7 (18.9)b 
 

34.6 (2.72)ab 1832 (181)a 

 

104.7 (13.1)a 

Scalping 15.2 (0.84)b 

 

425.8 (10.5)c 
 

10.1 (1.15)c 1055 (103)b 

 

39.02 (4.43)b 

Week 20 

  
       

Control 26.3 (7.30)a 

 

326.2 (10.4)a 
 

26.3 (6.19)bc 2068 (339)a 
 

171.9 (29.0)a 

Glyphosate 25.6 (1.60)a 

 

320.1 (29.9)a 
 

58.3 (14.7)a 1790 (81.8)a 
 

150.4 (12.0)a 

Glyphosate and MCPA 21.2 (2.93)a 

 

286.4 (23.2)a 
 

42.0 (4.04)ab 1579 (176)a 
 

141.0 (18.6)a 

Scalping 13.9 (0.77)b   237.4 (16.3)b   15.8 (1.50)c 755.4 (34.8)b   46.33 (3.85)b 
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Table  4.2 Soil microbial biomass C (MBC) and N (MBN), soil respiration,  NH4
+
-N of hot water extracts and potentially mineralisable N 

(PMN) under different weed control methods at weeks 1 and 20 following the treatment application in a revegetation ecosystem of 

subtropical Australia. Means followed by the lower case letters within same column demonstrate the significance at the P<0.05. Paired 

bold means indicate a significant difference between week 1 and 20 at the P<0.05. 

Parameters MBC (µg g
–1

) MBN (µg g
–1

) 

Soil respiration (µg 

CO2–C g
–1

 7day
–1

)   

NH4
+
-N (µg g

–1
) PMN (µg g

–1
)* 

Week 1 

   

      

Control 561.2 (118)a 

 

102.6 (26.0)ab 113 (2.14)b 65.2 (8.23)ab 

 

490 (107)a 

Glyphosate 571.8 (26.1)a 

 

110.6 (11.2)ab 170 (2.92)a 76.7 (21.4)a 

 

463 (44.3)a 

Glyphosate and MCPA 318.0 (34.7)b 

 

114.6 (17.9)a 

 
119 (10.3)b 

81.6 (8.20)a 

 

344 (44.3)ab 

Scalping 213.7 (16.2)b 

 

50.65 (4.94)b 

 

66.2 (6.57)c 54.8 (5.76)b 

 

208 (28.2)b 

Week 20 

  
       

Control 529 (68.1)a 

 

62.3 (9.89)a 

 

141 (9.35)a 62.4 (14.7)a 

 
443 (75.2)a 

Glyphosate 416 (25.0)a 

 

57.9 (5.82)a 

 

83.7 (6.10)b 50.8 (12.9)a 

 
364 (29.1)a 

Glyphosate and MCPA 392 (44.7)a 

 

45.0 5.10)a 

 

79.7 (9.20)b 46.9 (9.23)a 

 
323 (52.1)a 

Scalping 193 (14.0)b   19.6 (1.43)b   33.1 (4.26)c 16.8 (8.57)b 

 
110 (14.4)b 

*Significant difference in PMN at week 20 compared to week 1 was at the P<0.10.  
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4.4.4 Soil microbial community functional diversity 

The Shannon index (H') showed no significant difference between the treatments and 

ranged from 4.00 to 4.10. Carbon utilisation, as reflected by average well colour development 

(AWCD), did not show a significant difference between the treatments though AWCD was 

lower in the scalped area than in the other treatments (Fig. 4.2).  

 
Fig. 4.2 Kinetics of average well colour development (AWCD) in soil samples at Week 1 

following treatment application 

Principal component analyses (PCA) was performed to determine the patterns of the 

C utilised by soil microorganisms in the BIOLOG GN2 wells at time 96 h. The PCA results 

showed a clear separation in the C substrate utilisation between the scalped area and the other 

treatments (Fig. 4.3). The first and second variables (PC1 and PC2) accounted for 28.3% and 

17.0% of the total variance of data respectively. The separation of herbicide and control plots 

compared to the scalping along PC1 was influenced by carbohydrate, carboxylate and amino 

acids (Table 4.3). Soil bacteria at both herbicide treated areas and control were more likely to 

use carboxylate and amino acid as a source of C while the bacterial community in the scalped 

areas was more likely to utilise carbohydrate rather than carboxylate and amino acid (Table 

4.3). 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 24 48 72 96

A
W

D
C

 (
A

 5
9

5
 n

m
)

Incubation time (h)

Control
Glyphosate
Glyphosate + MCPA
Scalping



Chapter 4- Soil organic matter dynamics and microbial functional diversity at the Laidley 

site 

88 

 

 

 
Fig.  4.3 Principal component analyses (PCA) of substrate utilisation patterns of control, 

glyphosate, glyphosate + MCPA and scalping at Week 1 following treatment application. 

PC1 explains 28.3% and PC2 explains 17.0% of the variance of the data. 
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Table 4.3 Substrates with high correlation coefficient for PC1 and PC2 extracted from PCA 

of substrate utilisation patterns in the presence of the glyphosate, glyphosate + MCPA, top 

soil removal (scalping) and control.  

 

PC1   r 
    

Carbohydrate    

N-Acetyl-D-Galactosamine -0.62 

D-Galactose   0.68 

m-Inositol   0.79 

D-Mannitol   0.68 

D-Trehalose   0.65 

    

Carboxylate    

D-Glucosaminic Acid  0.97 

beta-Hydroxybutyric acid  0.83 

gamma-Hydroxybutyric Acid 0.65 

Itaconic Acid   0.83 

alpha-Ketoglutaric Acid  0.69 

Propionic Acid  0.79 

Quinic Acid   0.64 

D,L-Carnitine   0.62 

    

Amino acid    

D-Alanine   0.94 

L-Alanine   0.79 

L-Asparagine   0.88 

L-Aspartic Acid  0.85 

L-Glutamic Acid  0.78 

L-Leucine   0.66 

L-Proline   0.80 

L-Pyroglutamic Acid  0.95 

L-Serine   0.63 

2-Phenylethylamine  0.84 

    

Alcohol    

2-Aminoethanol  0.79 

    

PC2    

    

Carbohydrate    

D-Arabitol   0.60 

D-Cellobiose   0.63 

D-Fructose   0.78 

L-Fucose   0.72 

Gentiobiose   0.68 

alpha-D-Glucose  0.77 

L-Rhamnose   0.71 

D-Gluconic Acid  0.76 

D-Saccharic Acid  0.60 

    

Carboxylate    

D,L-Lactic acid  0.61 

    

Amino acid    

Hydroxy-L-Proline  -0.79 
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4.5 Discussion 

The scalped area had significantly lower SOM compared to the herbicide and control plots as 

measured by WSOC, WSTN, HWEOC, HWETN, MBC and MBN. Soil labile organic matter 

is considered to be crucial for the maintenance of soil quality due to the effects on soil 

physical, chemical and microbial properties (Laik et al. 2009). Weed control may reduce 

SOM due to decreased C input or root exudates (Li et al. 2004; Ibell et al. 2010). Scalping 

physically removes an important pool of SOM and the low recovery of weeds during the 20 

weeks, which was less than 20% ground cover, further affected SOM in the scalped 

compared to the herbicide treated areas.  

At week 1, WSOC, WSTN, HWEOC and soil respiration was significantly higher in 

the glyphosate than the control plots. Weed control by herbicide may enhance the 

decomposable substrate due to plant die-back leading to greater labile organic matter and 

microbial biomass (Lupwayi et al. 2009). At week 20, there was no significant difference 

between the herbicide and control plots in WSOC, HWEOC, HWETN, MBC and MBN. Our 

results are consistent with those findings that indicated no effect of herbicide on soil micro-

organisms when applied at the recommended field rates (Wardle and Parkinson 1991; Busse 

et al. 2001; Lupwayi et al. 2004; Lupwayi et al. 2007). This experiment was conducted in a 

short period of time and our results reported in Chapter 3 suggest that labile C and N would 

decrease in the herbicide areas if the herbicide application continued. Soil respiration was 

significantly higher in the glyphosate treated area than the control plots in week 1. Carbon 

dioxide evolved from soil respiration can be used as an indicator of soil microbial activity 

due to decomposition of labile organic matter (Kaiser et al. 2010). Busse et al. (2001) found a 

stimulation of soil microbial activity using glyphosate under laboratory conditions. This 

enhanced soil respiration shortly after applying glyphosate may be caused by products of 
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glyphosate decomposition acting as a source of C by soil microbes (Wardle and Parkinson 

1990; Busse et al. 2001; Araújo et al. 2003). Our results also indicated that glyphosate may 

have less negative impact on soil microbial activity than the mixture of glyphosate and 

MCPA shortly after treatment application. 

NH4
+
-N showed significantly lower values at week 20 compared to week 1 in all 

treatments. Decreased NH4
+
-N could be related to plant uptake and PMN reduction in all 

treatments at week 20 compared to week 1. There was a significant linear regression between 

NH4
+
-N and PMN (n=35, R

2
=0.40, P<0.0001). Soil N mineralisation is responsive to land 

use, rainfall and soil moisture and temperature (Zhang et al. 2008). Low temperature and soil 

moisture could decrease N mineralisation (Gonçalves and Carlyle 1994). In a trial, N 

mineralisation response to temperature and moisture was assessed under laboratory 

conditions and N mineralisation was affected by temperature more than soil moisture (Jorge 

1997). There was no significant difference in soil moisture between weeks 1 and 20 but 

temperature dropped in April 2009 when week 20 samples were collected. This temperature 

reduction at the end of the growing season may explain the lower PMN observed at week 20 

compared to week 1. 

There was no significant difference in C substrate utilisation among the treatments as 

reflected by Shannon index (H') and AWCD. Shannon index (H') indicates bacterial species 

richness and evenness in terms of C component utilisation (Zak et al. 1994). Using Biolog 

GN2 plates can discriminate among the treatments used in soil (Huang et al. 2008b; Lupwayi 

et al. 2009). In the present study, the lack of significant difference between treatments may be 

due to a diverse choice of C compound utilisation by the bacterial community (Li et al. 2004). 

Despite the fact that there was no significant difference in AWCD and H' among the 

treatments, PCA clearly indicated that the C compound utilisation by the bacterial community 
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in the scalped area differed from the herbicide and control plots. The difference observed in 

microbial community profiles in the scalped areas compared to the other treatments could be 

explained by differences in microbial communities expected to occur at differing soil depths 

(Wang et al. 2007) as would likely occur as a result of the top soil being removed by 

scalping. 

4.6 Conclusions 

Scalping is a cost effective method of site preparation, delaying weed recovery and reducing 

site visits for weed control. The scalped area had lower SOM compared to the herbicide and 

control plots. There was no significant difference between the herbicide application and 

control plots and glyphosate had lower impact on soil properties compared to glyphosate + 

MCPA. N availability reduction at week 20 compared to week 1 could be a response to 

seasonal change. PCA results indicated a separation in soil microbial community function in 

the scalped area compared to the other treatments which could affect soil properties in the 

long term. 

Our results indicated that single application of herbicides at field rates did not impact 

soil organisms but it did not effectively control weeds either. When weed competition is 

considered to be the main limiting factor to revegetation establishment, scalping could be 

used to reduce the burden of weeds on young plants. 
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Chapter 5 Effects of Acacia concurrens and Eucalyptus crebra 

on soil carbon and nitrogen pools under site 

preparation practices of a revegetation ecosystem in 

south-east Queensland, Australia 

5.1 Abstract 

Establishment of revegetation ecosystems with mixed species of legumes and non-legumes is 

aimed at improving soil fertility; providing protection against land degradation; and 

enhancing biodiversity. Plant species may affect soil properties differently though there is 

little evidence on how soon these effects may start to take effect following site establishment. 

This study aimed to evaluate the effects of different plant species at the early stages of site 

establishment (6-12 months) on soil carbon (C) and nitrogen (N) pools with respect to site 

preparation practices in revegetation trials. Soil was collected at 0-5 cm depth under Acacia 

concurrens and Eucalyptus crebra when seedlings were 6 and 12 months old. There was no 

significant difference in soil total C (TC) and total N (TN), regardless of the treatments, 

throughout the sampling period under both species. Regardless of plant species and site 

management practices, soil δ
13

C significantly decreased during the experimental period. Soil 

δ
15

N under E.crebra was significantly higher than that of under A. concurrens at month 12. 

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

increased but microbial biomass C and N (MBC and MBN) decreased significantly (P<0.05) 

at months 6 and 12 compared to month 0 under both species. Soil microbial activity, as 

measured through cumulative CO2-C release, improved more rapidly under acacia in the 

scalped areas suggesting that acacias may have the potential to improve soil fertility quicker 

than eucalyptus. Our results also suggested that both plant species preserved soil available N 
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as no significant difference of total inorganic N (TIN) was found during the sampling period. 

It seems that, in the first year of tree planting, both acacia and eucalyptus had slowly started 

improving soil properties.  

 

5.2 Introduction  

Soil organic matter (SOM) and nitrogen (N) availability may be used as indicators of soil 

fertility (Franchini et al. 2007). SOM pools play an important role in nutrient turn-over and 

supply for plants and therefore in ecosystem functions (Chen et al. 2003; Burton et al. 2010).  

Both SOM and N availability are influenced by different factors such as plant species 

(Macedo et al. 2008; Schiavo et al. 2009; Kasel et al. 2011) and site management practices 

(Blumfield and Xu 2003; Xu et al. 2008; Burton et al. 2010; Ibell et al. 2010). The effects of 

plants on soil properties may be species-specific (Smith et al. 2002; Kasel et al. 2011) and 

plant species are able to alter soil properties in different ways including: root exudates 

leading to alteration of soil microbial communities (Hobbie 1992; Hobbie et al. 2007) and 

plant nutrient cycling and uptake strategies (Hagen-Thorn et al. 2004). 

Plant species selected for revegetation schemes may be expected to improve soil 

fertility as well as protect soil against land degradation. Legumes such as Acacia spp. could 

contribute to the N transformations (Knoepp and Swank 1998; Knops et al. 2002) and 

improve soil C and N dynamics (Garay et al. 2004; Macedo et al. 2008) due to their 

mutualistic relationship with N2 fixing organisms (Bernhard-Reversat 1993). The N2 fixing 

species are usually used in combination with non-N2 fixing species to revegetate degraded 

land. A mixture of acacias and eucalypts has shown an improvement in nutrient cycling 

(Forrester et al. 2006; Macedo et al. 2008) leading to increased soil fertility (Khanna 1997).  

Improved soil N availability under acacia may also facilitate other nutrient cycling dynamics 

such as C (Kaye et al. 2000; Macedo et al. 2008) and phosphorous (P) (Binkley et al. 2000). 
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Plant species influence on soil labile C and N pools might be impacted by site 

management practices. Site manipulation, including weed control and fertilisation, would be 

able to alter soil physical and chemical conditions leading to an alteration of labile C and N 

pools (Paul et al. 2002; Tan et al. 2005). Under such manipulations, the effects of plant 

species on SOM pools and N availability may differ. Despite the fact that the effects of 

acacias (Behera and Sahani 2003; Traore et al. 2007; Muñoz et al. 2008; Wang et al. 2010; 

Kasel et al. 2011) and eucalypts (Behera and Sahani 2003; Kasel et al. 2011) on soil 

properties have been studied under different conditions, information in terms of plant species 

impacts on soil properties subjected to site manipulation is scant. Furthermore, most 

investigations, evaluating plant species effects on soil properties, have been conducted when 

plants are mature (Bauhus et al. 1998; Behera and Sahani 2003; Jeddi et al. 2009; Wang et al. 

2010; Kasel et al. 2011).  Every plant species provides a specific micro-environment in their 

rhizosphere therefore different plant species may affect soil properties differently (Hobbie 

1992). This study hypothesised that the effect of plants on soil properties including hot water 

extractable organic C, hot water extractable total N, microbial biomass C and N and soil 

respiration may begin within the first year following treatment application. 

5.3 Materials and methods 

5.3.1 Site description, experimental design and treatments 

The site was established at Laidley (27
0
40’31 S, 152

0
24’04 E) approximately 75 km west of 

Brisbane, southeast Queensland, Australia. Before plantation establishment in December 

2009, the vegetation was dense grass dominated with Chloris gayana (Poaceae). The soil is a 

sandy loam containing 24%, 25% and 52% clay, silt and sand content respectively and the pH 

was 5.8. The experiment was designed as a randomized complete block split plot with four 

blocks and four replicates per treatment at each block.  The plots were 12 m × 12 m 

consisting of six planting rows and on average eight seedlings (tubestock) were planted in 
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each row with 1.5 m × 1.5 m spacing. Prior to planting, each row was ripped to a depth of at 

least 30 cm. The three seedling species, Acacia concurrens (Fabaceae), Melaleuca 

quinquenervia and Eucalyptus crebra (both Myrtaceae), were planted randomly in the plots 

in December 2009. The first herbicide application was conducted in October 2008, followed 

in December 2009, February and October 2010 to suppress weeds. The herbicide applied in 

October 2008 was a mixture of Glyphosate and phenoxyacetic acid (2-methyl-4-

chlorophenoxyacetic acid) (MCPA) afterward a selective herbicide, Fusilade 3.3 L ha
-1

, was 

applied. Approximately 10 cm of top soil was removed in the scalped areas to control weeds 

and decrease seed banks, as described in Chapter 3. Fertilisation regimes were with or 

without fertiliser. The fertiliser used in this trial was a slow release NPK (21-5-12%) and 

applied at plantation establishment in December 2009.  

5.3.2 Soil sampling and analyses 

The first soil sampling (Month 0) was undertaken 1 week after site preparation was applied in 

early January 2010. In this sampling, the soil was collected from the whole plot. The soil 

under A. concurrens and E. crebra was collected at age 6 and 12 months, in early June and 

late November 2010. Five seedlings of each species in each plot were randomly selected and 

soil under each selected seedling were collected at four positions (depth 0-5 cm), two samples 

were in the planting row and other two were from outside of the planting row with a distance 

of 25 cm directly from the base of the stem. The sampled soils of each species at each plot 

were bulked, well mixed and passed through a 2-mm sieve. A sub sample of the soil was air-

dried and the rest was refrigerated at 4°C which was processed shortly after sampling. 

Total C (TC), total N (TN), C isotope composition (δ
13

C) and N isotope composition 

(δ
15

N) of air-dried samples were determined. A fine powder of soil was used to measure TC, 

TN, δ
13
C and δ

15
N using a mass spectrometer (GV Isoprime, Manchester, UK). Soil NH4

+
-N 

and NO3
-
-N were determined in a hot water extraction using a SmartChem 200, Discrete 
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Chemistry Analyser (DCA) and total inorganic N (TIN) was the sum of these two parameters. 

To measure potentially mineralisable N (PMN), two sub-samples (5 g) of air dried sample 

were weighed. One sub-sample was added to 25 ml water and incubated at 40ºC for seven 

days. After incubation, 25 ml of 4 M KCl was added to the samples and the suspension was 

shaken for 60 min and centrifuged for 20 min at 2000 rpm. After centrifuging, the samples 

were filtered by a Whatman No. 42 filter paper. The second sub-sample of soil was added to 

50 ml of 2 M KCl and processed as above but without incubation. Inorganic N of both 

samples were determined using SmartChem 200, Discrete Chemistry Analyser (DCA), and 

the PMN was measured as described in Blumfield et al. (2006). 

Hot water extractable organic C (HWEOC) and hot water extractable total N 

(HWETN) were determined using 7 g of air dried soil which was added to 35 ml water and 

incubated in a capped and sealed tube at 70°C for 18 h. Following incubation, the suspension 

was shaken by an end-over-end shaker for 5 min followed by centrifuging at 10000 rpm for 

10 min. The suspension was filtered through a 33 mm Millex syringe-driven 0.45 µm filter. 

The concentration of total soluble organic C (TOC) and total soluble N (TSN) in the filtered 

solution was measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu 

2005). 

 The fumigation-extraction method was used to measure microbial biomass C and N 

(MBC and MBN). Two sub-samples of fresh soil (10 g) were weighted (for direct extraction 

and fumigation). One of the sub-soil samples was fumigated by chloroform for 24 h.  Both 

fumigated and non-fumigated (directly extracted) sub-samples received 50 ml of 0.5 M 

K2SO4 and the mixture was shaken with an end-over-end shaker for 30 minutes, followed by 

filtering through a Whatman 42 filter paper. The TOC and TSN of both extractions were 

measured using a Shimadzu TOC-VCSH/CSN TOC/N analyser (Chen and Xu 2005). The MBC 



Chapter 5- Effects of plant species on soil at the Laidley site 

103 

 

and MBN were derived from the equations as described in Vance et al. (1987) and Brookes et 

al. (1985) respectively. 

Soil respiration was assessed by the sodium hydroxide (NaOH) trap method. Fresh 

soil samples (25 g) were incubated in a 1 L sealed glass container at 22ºC for one week. 

Then, CO2 evolved was trapped in 10 ml of 0.1 M NaOH and the remaining NaOH was 

titrated with 0.05 M HCl. Another soil sample (25 g) was used to evaluate cumulative CO2, 

which indicates the biologically available labile C in the soil (Chen et al. 2004), in a 35-day 

period with 7-day intervals. The trapped CO2 in NaOH was sampled each week and 

cumulative CO2 evolved from soil was calculated at the end of the period. The soil moisture 

was adjusted to 65% of water holding capacity before incubation.  

5.3.3 Statistical analysis 

Analysis of variance (ANOVA) was carried out to detect the effects of plant species, site 

management and fertilisation on soil TC, TN, C and N isotope composition, NH4
+
-N NO3

-
-N, 

TIN, PMN, HWEOC, HWETN, MBC, MBN and soil respiration. Site preparation was 

assumed as the main factor to analyse the effects of each species on soil properties. The 

Tukey HSD test at P<0.05 was used to determine a comparison among treatment means. 

Statistix software (Version 8) was used for all the statistical analyses. 

5.4 Results 

There was no significant difference in all treatments in response to fertilisation in all 

sampling times, regardless of plant species. Therefore, the data were pooled and presented as 

herbicide and scalped areas.  
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5.4.1 TC, TN, δ
13
C and δ

15
N 

Soil TC was significantly higher in the herbicide area than in the scalped area under A. 

concurrens and E. crebra, regardless of sampling time (P<0.05). There was no significant 

difference in soil TC at months 6 and 12 compared to month 0, regardless of the treatments, 

under both species (Table 5.1). Soil TN was significantly greater in the herbicide area than in 

the scalped area at all sampling times under both species (P<0.05). Soil TN under both 

species, irrespective of treatments, did not vary significantly at months 6 and 12 compared to 

month 0 (Table 5.1). No significant difference in soil total C:N ratio was detected at month 0 

in response to treatments. Soil total C:N ratio was not affected by the treatments, regardless 

of plant species, at months 6 and 12 (Table 5.1). Soil total C:N ratio, in all treatments, 

significantly increased under A. concurrens and E. crebra at month 12 when compared to 

months 0 and 6 (Table 5.1). 

Soil δ
13

C was not affected by the treatments at month 0. Similarly, soil δ
13

C, 

irrespective of sampling times, demonstrated no significant difference between treatments 

under A. concurrens whereas soil δ
13

C was significantly higher in the herbicide areas than the 

scalped areas under E. crebra at months 6 and 12. Soil δ
13

C, regardless of the treatments, 

decreased significantly (P<0.05) under both species at month 12 when compared to months 0 

and 6 (Table 5.2). Soil δ
15

N had significantly higher values in the scalped area compared to 

the herbicide area at month 0. At month 6, soil δ
15

N was significantly greater in the scalped 

area compared to the herbicide area under A. concurrens (P<0.05) but there was no 

significant difference in δ
15

N between treatments under E. crebra. In contrast, at month 12, 

soil δ
15

N under both species was significantly lower in the herbicide areas than in the scalped 

areas. Soil δ
15

N, regardless of the treatments, decreased significantly (P<0.05) under A. 

concurrens at month 12 compared to months 0 and 6. However, there was no significant 
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change in soil δ
15

N, in all treatments, under E. crebra at month 12 compared to months 0 and 

6 (Table 5.2). 
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Table  5.1 Soil total C (TC), total N (TN) and total C:N ratio under Acacia concurrens and Eucalyptus crebra in the presence of different site preparation 

techniques at 0, 6 and 12 months following tree planting. Means followed by the lower and upper case letters within the same sampling month of each 

species demonstrate the significance between herbicide  and scalping at the level P<0.05 and P<0.10. Means with no lower case letters indicate no 

significant difference of the same sampling month at each species. Bold means at each row indicate a significant difference in sampling time for each 

parameter at the level P<0.05. 

Site management 
  TC (%)       TN (%)       Total C:N   

0-month 6-month 12-month   0-month 6-month 12-month   0-month 6-month 12-month 

A.concurrens 

 
  

  
  

  
  

Herbicide 2.30 (0.23)a 2.17 (0.26)a 1.87 (0.16)A 

 

0.16 (0.01)a 0.15 (0.01)a 0.12 (0.01)a 

 

13.7 (0.30) 13.9 (0.38) 14.5 (0.30) 

Scalping 1.47 (0.17)b 1.32 (0.17)b 1.36 (0.18)B   0.10 (0.01)b 0.094 (0.01)b 0.093 (0.01)b   13.6 (0.50) 13.8 (0.30) 14.4 (0.30) 

E. crebra 

 
 

         Herbicide 2.30 (0.23)a 2.16 (0.25)a 2.28 (0.22)a 

 

0.16 (0.01)a 0.15 (0.01)a 0.15 (0.01)a 

 

13.7 (0.30) 13.4 (0.22)B 14.4 (0.27) 

Scalping 1.47 (0.17)b 1.42 (0.21)b 1.55 (0.20)b   0.10 (0.01)b 0.10 (0.01)b 0.10 (0.01)b   13.6 (0.50) 14.2 (0.34)A 14.8 (0.45) 
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Table  5.2 Soil C isotope composition (δ
13
C) and isotope composition N (δ

15
N) under Acacia concurrens and Eucalyptus 

crebra in the presence of different site preparation techniques at 0, 6 and 12 months following tree planting. Means followed 

by the lower case letters within the same sampling month of each species demonstrate the significance between herbicide and 

scalping at the level P<0.05. Means with no lower case letters indicate no significant difference of the same sampling month 

at each species. Bold means at each row indicate a significant difference in sampling time for each parameter at the level 

P<0.05. 

Site management 
  δ

13
C (‰)     δ

15
N (‰) 

0-month 6-month 12-month   0-month 6-month 12-month 

A.concurrens 

 
  

  
  

Herbicide -16.1 (0.20) -16.2 (0.20) -16.7 (0.21) 

 

4.34 (0.17)b 4.35 (0.34)b 3.55 (0.50)b 

Scalping -16.5 (0.37) -16.7 (0.23) -17.3 (0.32)   5.44 (0.20)a 5.15 (0.22)a 4.85 (0.03)a 

E. crebra 

       Herbicide -16.1 (0.20) -16.1 (0.11)a -16.7 (0.12)a 

 

4.34 (0.17)b 5.09 (0.20) 4.31 (0.27)b 

Scalping -16.5 (0.37) -16.9 (0.12)b -17.2 (0.17)b   5.44 (0.20)a 5.05 (0.28) 5.38 (0.18)a 
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5.4.2 HWEOC and HWETN 

Soil HWEOC and HWETN in the herbicide area were significantly greater than in the 

scalped areas at month 0 (P<0.05). Soil HWEOC and HWETN under both species in the 

herbicide areas were significantly higher than those of the scalped areas at either months 6 

and 12 (P<0.05, Fig. 5.1 and 5.2). Soil HWEOC and HWETN significantly increased under 

both species, irrespective of the treatments, at months 6 and 12 compared to month 0 

(P<0.05). 

 

Fig. 5.1 Soil hot water extractable organic C (HWEOC) under Acacia concurrens and 

Eucalyptus crebra in the presence of different site preparation techniques at 0, 6 and 12 

months following revegetation establishment. * denotes a significant difference among 

sampling time for each treatment at the level P<0.05. 
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Fig.  5.2 Soil hot water extractable total N (HWETN) under Acacia concurrens and 

Eucalyptus crebra in the presence of different site preparation techniques at 0, 6 and 12 

months following revegetation establishment. * indicates a significant difference among 

sampling time for each treatment at the level P<0.05. 

 

5.4.3 MBC, MBN and microbial activities 

Soil MBC and MBN, regardless of plant species and sampling times, were significantly 

higher in the herbicide areas than the scalped areas (Table 5.3).  Soil MBC and MBN, in all 

treatments, significantly decreased at month 6 compared to month 0 (P<0.05) and there was 

no significant difference in soil MBC and MBN, irrespective of treatments, at month 12 

compared to month 6 (Table 5.3). 

Differences in soil microbial-C:N for all treatments were not significant under both 

species.  Soil microbial-C:N, in all treatments, significantly declined at month 12 compared 

to the first sampling under both species (P<0.05, Table 5.3). 
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Table  5.3 Soil microbial biomass C (MBC), microbial biomass N (MBN) and microbial C:N ratio under Acacia concurrens and Eucalyptus crebra in the 

presence of different site preparation techniques at 0, 6 and 12 months following tree planting. Means followed by the lower case letters within the same 

sampling month of each species demonstrate the significance between herbicide  and scalping at the level P<0.05. Means with no lower case letters indicate 

no significant difference of the same sampling month for each species. Bold means at each row indicate a significant difference in sampling time for each 

parameter at the level P<0.05. 

Site management MBC (µg g
-1

)       MBN (µg g
-1

)   

 

  Microbial C:N   

  0-month Winter Summer 

 

0-month Winter Summer   0-month 6-month 12-month 

A.concurrens 

 

  

  

 

  

  

  

Herbicide 461 (34.5)a 219 (35.4)a 180 (13.9)a 

 

57.2 (4.20)a 32.3 (5.51)a 27.0 (3.00)a 

 

8.07 (0.30) 7.22 (0.53)b 6.87 (0.38) 

Scalping 269 (30.8)b 101 (11.8)b 119 (18.0)b   31.4 (4.96)b 10.5 (1.85)b 17.7 (2.35)b   9.81 (0.90) 10.7 (1.70)a 6.70 (0.61) 

E. crebra 

 

 

         Herbicide 461 (34.5)a 244 (23.1)a 209 (14.5)a 

 

57.2 (4.20)a 35.0 (3.31)a 29.0 (1.35)a 

 

8.07 (0.30) 7.08 (0.53) 7.22 (0.40) 

Scalping 269 (30.8)b 124 (24.9)b 141 (24.7)b   31.4 (4.96)b 15.6 (3.61)b 20.0 (3.47)b   9.81 (0.90) 8.52 (1.05) 6.97 (0.40) 
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Soil respiration was significantly higher in the herbicide area than in the scalped area 

at month 0 (P<0.05). Soil respiration in the herbicide area was significantly greater than in 

the scalped area at month 6 under both species (P<0.05, Table 5.4). However, at month 12, 

soil respiration under A. concurrens showed no significant difference to the treatments but 

soil respiration in the herbicide area was significantly greater than the scalped area under 

E.crebra (P<0.05, Table 5.4). Soil respiration in all treatments did not demonstrate a 

significant difference at month 12 compared to the month 0 under both species (Table 5.4).  

 

Table  5.4  Soil respiration and potentially mineralisable N (PMN) under Acacia concurrens 

and Eucalyptus crebra in the presence of different site preparation techniques at 0, 6 and 12 

months following tree planting. Means followed by the lower case letters within the same 

sampling month of each species demonstrate the significance between herbicide and scalping 

at the level P<0.05. Means with no lower case letters indicate no significant difference of the 

same sampling month for each species. Bold means for each row indicate a significant 

difference in sampling time for each parameter at the level P<0.05. 

 

Soil respiration 

 

PMN 

Site  CO2-C µg g
-1

 1h
-1

 

 

(µg g
-1

) 

management 0-month 6-month 12-month   0-month 6-month 12-month 

A.concurrens 

     

  

Herbicide 0.44 (0.05)a 0.36 (0.02)a 0.31 (0.03) 

 

366 (30.1)a 297 (38.1)a 265 (36.3)a 

Scalping 0.28 (0.04)b 0.18 (0.06)b 0.34 (0.07)   206 (38.3)b 139 (26.2)b 158 (19.6)b 

E. crebra 

       Herbicide 0.44 (0.05)a 0.37 (0.06)a 0.37 (0.02)a 

 

366 (30.1)a 301 (36.5)a 293 (27.5)a 

Scalping 0.28 (0.04)b 0.21 (0.03)b 0.17 (0.3)b 

 

206 (38.3)b 158 (32.4)b 195 (27.5)b 
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At month 6, soil cumulative CO2-C was significantly higher in the herbicide area than 

in the scalped area under both species. At month 12, soil cumulative CO2-C in the scalped 

area was significantly improved and there was no significant difference in soil cumulative 

CO2-C between the herbicide and scalped areas under A. concurrens while soil cumulative 

CO2-C in the herbicide area was significantly higher than in the scalped area under E.crebra 

(Fig. 5.3). 

 

Fig.  5.3 Cumulative CO2-C in soil collected at 6 and 12 months after revegetation 

establishment under Acacia concurrens (a) and Eucalyptus crebra (b) respectively in the 

presence of different site preparation techniques in a revegetation ecosystem of south-east 

Queensland, Australia. Circles and quadrates indicate herbicide and scalping respectively and 

open and close signs represent sampling time, months 6 and 12 respectively. H and S 

demonstrate herbicide and scalping treatments and bars are standard errors. 

 

a 

 
b 

 
 

0

50

100

150

200

250

300

350

0 7 14 21 28 35

C
u
m

u
la

ti
v
e 

C
O

2
-C

 (
µ

g
 g

-1
)

H-6-month H-12-month

S-6-month S-12-month

0

50

100

150

200

250

300

0 7 14 21 28 35

C
u
m

u
la

ti
v
e 

C
O

2
-C

 (
µ

g
 g

-1
)

Incubation period (days)



Chapter 5- Effects of plant species on soil at the Laidley site 

113 

 

5.4.4 N pools 

There was no significant difference in soil NH4
+
-N in hot water extracts between the 

treatments at month 0. Soil NH4
+
-N in the herbicide area was significantly greater than in the 

scalped areas under both species at month 6 (P<0.05, Fig. 5.4a, b). Soil NH4
+
-N in the 

herbicide area under both species increased consistently throughout the sampling period 

(P<0.05). In contrast, soil NH4
+
-N in the scalped area decreased at month 6 compared to 

month 0, regardless of species, but increased at month 12. Soil NH4
+
–N concentration under 

A. concurrens increased 36% and 8% in the herbicide and scalped plots respectively and soil 

NH4
+
-N concentration under E. crebra increased 54% and 10%, in the herbicide and scalped 

plots respectively at month 12 compared to month 0. 

There was no significant difference in soil NO3
–
 -N between the treatments at month 

0. At month 6, NO3
–
 -N in the scalped area was significantly higher than in the herbicide area 

(P<0.05) but there was no significant difference between the treatments under eucalyptus. At 

month 12, NO3
–
 -N in the herbicide area was significantly higher than the scalped area under 

A. concurrens (P<0.05) while no significant difference in all treatments was observed under 

E.crebra. Soil NO3
–
 -N concentration significantly increased in all treatments under both 

species at month 6 compared to month 0 and then significantly decreased at month 12 with 

the exception observed under A. concurrens at month 6 (P<0.05, Fig. 5.4). 

No significant difference in TIN was observed, regardless of the treatments, at month 

0. There was no significant difference in soil TIN in all treatments under both species at 

month 0 but soil TIN in the herbicide area was significantly higher than the scalped area 

under both species at month 12 (P<0.05). No significant difference in soil TIN, in all 

treatments, was evident at month 12 when comparing to month 0, regardless of plant species 

(Fig. 5.4). 
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Fig.  5.4 Soil NH4
+
-N, NO3

-
 -N and total inorganic N (TIN) concentration under (a) Acacia 

concurrens and (b) Eucalyptus crebra in the presence of different site preparation techniques 

at 0, 6 and 12 months following revegetation establishment. * denotes a significant difference 

among sampling time at each treatment at the level P<0.05. 

 

PMN in the herbicide areas, regardless of plant species and sampling time, was 

significantly greater than in the scalped plots (P<0.05, Table 5.4). PMN decreased in the 

herbicide area at months 6 and 12 compared to month 0 but in the scalped area, PMN 

decreased at month 6 compared to month 0 and then increased under A. concurrens (P<0.10). 

There was no significant difference in PMN in all treatments throughout the sampling period 

under E.crebra. 
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5.5 Discussion 

There was no significant difference in soil TC under both species throughout the sampling 

time, regardless of the treatments. Our results are consistent with studies that found no 

significant change in soil organic C in the first year following plantation establishment with 

E. globulus in Australia (Mendhama et al. 2002) and E. grandis in Brazil (Araujo et al. 2010). 

Soil organic C may need more than one decade to be altered (Sicardi et al. 2004). Despite the 

fact that there was no significant difference in soil TC under both species during the 

experimental period, in all treatments, soil δ
13

C decreased significantly during the 

experimental period, in all treatments, under both species. Soil δ
13

C changes through litterfall 

decomposition due to the incorporation of plant C into soil (Kasel et al. 2011) and plant tissue 

δ
13

C values are linked to plant water use efficiency (WUE) and photosynthesis (Xu et al. 

2000; Tutua et al. 2008; Huang et al. 2008a). Under water scarcity, the WUE of plants 

increases through stomatal closure leading to greater 
13

C fixation at carboxylation sites 

(Farquhar et al. 1989). Significant reduction of foliar δ
13

C in this study Chapter 7) suggests 

that plant litter was also δ
13

C depleted since water was not a limiting factor in this study as 

reflected in high soil moisture (Chapter 8).  

Soil δ
15

N under A. concurrens decreased significantly throughout the sampling 

period, regardless of the treatments, while there was no significant change in soil δ
15

N, in all 

treatments, under E. crebra at month 12 compared to months 0 and 6 (Table 5.2). Due to this 

soil δ
15

N reduction under A. concurrens, soil δ
15

N was significantly lower under A. 

concurrens than under E.crebra in all treatments at month 12. Soil δ
15

N is used as an 

indicator for N dynamics and enriched soil δ
15

N may indicate a greater N loss (Nadelhoffer et 

al. 1994; Dawson et al. 2002). Increased N2 fixation results in decreasing δ
15

N in plant tissues 

(Boutton and Liao 2010; Gubsch et al. 2011), leading to a decline in soil δ
15

N as a result of 

litter decomposition. However, this could not be the case in the present study as there was no 
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significant difference in N2 fixation of acacias at month 12 compared to month 6 (Chapter 7). 

In the present study, shortly after the month 6 measurement, the plants experienced a frost 

event and the acacias lost the majority of their leaves. The litter produced by legumes 

especially when they have not undergone senescence, are usually rich in N content (Garay et 

al. 2004). Therefore, the newly available N through litter decomposition may have diluted the 

δ
15

N of soil under A. concurrens.  

Soil HWEOC, HWETN, MBC and MBN are part of soil labile C and N pools. In the 

present study, whilst HWEOC and HWETN increased, MBC and MBN decreased at month 6 

compared to month 0 under both species. Higher HWEOC could be due to C input through 

litter decomposition or root exudates (Ghani et al. 2003; Huang et al. 2008b). Acacias are 

expected to increase soil microbial biomass because their litter is rich in nutrients (Xiong et 

al. 2008) but low MBC, MBN and poor C utilisation by soil micro-organisms can be found 

under eucalyptus plantations  compared with regenerated and natural forests (Behera and 

Sahani 2003). Litterfall of eucalypts can release toxic components during decomposition, 

which may lead to decreased soil microbial biomass and activity (Animon et al. 1999; Behera 

and Sahani 2003). Araujo et al. (2010) found that MBC in a eucalyptus plantation increased 

two years following plantation establishment with E. grandis in Brazil while it had decreased 

significantly during first year.  Following tree planting, ecosystem micro-organisms in the 

rhizosphere need to adapt to new rhizosphere conditions (Somova et al. 2005; Araujo et al. 

2010) because plants are able to alter soil microbial communities in their rhizosphere 

following planting (Kisa et al. 2007).  

Despite the fact that the size of the microbial community, as measured by MBC and 

MBN, was significantly lower under both species at months 6 and 12 compared to month 0 

(P<0.05), results from cumulative CO2-C at month 12 suggest that acacias may begin 

stimulating soil microbial activity before eucalypts. At month 12,   cumulative CO2-C did not 
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show a significant response to any treatments under acacias but cumulative CO2-C was 

significantly higher in the herbicide area than in the scalped area under eucalyptus (Fig. 5.3). 

There was no significant difference between the treatments in soil respiration under acacia at 

month 12. These two results may suggest that soil microbial activity in degraded areas, where 

the scalping was applied, under acacias is improving quicker than under eucalyptus. The 

absence of significant differences in cumulative CO2-C between the herbicide and scalped 

areas under acacia may also imply that the inhibitory effects of herbicides on soil microbial 

activity have been increased at month 12. Soil respiration improved in the scalped areas at 

month 12 compared to month 6 and reached the level that it was at month 0 (Table 5.4). 

Improved microbial activity under acacia is more likely to explain the lack of significant 

difference of microbial activity between the herbicide and scalped areas rather than increased 

inhibitory effects of herbicides under A. concurrens. Herbicide application at field rates 

shows negligible influences on soil microbial dynamics (Wardle and Parkinson 1991; Busse 

et al. 2001; Lupwayi et al. 2004; Lupwayi et al. 2007; Lupwayi et al. 2009). Microbial C:N 

decreased significantly, in all treatments, at month 12 compared to month 6 under acacia. The 

magnitude of microbial C:N reduction in the scalped areas was 6 times greater than that of 

the herbicide areas (-30% and -5% respectively, Table 5.3) supporting faster improvement of 

soil conditions in the scalped areas compared to the herbicide area under acacia. 

There was no significant difference in TIN throughout the sampling period under both 

species suggesting that soil N pools may be preserved under A. concurrens and E.crebra. Soil 

NO3
-
 -N, NH4

+
-N and TIN decreased significantly at month 12 compared to month 6 in the 

samples collected from the whole plot area (Chapter 3). This could support our conclusion of 

N conservation under A. concurrens and E.crebra. At month 12, despite the fact that NO3
-
 -N 

decreased under both species, NH4
+
-N increased significantly in all treatments. It suggests 

that NH4
+
-N and NO3

-
 -N concentration under both species counteracting each other leading 



Chapter 5- Effects of plant species on soil at the Laidley site 

118 

 

to no change of TIN. N improvement under acacia species is owed to the ability of these 

species to fix atmospheric N2 which has been well documented (May and Attiwill 2003; 

Forrester et al. 2006; Forrester et al. 2007). Under plants species soil NH4
+
-N and NO3

-
 -N 

may increase compared to a bare soil (Dutta and Agrawal 2002; Reis Valpassos et al. 2007) 

due to litter-fall decomposition and microbial activity (Dutta and Agrawal 2001; Reis 

Valpassos et al. 2007). 

5.6 Conclusions 

Soil C and N pools under A. concurrens and E.crebra were investigated in the first year 

following tree planting, to evaluate the influences of plant species on soil properties subjected 

to site preparation practices. There was no significant difference in soil TC, regardless of 

treatments, throughout the sampling period under both species. The results suggested that 

acacias may start influencing soil microbial activity before eucalypts. Our hypothesis was 

supported with our results and the present study suggested that A. concurrens and E.crebra 

planted under different preparation practices could begin influencing soil C and N pools at 

the early stage of tree planting.    
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Chapter 6 Effects of site management practices and seasonal 

changes on growth and physiological status of Acacia 

disparimma and Eucalyptus crebra seedlings in 

central Queensland, Australia 

 

6.1 Abstract 

Early site management is critical to ensure the success of revegetation area establishment. 

However, costs associated with traditional site management techniques are substantial and 

therefore alternative, cost-effective methods are being trialled. A field trial was established in 

central Queensland, Australia, to evaluate site management methods including: site 

preparation, herbicide application versus top soil removal (scalping); and fertilisation versus 

non-fertilisation. Plant survival, growth, biomass accumulation and foliar eco- physiological 

traits were measured on two occasions, in the summer and winter, when Acacia disparimma 

and Eucalyptus crebra seedlings were 6 and 14 months old. There was no difference in the 

survival of A. disparimma and E. crebra in response to the site preparation. However, there 

was a significant difference in growth response (P<0.05) with both species showing greater 

growth in the herbicide areas compared to those of the scalped areas. The effects of 

fertilisation were not significant in the present study regardless of site preparation techniques. 

The leaf-level eco-physiological traits of seedlings, irrespective of species, were responsive 

to seasonal conditions rather than site preparation practices. There was a significant 

interaction between season and species for foliar net photosynthesis (An), instantaneous water 

use efficiency (iWUE) and photosynthetic N use efficiency (PNUE) as well as carbon isotope 

composition (δ
13

C) (P<0.05). Under the harsh environment, in the summer, E. crebra 
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demonstrated stronger WUE than that of A. disparimma while that of A. disparimma was 

greater than E. crebra in winter. There was no significant response to either site preparation 

or fertilisation as shown by foliar An, E, Ci and gs for either species. 

Scalping was more effective than herbicide application to suppress weeds and reduced 

the costs of site preparation and maintenance. Our results suggest that the preservation of soil 

organic matter in tree revegetation may not be as important as it is in agricultural ecosystems 

as there was no implication on plant survival and foliar physiological traits at least for the 

first 14 months after the tree planting.  

6.2 Introduction 

Tree cover is diminishing in Australia at a rate of between 0.5% and 2.5% every year 

(Gibbons and Boak 2002; Saunders et al. 2003). The consequences of this loss are soil 

salinity (Barrett-Lennard 2002), erosion (Zuazo and Pleguezuelo 2008) and biodiversity 

decline (Lamb et al. 2005) which has led to increased ecosystem vulnerability under global 

climate change conditions. Revegetation schemes are part of the response to forest 

destruction and are often a mandatory condition to infrastructure projects and mining 

operation. Revegetation is able to decrease the risk of biodiversity loss (Lamb et al. 2005) 

and enhance carbon (C) sequestration (Laganiere et al. 2010; Wang et al. 2011) which could 

help to alleviate some of the negative impacts of global warming. One of the major 

challenges associated with revegetation schemes is to develop efficient and cost effective 

methods for site establishment (Hobbs and Norton 1996).  

The crucial factors in the success of revegetation establishment are considered to be 

site preparation, weed control, and fertilisation, each of which has an associated cost. All 

these factors may alter soil moisture, temperature and nutrient availability and consequently 

affect the early establishment success of revegetation ecosystems (Davis et al. 1999).                   
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Herbicides could be a less expensive method when compared with other techniques to 

control weeds which include mulching, grubbing and cover crops (George and Brennan 

2002). However, this technique is expensive when applied sequentially before and after 

revegetation establishment. In the majority of revegetation schemes, the aim is to reduce the 

number of site visits to the absolute minimum as each successive visit gives an additional 

cost burden. There is also a growing concern in terms of environmental damage associated 

with herbicide, particularly to soil organisms (Subhani et al. 2000; Ahemad and Saghir Khan 

2009). Despite issues associated with the use of agricultural chemicals, herbicide application 

is still commonly used in site preparation and weed control (Flint and Childs 1987; 

McDonald and Fiddler 1993; George and Brennan 2002; Graham et al. 2009). Other, equally 

effective methods are needed to reduce the reliance on herbicide application.  

Top soil removal or scalping is an alternative method to control weeds in revegetation 

sites (Harper et al. 2008; Graham et al. 2009). This treatment has been used for natural 

revegetation (Yildiz et al. 2007; Man et al. 2009), plantation (MacDonald and Thompson 

2003) and grass establishment in woodlands (Cole et al. 2005) for a variety of species. The 

main issues associated with scalping include: exposure of subsoil, which is less fertile 

compared with topsoil; and soil surface hardening after rain (Cole et al. 2005). On the other 

hand, scalping removes weeds and some of the soil seed bank of weed seeds, exposes mineral 

nutrients, enhances light availability. It may increase available soil moisture and temperature 

(Spittlehouse and Childs 1990). Such benefits could improve the early establishment of 

seedlings. Scalping treatment has shown conflicting results in terms of enhanced plant growth 

and survival including positive (Yildiz et al. 2007), negative (Flint and Childs 1987; 

Gradowski et al. 2008) and no effect (MacDonald and Thompson 2003; Man et al. 2009). 

MacDonald and Thompson (2003) argued that pre-planting scalping may accelerate water 

loss depending on soil type and consequently alleviate the beneficial effects of weeding 
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through scalping. Though some work has been done using this method, especially associated 

with direct seeding in Western Australia, this has generally been limited to scalping within 

planting lines. There is little information available on the use of scalping to clear broad lanes 

for controlling weeds in the inter-row, as well as the planting row, as a viable alternative to 

herbicide application.  

Fertilisers are applied to maintain proper growth and survival for seedlings (Forrester 

et al. 2010a). However, the response to fertilisation differs (Davis et al. 1999; Marcar et al. 

2000; Graciano et al. 2005; Scowcroft et al. 2007) depending on species, site characteristics, 

water availability and site preparation practices (Forrester et al. 2010a). For instance, if the 

site is fertile (Bird et al. 2000) additional fertilisation may have no effect on plant growth. 

Despite contradictory observations, researchers have reported that the efficiency of 

fertilisation may increase when combined with weeding and site preparation, resulting in 

increased growth and survival (Marcar et al. 2000; Scowcroft et al. 2007). However, there is 

limited information in terms of outcomes of combining fertilisation with weed suppression in 

a revegetation ecosystem. 

Fast growing Eucalyptus spp. are suitable for use in mixed species plantings along 

with leguminous species such as Acacia. This combination of species has shown a superior 

growth compared with monocultures (Forrester et al. 2006; Richards et al. 2010). Eucalyptus 

mixed with Acacia showed: increased plantation productivity, especially when water was 

limiting (Forrester et al. 2010b); improved nitrogen (N) and phosphorous (P) cycling 

(Forrester et al. 2006); and also enhanced soil fertility (Khanna 1997). When legumes are part 

of the species mixture, there is evidence of accelerated C sequestration due to improved soil 

organic C (SOC) (Resh et al. 2002). Mixed species plantings incorporating legumes could 

decrease potential costs of fertilisation due to the leguminous contribution to soil N (Forrester 

et al. 2010b).  
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Whilst there have been many studies that have investigated the effects of weed control 

and fertilisation on growth and/or survival (Fleming et al. 1996; MacDonald and Thompson 

2003; Graham et al. 2009), few have reported on seedling eco-physiological status. 

Concurrent investigation of these factors may provide a better understanding of plant growth 

response to environmental conditions and may help to predict plant performance under 

different revegetation schemes. The present study aimed to assess the impacts of site 

manipulation on early growth and establishment of seedlings; to evaluate plant eco-

physiological response to site preparation techniques; and also assess the relationship 

between plant growth and eco-physiological traits.  It was hypothesised that (a) the scalping 

might improve plant early survival and growth due to reduced competition, (b) leaf level gas 

exchange including photosynthesis, stomatal conductance and transpiration might be lower in 

the scalped areas compared to the herbicide, and (c) water use efficiency of plants could 

improve in the scalped areas compared with the herbicide areas. It was hypothesised that 

fertilisation might improve plant early survival and growth due to improved nutrient 

availability particularly in the scalped areas. 

6.3 Materials and methods 

6.3.1 Site description 

The site was located at Stanwell (23
0
31’24 S, 150

0
18’14 E) approximately 25 km southwest 

of Rockhampton, central Queensland, Australia. Before plantation establishment, the site was 

used to grow grapes and later it was turned to a poor quality pasture.  The soil was a sandy 

loam containing 22%, 12% and 66% clay, silt and sand content respectively and soil pH was 

5.7. Soil organic carbon (SOC) was 1.9%. The average maximum monthly temperature of 

28ºC, ranged from 22 ºC to 33 ºC, and rainfall of 620 mm, totalled as recorded for the period 
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of this study (from June 2009 to August 2010) using a weather station installed at the site, 

detailed information provided in Fig. 6.1.   

 

Fig.  6.1 Monthly rainfall (mm) and mean temperatures (°C) of herbicide (H), scalped (S) 

areas at the depth of 5 cm and ambient temperature of the experimental site from June 2009 

to July 2010. 

The experiment was designed in a randomized complete block split plot with four 

blocks and four replicates per treatment in each block. The plots were 12 m × 12 m consisting 

of six planting rows and on average eight tubestock plants were planted in each row with 1.5 

m space between two plants. Each planting row was ripped to a depth of 30 cm prior to 

plantation establishment. Three different species, Acacia disparimma (Fabaceae), Eucalyptus 

crebra and Melaluca quinquenervia (Myrtaceae) were randomly planted in each plot. 

Treatments used in this trial included two site preparation techniques (applying 

herbicide and scalping) and two fertilisation regimes (with and without fertilisation).  The 

herbicide applied at the site was glyphosate and applied at normal rates, on two occasions 

before site establishment. After plantation establishment, a monocotyledon specific herbicide, 
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Verdict
TM

540 with the active ingredient of Haploxyfop, was applied over the top of 

established seedlings. In the scalped areas, approximately 10 cm of top soil was removed 

prior to vegetation establishment. Fertiliser used in this trial was a slow release NPK (21-5-

12%) fertiliser and applied at the establishment of the plots in June 2009.  

6.3.2 Survival, growth and biomass   

Survival and growth were recorded in December 2009 (summer) and August 2010 (winter), 6 

and 14 months after plot establishment respectively.   

6.3.3 Gas exchange measurements 

Gas exchange was determined for five plants per plot of each species using a portable 

photosynthesis system (Model LI-6400, Li-Cor) with three replicates per plant maintaining a 

constant CO2 concentration 380 µmol mol
-1

 and a blue-red light-emitting diode (Model 6400-

02B) adjusted at photosynthetically active radiation (PAR) 1400 µmol s
-1

. All measurements 

of net photosynthesis (An), transpiration (E), CO2 concentration at the carboxylation site (Ci) 

and stomatal conductance (gs) were taken on sunny days between 09:00 am and 12:00 pm in 

December 2009 and August 2010. Instantaneous water use efficiency (iWUE) at leaf level 

was determined as An/E (μmol mmol
-1

) (Farquhar and Richards 1984) and instantaneous 

photosynthetic N use efficiency (PNUE) was derived as An/N (µmol CO2 s
-1

 g
-1

 N). 

6.3.4 Foliar N concentration, δ
15
N and δ

13
C 

After measuring gas exchange, all three fully expanded leaves, which were used to measure 

gas exchange, of each plant were collected. The leaves were kept in separate paper bags and 

transferred to the laboratory. Samples were then oven dried at 50
°
C to a constant weight and 

ground to a fine powder by a Rocklabs
TM

 ring grinder. Approximately 4 mg of homogenised 

powder was transferred into 8 mm × 5 mm tin capsules for analysis using an isotope ratio 
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mass spectrometer (GV Isoprime, Manchester, UK) to determine foliar total N (TN), N 

isotope composition (δ
15

N) and C isotope composition (δ
13

C). A minimum of 10% replication 

was used to verify the accuracy of the results.  

6.3.5 Statistical analysis 

Analysis of variance (ANOVA) was conducted to detect the plant response to site preparation 

methods, fertilisation regimes and seasonal variation. The Tukey HSD test at P<0.05 was 

used to determine a comparison among treatment means. Statistix software (Version 8) was 

used for all the statistical analyses. A multiple regression was performed to develop a 

multivariate regression equation to predict height gain for both plant species using SPSS 

Statistics 20.  

6.4 Results  

6.4.1 Survival 

The survival of both species did not vary significantly by site management practices and 

fertilisation. The survival of A. disparimma, irrespective of the treatments, was from 59.8% to 

76.4% whereas that of E. crebra varied from 83.5% to 86.6% (Fig. 6.2). Survival of A. 

disparimma, irrespective of treatments, was significantly lower than that of E. crebra 

(P<0.05, 69% and 85% respectively).  
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Fig.  6.2 Survival of Acacia disparimma and Eucalyptus crebra seedlings in August 2010 in 

response to different management practices, applying herbicide (H) and scalped (S), and 

fertilisation regimes, fertilised (F) and non-fertilised (NF) in a revegetated ecosystem located 

at Stanwell, central Queensland, Australia.  

 

6.4.2 Growth  

In the summer (December 2009), A. disparimma in the herbicide area had significantly higher 

growth (P<0.05) than the scalped area but there was no significant difference in growth of E. 

crebra in response to the treatments (Table 6.1). In the winter (August 2010), both species 

had significantly greater height gain in the herbicide area compared to the scalped area 

(P<0.05). In the summer, fertilisation did not affect plant growth in all site preparation 

practices, irrespective of species. In the winter measurement, the height gain of A. 

disparimma was significantly (P<0.05) lower in the fertilised area than in the non-fertilised 

area. However, the height gain and biomass accumulation of E. crebra were significantly 

greater (P<0.05) in the fertilised area than in the non-fertilised area. Interaction between site 
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management and fertilisation was significant in the winter for both species (P<0.05). Plant 

height gain and biomass accumulation, irrespective of the species, significantly increased in 

the winter compared to the summer in all treatments (P<0.05, Table 6.1). 

Table  6.1 Height and height gain differences of Acacia disparimma and Eucalyptus crebra 

seedlings in response to different management practices in a revegetated ecosystem located 

at Rockhampton, Central Queensland, Australia. Means followed by the lower case letters 

at each species demonstrate difference of main factor (site management) at the level 

P<0.05. Each paired bold means in the same row  indicate the significant difference of the 

seasons at the level P<0.05. Brackets present mean ± standard errors.  

Parameters Height (cm) 
 

Height gain 

differences (cm) 

Management Fertilisation Summer  Winter   

 

  

A. disparimma  

Herbicide Fertilised  29.7 (1.9)a 94 (3.0)a** 

 

+63.0 

 Non-fertilised 28.8 (1.6)a 112 (2.6)a   +83.2   

Scalping Fertilised  26.7 (2.2)b 64.1 (2.2)b 

 

+37.4 

 Non-fertilised 26.7 (1.8)b 67.5 (2.2)b   +40.8   

E. crebra 

      Herbicide Fertilised  82.1 (1.1) 128 (4.0)a** 

 

+45.9 

 Non-fertilised 81.5 (0.9) 119 (4.5)a   +37.5   

Scalping Fertilised  85.9 (1.0) 113 (4.7)b 

 

+27.5 

 Non-fertilised 80.7 (1.0) 102 (4.0)b   +21.3   

** Indicate significant effects of fertilisation and significant interaction between site 

preparation and fertilisation at each species at the P<0.05. 

6.4.3 TN, δ
15

N, δ13
C and physiological response to site preparation practices 

In the summer, TN of A. disparimma in the herbicide area was significantly higher than in the 

scalped area (P<0.05, Table 6.2) and there was no significant difference between the 

treatments in TN of E. crebra. In the winter, there was no significant difference in foliar TN, 
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irrespective of the treatments, for either species. TN of both species was significantly lower 

in the winter compared to the summer, regardless of the treatments (P<0.05, Table 6.2).  

There was no significant difference in foliar δ
15

N for either species in response to site 

preparation or fertilisation in the summer.  In the winter, δ
15

N of A. disparimma was 

significantly higher in the scalped area than in the herbicide area (P<0.05, Table 6.2) whereas 

no significant difference in δ
15

N of E. crebra was found in all treatments. δ
15

N of A. 

disparimma was significantly lower in the winter compared to the summer (P<0.05, Table 

6.2) but there was no significant difference in δ
15

N of E. crebra in the winter compared to the 

summer.  

In the summer, foliar δ
13

C of A. disparimma was significantly higher in the scalped 

area than the herbicide area (P<0.05, Table 6.2) but there was no significant difference in 

δ
13

C of E. crebra in all treatments. In the winter, foliar δ
13

C of A. disparimma was 

significantly greater in the herbicide area than the scalped area while δ
13

C of E. crebra was 

not significantly different between all treatments. δ
13

C of A. disparimma did not differ 

significantly in the winter compared to the summer, regardless of the treatments. However, 

foliar δ
13

C of E. crebra was significantly lower in the winter compared to the summer in all 

treatments (P<0.05). Interaction in δ
13

C between species and season was significant, 

regardless of the treatments (P<0.05). 

 

 

 

 



Chapter 6- Effects of site preparation on plant species at the Rockhampton site 

138 

 

 

Table  6.2 Foliar total N (TN), N isotope composition (δ
15

N ) and C isotope composition (δ13
C) of  Acacia disparimma and 

Eucalyptus crebra seedlings in response to different management practices in a revegetated ecosystem located at Stanwell, central 

Queensland, Australia. Means followed by the lower case letters at each species demonstrate difference of main factor (site 

management) at the level P<0.05. Each paired bold means in the same row indicate the significant difference of the seasons at the level 

P<0.05. Brackets present mean ± standard errors. 

Parameters TN (%) 
 

δ
15
N (‰)* 

 
δ

13
C (‰)* 

Management Fertilisation Summer  Winter   Summer  Winter   Summer  Winter 

A. disparimma  

  

              

Herbicide Fertilised  2.02 (0.06)a 1.79 (0.09) 
 

2.22 (0.24)  0.80 (0.31)b 
 

-28.0 (0.38)b -28.0 (0.46)a 

Non-fertilised 1.98 (0.03)a 1.65 (0.06)   2.64 (0.38)  -0.18 (0.31)b   -28.8 (0.26)b -27.5 (0.29)a 

Scalping Fertilised  1.94 (0.03)b 1.63 (0.12) 
 

1.85 (0.27) 1.61 (0.60)a 
 

-27.2 (0.26)a -28.9 (0.41)b 

Non-fertilised 1.85 (0.03)b 1.65 (0.07)   2.73 (0.33) 1.03 (0.51)a   -27.7 (0.22)a -28.3 (0.38)b 

E. crebra 

  

              

Herbicide Fertilised  2.07 (0.05) 1.58 (0.06) 
 

2.81 (021) 2.42 (0.38) 
 

-27.2 (0.14)   -29.5 (0.17) 

Non-fertilised 2.02 (0.04) 1.70 (0.08)   3.17 (0.31) 2.77 (0.45)   -27.4 (0.29) -29.5 (0.21) 

Scalping Fertilised  2.07 (0.03) 1.77 (0.07) 
 

2.37 (0.21) 3.17 (0.33) 
 

-27.3 (0.07) -29.6 (0.18) 

Non-fertilised 1.95 (0.03) 1.44 (0.06)   3.64 (0.36) 3.12 (0.34)   -27.6 (0.19) -29.9 (0.21) 

* denotes a significant difference between two species at level P<0.05 
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In the summer, there was no significant difference in foliar net photosynthesis (An) of 

A. disparimma and E. crebra between all treatments (Fig. 6.3a). In the winter, there was no 

significant difference in An of A. disparimma, regardless of the treatments but An of E. crebra 

in the herbicide area was significantly higher than in the scalped area (P<0.05, Fig. 6.3a). An 

of both species was significantly higher in the winter compared to the summer. Interaction of 

An between species and season was significant in all treatments. Transpiration (E) of both 

species did not show a significant response to the site preparation and fertilisation, 

irrespective of sampling time. There was no significant difference in E in the winter 

compared to the summer for either species (Fig. 6.3b).  

Foliar CO2 concentration at the carboxylation site (Ci) of both species exhibited no 

significant difference between all treatments at both sampling times. Ci significantly 

increased in the winter compared to the summer, regardless of the treatments and species 

(P<0.05, Fig. 6.4a). Stomatal conductance (gs) was not significantly different between the 

treatments for either species (Fig. 6.4b) though gs increased significantly in the winter 

compared to the summer for both species, irrespective of treatments (P<0.05, Fig. 6.4b). 
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Fig.  6.3 (a) Net photosynthesis (An) and (b) transpiration (E) of Acacia disparimma (A) and 

Eucalyptus crebra (E) seedlings in response to different management practices, applying 

herbicide (H) and scalped (S), and fertilisation regimes, fertilised (F) and non-fertilised (NF) 

in a revegetated ecosystem located at Stanwell, central Queensland, Australia measured in 

summer (December 2009) and winter (August 2010). The * shows a significant difference of 

the treatment at level P<0.05. 
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Fig.  6.4 (a) Stomatal conductance (gs) and (b) foliar CO2 concentration at the carboxylation 

site (Ci) of Acacia disparimma (A) and Eucalyptus crebra (E) seedlings in to different 

management practices, applying herbicide (H) and scalped (S), and fertilisation regimes, 

fertilised (F) and non-fertilised (NF) in a revegetated ecosystem located at Stanwell, central 

Queensland, Australia, measured in summer (December 2009) and winter (August 2010).  
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In the summer, instantaneous water use efficiency (iWUE) of both species was not 

affected by the site preparation methods. In the winter, iWUE of A. disparimma was 

significantly higher in the herbicide area than in the scalped area but there was no significant 

difference in iWUE of E. crebra in all treatments. iWUE of both species in all treatments 

significantly increased in the winter compared to the summer (P<0.05, Fig. 6.5a). Interaction 

between species and season was significant, regardless of treatments (P<0.05). A significant 

increase in photosynthetic N use efficiency (PNUE) of E. crebra was observed in all 

treatments in the winter compared to the summer (P<0.05, Fig. 6.5b) though neither species 

showed a significant response to the treatments throughout the sampling period. 
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Fig.  6.5 (a) Instantaneous water use efficiency (iWUE) and (b) photosynthetic N use 

efficiency (PNUE) of Acacia disparimma (A) and Eucalyptus crebra (E) seedlings in 

response to different management practices, applying herbicide (H) and scalped (S), and 

fertilisation regimes, fertilised (F) and non-fertilised (NF) in a revegetated ecosystem located 

at Stanwell, central Queensland, Australia, measured in summer (December 2009) and winter 

(August 2010). The * indicates a significant difference of the treatment at level P<0.05. 
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6.4.4 Relationship between growth and plant physiological status 

iWUE, Ci,  An and gs were the variables that were used to develop a multiple regression 

equation for height prediction of A. disparimma and E. crebra. iWUE and An were significantly 

correlated with acacia height (P<0.05, Table 6.3). The model developed for height gain of A. 

disparimma was statistically significant (P<0.05, R
2
=0.80, Table 6.4). The model suggested 

that iWUE significantly associated with plant height gain and other three variables did not 

contribute to the model significantly. iWUE, Ci,  An and gs were positively correlated with 

eucalyptus height (P<0.05, Table 6.3). The model developed for height gain of E. crebra was 

statistically significant (P<0.05, R
2
=0.63, Table 6.4). iWUE significantly contributed to the 

model whereas Ci,  An and gs did not.   

Table  6.3 Correlations among height (cm), iWUE - instantaneous water use efficiency 

(µmol mmol
-1

), Ci - CO2 in the intercellular space (µmol mol
-1

), An - net photosynthesis 

(µmol m
-2

 s
-1

) and gs - stomatal conductance (µmol m
-2

 s
-1

) of Acacia disparimma and 

Eucalyptus crebra in a revegetation ecosystem, central Queensland, Australia (n=28). 

*P<0.05. 

  Height iWUE Ci An   Height iWUE Ci An 

 

A. disparimma 

   

E. crebra 

  Height 

         iWUE 0.86* 

    

0.44* 

   Ci 0.05 -0.08 

   

0.77* 0.32* 

  An 0.62* 0.50* 0.66* 

  

0.50* 0.28* 0.44* 

 gs 0.2 -0.01 0.62* 0.63*   0.75* 0.24 0.85* 0.78* 

 

Table  6.4 Coefficient (β) of predictors for height (cm) of Acacia disparimma and 

Eucalyptus crebra in a revegetation ecosystem, central Queensland, Australia (n=28). 

*P<0.05 and **P<0.10. 

  β 

 

A. disparimma E. crebra 

iWUE 7.27* 

 

2.68** 

Ci -0.1 

 

0.11 

An 2.70 

 

-1.06 

gs 38.9 

 

183.5 

Intercept 17.9 

 

52.5* 

  R
2
=0.80*   R

2
=0.63* 
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6.5 Discussion  

In our experiment, there was no significant difference in plant survival as a response to site 

preparation and fertilisation. Other researchers have reported that weed competition may 

increase mortality in young plants due to the competition for limited resources (Rey Benayas 

et al. 2003; Rey Benayas et al. 2005). Weed coverage was significantly higher in the 

herbicide area than in the scalped areas (100% and 50% respectively) according to our 

observation. However, the scalped area had significantly lower soil moisture compared to the 

herbicide area (Chapter 8). Therefore, whilst plants in the herbicide area may have benefitted 

from higher soil moisture availability, plants in the scalped area had the benefit of less 

competition.  

Our results were also consistent with those who observed no effect of fertilisation on 

three species of eucalyptus in a plantation in Western Australia (Ritson et al. 1991) and on A. 

stenophylla and E. camaldulensis  in a plantation in New South Wales, Australia (Marcar et 

al. 2000). Fertilisation may affect growth rather than plant survival. The survival of acacia, in 

all treatments, was significantly lower than that of eucalypts, suggesting that acacia may be 

more susceptible than eucalypts to the drought conditions that occurred during early seedling 

establishment. Environmental conditions in the first growing season are important factors 

influencing plant survival and drought has been shown to increase plant mortality. Weed 

competition and environmental stresses including low water availability increased the 

mortality of Quercus spp. in a plantation in Spain (Rey Benayas et al. 2005).  

A small difference in plant growth between the herbicide and scalped areas in the first 

6 months may suggest that seedlings in the herbicide areas were struggling with competitors 

as weeds recovered to 100% weed cover shortly after herbicide application. Dense weed 

regrowth regardless of weeding method in early establishment has been shown to decrease 
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plant growth due to the fact that weeds start utilising limited resources such as water, light 

and nutrients (George and Brennan 2002; Huang et al. 2008b). Huang et al. (2008a) found 

that weed competition decreased significantly the growth of E. pilularis in a plantation in 

Queensland, Australia. Weed competition would not have been a major influential factor in 

the growth rates of the scalped areas as those plots were always below 50% weed cover. The 

small difference in growth between the seedlings in the herbicide and scalped areas suggests 

that the scalped area seedlings may have suffered from low water and nutrient availability 

(Chapter 3) during the first 6 months, especially during the hot and dry conditions of 

December 2009 (Fig. 6.1).   

Plants in the herbicide areas had stronger growth than those of the scalped plots in the 

second measurement during the winter (P<0.05), irrespective of species. MacDonald and 

Thompson (2003) and Man et al. (2009) used spot scalping to regenerate a mixed species by 

planting Picea glauca [Moench] Voss) and jack pine (Pinus banksiana Lamb.) in Canada. 

Those authors found that spot scalping did not increase plant growth. Scalping may accelerate 

water loss compared to the herbicide application (Flint and Childs 1987) and also negatively 

impact soil organisms due to reduced organic matter in soil following top soil organic matter 

(SOM) removal (Mallik and Hu 1997). In our study, the scalped areas were significantly drier 

than the herbicide areas (Chapter 8) due to higher exposure to sun. The significantly lower 

SOM and soil microbial activity (Chapter 3) in the scalped area indicate lower soil fertility 

which may have caused the slower height gain of the plants in the scalped areas compared to 

the herbicide areas.   

Incremental growth (height gain) of A. disparimma and E. crebra in the scalped areas 

was half of those of the herbicide areas (Table 6.1). Scalping has a similar effect to intensive 

weed control which may decrease plant growth as soil is more exposed to sun and 

consequently soil temperature increases, exacerbating water availability problems (Castro et 
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al. 2002; Gunter et al. 2009). Moreover, higher temperatures may suppress N2 fixation of 

legumes (Srivastava and Ambasht 1994). Nitrogenase is the enzyme used by micro-

organisms inside nodules of legumes to fix atmospheric N2 (Hakoyama et al. 2009) and the 

sensitivity of these symbiotic organs to environmental stresses such as temperature and water 

availability is well documented (Srivastava and Ambasht 1994; Hendricks and Boring 1999; 

Zahran 1999; Howieson and Ballard 2004). Our results demonstrated significant lower N2 

fixation in the scalped areas than in the herbicide areas, as reflected through δ
15

N values, 

particularly in the second measurement.  

In the winter, the growth of E. crebra benefitted from fertilisation and weed control as 

plants in the weed control plots with fertilisation demonstrated higher growth than the weed 

control without fertilisation. Weeding decreases the potential competitors and fertilisation 

reduces nutrient deficiency. These two factors could improve the growth of eucalypts as 

indicated by other studies (George and Brennan 2002; Forrester et al. 2010a). However, A. 

disparimma had less benefit from fertilisation because plants in the weed control plots with 

fertilisation demonstrated lower growth than the weed control without fertilisation. This 

result was inconsistent with Otsamo et al.  (1995) who observed an increase of height for A. 

mangium with herbicide and fertiliser (NPK) compared to herbicide application without 

fertilisation in Indonesia. However, the growth measurement in that study was undertaken 6 

years following plantation establishment not in the early establishment period when the 

growth response to fertilisation may differ.  Fertilisation may cause increased competition 

between seedlings and weeds through high nutrient availability in soil (Marcar et al. 2000) 

which tends to benefit the weeds which are stronger than seedlings, leading to suppressed 

growth of acacias. 

 Eco-physiological traits of both species were responsive to the seasonal changes but 

not site preparation practices. There was a significant interaction between season and species 
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for leaf level An, iWUE, PNUE and δ
13

C (P<0.05). In the summer, An, iWUE and PNUE, of 

E. crebra were higher than those of A. disparimma, in all treatments. In the summer, plants 

were under stress and struggling with drought conditions and high temperature, low nutrient 

availability and weed competition. This suggests that E. crebra may be able to alter the 

strategy of water use with drought stress, using this factor as a tool of adaptation especially 

when the climatic condition is uncertain. A. disparimma showed greater An, iWUE and PNUE 

than E. crebra in the winter when the weather conditions, especially temperature, was eased 

and plants had outgrown the weeds. Most of the weeds in the research area are annual with 

considerable weed die-back occurring in the colder, drier winter months. The resulting 

enhanced resource availability increased iWUE by both species because photosynthetic 

capacity improved and transpiration remained unchanged throughout the sampling period, 

irrespective of the treatments (Hobbie and Colpaert 2004; Forrester et al. 2010b).  

Height increment of A. disparimma, in all treatments, was greater than those of E. 

crebra. Improved photosynthetic capacity of A. disparimma in the winter could explain 

greater height gain of this species compared to E. crebra. For instance, An of A. disparimma 

was doubled in the winter compared to the summer while that of E. crebra increased by 20%. 

Greater photosynthetic capacity could improve C assimilation at the CO2 caboxylation site 

due to enhanced Ci and gs (Shem et al. 2009). iWUE of A. disparimma in winter was 

significantly higher than those of E. crebra. Improved iWUE increased C assimilation leading 

to improved growth and biomass (Craven et al. 2010) and our multiple regression results 

indicated that iWUE had a positive significant relationship with height gain. 

The δ
13

C of A. disparimma in the herbicide areas was lower than in the scalped areas 

in the summer whereas that of the scalped areas was higher than in the herbicide in the 

winter.  Low water availability (Harrington et al. 1995) and improved photosynthetic capacity 

could increase WUE (Forrester et al. 2010b). In the summer, the scalped areas had lower soil 
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moisture and nutrient availability (Chapter 2) compared to the herbicide areas leading to 

increased WUE in the scalped areas compared to the herbicide areas. However, in the winter, 

higher resource availability due to less weed competition stresses and higher An in the 

herbicide areas compared to the scalped areas may explain higher WUE compared to the 

scalped areas which would lead to greater investment of the above ground biomass in the 

herbicide areas.  

In contrast, no significant response of δ
13

C to the site preparation was observed in E. 

crebra.  The δ
13

C is used to indicate time integrated impacts of the treatments on plants (Xu 

et al. 2003; Choi et al. 2005; Huang et al. 2008a) because this value is linearly linked to Ci/Ca 

ratio, where Ci and Ca are the partial pressure of CO2 in the leaf and atmosphere respectively 

(Farquhar et al. 1989). Ci itself is influenced by stomatal conductance (gs) thus these two 

factors could drive the values of δ
13

C. The response of leaf-level Ci and gs values to site 

preparation was also negligible in E. crebra at both measuring times (Fig. 6.4a, b) suggesting 

water used by plants irrespective of the treatments were similar (Huang et al. 2008a). The 

results for eucalypt were consistent with Garau et al. (2008) who observed no significant 

difference of δ
13

C in E. globulus under weed control and also water stress conditions because 

nutrient was not limited.  

6.6 Conclusion  

The scalping did not have any implications on plant survival and leaf-level physiological 

traits despite removing the most biologically active layer of the top soil. However, plant 

growth and the above ground biomass accumulation were superior in the herbicide areas. A. 

disparimma was more susceptible than E. crebra in response to the seasonal changes as 

indicated by lower photosynthetic capacity and higher mortality, in all treatments, under 

drought conditions. Our results suggest that the preservation of SOM in tree establishment 

may not be as important as it is in short-term agricultural ecosystems due to the fact that it did 
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not influence plant survival and physiological status and the plant growth differences could 

be insignificant over time. 
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Chapter 7 Physiological traits of Acacia concurrens and 

Eucalyptus crebra with respect to radical site 

preparation practices in a revegetation ecosystem, 

south-east Queensland, Australia 

 

7.1 Abstract 

Weed control is a necessary and costly practice when undertaking regeneration projects. 

There is a clear need for innovative and cost-effective methods of weed control to reduce the 

reliance on traditional weed control techniques. A field trial was established in south east 

Queensland, Australia to examine weed control methods including herbicide application and 

scalping (top soil removal). Plant height gain, survival, specific leaf area and physiological 

traits were measured at months 6, 12 and 17 following tree planting. Weeds were successfully 

controlled in the scalping method with less than 50% weed cover during the experimental 

period while the herbicide areas recovered to 100% weed cover shortly after herbicide 

application. Despite the removal of the top soil in the scalping, plant growth was superior in 

the scalped area compared to the herbicide area, regardless of plant species and measuring 

time.  Plant survival in A. concurrens was significantly higher in the scalped area compared 

to the herbicide area and there was no significant difference in survival of E. crebra between 

herbicide and scalping treatments, regardless of measurement date. In general, foliar eco-

physiological traits, specific leaf area (SLA), net photosynthesis (An), maximum 

photosynthesis (Amax), transpiration (E), instantaneous water use efficiency (iWUE) and 

photosynthetic nitrogen use efficiency (PNUE) did not show a significant response to site 
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preparation practices. Photosynthetic capacity was not influenced by the site preparation 

practices as reflected through the maximum rate of carboxylation (Vcmax) and maximum rate 

of electron transport (Jmax). There was a significant relationship between plant growth and net 

photosynthesis explaining the higher growth in the scalped areas compared to the herbicide 

areas.  

Scalping was more effective than herbicide in controlling weeds and reducing the 

burden of weed competition on young plants. Scalping reduced the need for frequent site 

visits for post-planting weed control. Our results suggest that the conservation of soil organic 

matter may not be vital for tree planting establishment particularly when weed competition is 

the major limiting factor for tree establishment in sub-tropical Australia. 

7.2 Introduction 

In Australia, the rate of forest loss is as much as 2.5% every year (Gibbons and Boak 2002; 

Saunders et al. 2003) due to logging, mining operations, infrastructure projects and 

agricultural activities. Revegetation schemes are part of the response to this loss of native 

vegetation and are generally aimed at maintaining sustainability, restoring biodiversity and 

accelerating natural recovery. Revegetation is an important mechanism to reverse the 

negative trends of land degradation and may also be part of the response to mitigate climate 

change through increased carbon (C) sequestration (Laganiere et al. 2010; Wang et al. 2011). 

In Australia, revegetation schemes are increasing (Paul et al. 2002) and weed competition is 

considered to be one of the prime causes of failure in these schemes, as weeds are adapted to 

better utilisation of limited resources (Navarro Cerrillo et al. 2005). Effective weed control 

could increase plant early survival and growth (George and Brennan 2002; Huang et al. 

2008c) improving the prospects of success of revegetation projects.  
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Weed control is potentially the greatest cost associated with revegetation 

establishment due to the needs for multiple visits to the site.  Herbicide application is one of 

the common methods to control weeds in tree planting (Dubois et al. 2000; George and 

Brennan 2002; Graham et al. 2009). The need for multiple applications of herbicides could 

increase the costs (George and Brennan 2002) associated with revegetation schemes. 

Herbicides may control weeds but other organisms, particularly soil micro-organisms, may be 

negatively influenced (Subhani et al. 2000; Ahemad and Saghir Khan 2009). Non-herbicide 

and cost-effective methods are required to reduce the reliance on herbicide application. 

Top soil removal or scalping could be used as an alternative to herbicide application 

(Harper et al. 2008). In this method, the top 100 mm soil is removed, eliminating a large 

proportion of the soil seed bank from the site and hence reducing the potential weed burden. 

However, scalping removes the most biologically active and productive part of the soil (Cole 

et al. 2005) and expose the sub-soil leading to increased risk of erosion (Little et al. 2006). 

Despite the implications for soil fertility, this method may increase soil moisture, air 

temperature, light and mineral nutrient availability (Spittlehouse and Childs 1990) leading to 

an improvement in early plant survival. This method has been practiced in different parts of 

Australia (Close and Davidson 2003; Harper et al. 2008) but the effects on plant survival and 

growth have not been well documented, particularly in sub-tropical Queensland. 

Plant physiological traits may be affected by silvicultural practices (Hunt et al. 2006; 

Huang et al. 2008a, Huang et al. 2008b) and environmental conditions (Eamus and Cole 

1997; Craven et al. 2011). Physiological traits of acacias and eucalypts have been usually 

compared in different plantations or forests (Khanna 1997; Forrester et al. 2010). Researchers 

have shown the effects of nutrient and light on plant photosynthesis regardless of plant 

species (Meir et al. 2007; Orchard et al. 2010; Daas-Ghrib et al. 2011). Photosynthetic 

capacity could be limited by the maximum rate of carboxylation, Vcmax, and maximum rate of 
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electron transport, Jmax as derived from the photosynthesis response (A) to the concentration 

of internal CO2 (Ci), A/Ci response curves. Vcmax, and foliar N are linearly correlated 

(Farquhar et al. 1980) due to the use of N in enzymes of carboxylation procedures (Evans 

1989). Factors controlling Vcmax and Jmax are plant species, water and nutrient availability, 

temperature and light (Misson et al. 2006). Leaf-level physiological responses to site 

preparation practices have been investigated in some systems (Hunt et al. 2006; Huang et al. 

2008a, b), but not at the vital early establishment phase in sub-tropical Australia. It was 

hypothesised that (a) the scalping might improve plant early survival and growth due to 

reduced competition, (b) leaf level gas exchange including photosynthesis, stomatal 

conductance and transpiration might be lower in the scalped areas compared to the herbicide 

due to lower nutrient availability, and (c) water use efficiency of plants could improve in the 

scalped areas compared with that of the herbicide areas.  

7.3 Materials and methods 

7.3.1 Site description 

The site was located at Laidley (27
º
40'31 S, 152

º
24'04 E) approximately 75 km west of 

Brisbane, southeast Queensland, Australia. Before tree planting, the vegetation was dense 

grass dominated with Chloris gayana (Poaceae).  The soil is a sandy loam containing 24%, 

25% and 52% clay, silt and sand respectively and soil pH was 5.8. Average maximum daily 

temperature was 26ºC (21ºC - 33ºC) and an annual precipitation of 820 mm was recorded in 

2010. 

The experiment was designed as a randomized complete block split plot with four 

blocks. The plots were 12 m × 12 m consisting of six planting rows and on average eight 

tubestocks were planted at each row with 1.5 m × 1.5 m spacing. Each planting row was 

ripped to a depth of 30 cm. The three seedling species, including Acacia concurrens 
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(Fabaceae), Melaluca quinquenervia and Eucalyptus crebra (both Myrtaceae), were 

randomly planted in the plots in December 2009. The first herbicide application was 

conducted in November 2008 followed in December 2009, February and October 2010 to 

suppress weeds. The herbicide applied in November 2008 was a mixture of Glyphosate and 

MCPA (2-methyl-4-chlorophenoxyacetic acid), afterward a selective herbicide, Fusilade 

(Butyl(R)-2-[4-[[5-trifluoromethyl)-2-pyridinyl]oxy]phenoxy]propanoate) at 3.3 L ha
-1

, was 

applied. In the scalped areas, approximately 10 cm of top soil was removed in the scalped 

areas to control weeds and decrease seed banks as described in Chapter 3.  

7.3.2 Survival, growth and gas exchange measurements 

Survival and plant height were recorded in June and December 2010 and May 2011 when 

plants were at age 6, 12 and 17 months.  

Gas exchange was determined for five plants per plot of each species using a portable 

photosynthesis system (Model LI-6400, Li-Cor) with three replicates per plant maintaining a 

constant CO2 concentration of 380 µmol mol
-1

 and a blue-red light-emitting diodes (Model 

6400-02B) adjusted at photosynthetically active radiation (PAR) 1400 µmol s
-1

. Parameters 

measured were net photosynthesis (An), transpiration (E), CO2 concentration at the 

carboxylation site (Ci) and stomatal conductance (gs). Instantaneous water use efficiency 

(iWUE) at leaf level was determined as An/E (μmol mmol
-1

) (Farquhar and Richards 1984) 

and instantaneous photosynthetic N use efficiency (PNUE) was derived as An/N (µmol CO2  

s
-1

 g
-1

 N). Due to a frost event which occurred in June 2010, the gas exchange measurements 

on A. concurrens were not completed and there are no values for An, E, iWUE and PNUE at 

month 6 for this species in the related tables and figures. 

The photosynthetic response to light (A/Q response curves) was determined at various 

PAR varying from 1700 to 0 programmed at 12 steps as 1700, 1400, 1100, 800, 500, 300, 
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150, 100, 80, 50, 20 and 0. The variables derived from A/Q response curves were light 

compensation point (LCP), maximum photosynthesis (Amax) and apparent quantum (AQE). 

The photosynthetic response to the concentration of internal CO2 (Ci), A/Ci response curves 

were determined at 11 steps of different external CO2 partial pressure, decreasing from 380 to 

50 µmol mol
-1

 and afterward increasing from 380 to 1200 µmol mol
-1

 with PAR adjusted at 

1400 µmol s
-1

. A/Ci response curves were fitted at temperature 25ºC and all parameters were 

calculated as defined by Sharkey et al. (2007). All measurements were taken on sunny days 

between 09:00 am and 12:00 pm in June and December 2010 and May 2011.  

7.3.3 Specific leaf area (SLA) and foliar N concentration, N isotope composition (δ
15

N) and 

C isotope composition (δ
13

C) 

After measuring gas exchange, three fully expanded leaves from each plant were collected. 

The leaves were kept in separate paper bags and transferred to the laboratory. To measure 

leaf area, the leaves were scanned using a Canon scanner, CanoScan 8800F, and afterward, 

the leaf area was calculated using Adobe Photoshop CS3. Specific leaf area (SLA) was 

derived as leaf area (cm
2
)/leaf dry weight (g). The samples were oven dried at 50

°
C to a 

constant weight and ground to a fine powder by a Rocklabs
TM

 ring grinder. Approximately    

4 mg of homogenised powder was transferred into 8 mm × 5 mm tin capsules for analysis 

using an isotope ratio mass spectrometer (GV Isoprime, Manchester, UK). A minimum of 

10% replication was used to verify the accuracy of the results.  

7.3.4 Statistical analysis 

Analysis of variance (ANOVA) was conducted to detect species response to herbicide and 

scalping, including survival, growth and eco-physiological traits. The Tukey HSD test at 

P<0.05 was used to determine a comparison among treatment means. Linear regression was 

carried out to indicate the relationships between height and An, SLA and Amax, PNUE and TN, 
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Vcmax and Amax and Jmax and Amax. Statistix software (Version 8) was used for all the statistical 

analyses.  

7.4 Results 

7.4.1 Eco-physiological traits of Acacia concurrens in response to site preparation 

7.4.1.1 Plant growth, survival and SLA in A. concurrens 

Acacia plants were significantly taller in the scalped areas than in the herbicide area on all 

three measurement dates (P<0.05, Fig. 7.1a). There was a significant difference in plant 

growth in response to sampling time (P<0.05). The highest and lowest growth increment was 

observed at months 17 and 12. The height reduction observed at month 12 was due to the 

plant re-sprouting after the frost event which occurred in the first winter after tree planting 

leading to drying the above ground shoots of the most acacia plants. Plant survival was 

significantly higher in the scalped areas than in the herbicide areas, irrespective of sampling 

time (P<0.05, Fig. 7.2a). Plant survival decreased significantly in all treatments at month 17 

compared to month 12 (P<0.10). There was no significant difference in SLA between 

herbicide and scalping, regardless of sampling time (Table 7.1). 



Chapter 7- Effects of weed control on plant species at the Laidley site 

164 

 

 

Fig.  7.1 Height of Acacia concurrens (a) and Eucalyptus crebra (b) subjected to site 

preparation practices in sub-tropical Australia at months 6, 12 and 17 following tree planting. 

* denotes a significant difference between treatments at the sampling time. 

 

 

 

Fig.  7.2 Survival of Acacia concurrens (a) and Eucalyptus crebra (b) subjected to site 

preparation practices in sub-tropical Australia at the 12 and 17 month age. Different letters 

indicate a significant difference between treatments at the sampling time. 
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7.4.1.2 Foliar TN δ
15

N and δ
13

C in A. concurrens 

Foliar TN was significantly higher in the herbicide area than the scalped area (P<0.05, Table 

7.1) at month 6 but no significant difference in TN was observed between treatments at 

month 12. There was no significant difference in foliar δ
15

N in all the treatments, regardless 

of sampling time. No significant difference in foliar δ
15

N was found at month 12 compared to 

month 6, regardless of the treatments. Foliar δ
13

C was significantly lower in the herbicide 

area than the scalped area at month 6 (P<0.05, Table 7.1) but there was no significant 

difference at month 12. Foliar δ
13

C was significantly lower at month 12 compared to month 

6, irrespective of the treatments (P<0.05, Table 7.1). 
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Table  7.1 Specific leaf area (SLA), foliar total N (TN), N isotope composition (δ
15

N) and C isotope composition (δ
13

C) of Acacia concurrens and 

Eucalyptus crebra subjected to site preparation practices in sub-tropical Australia. Means followed with lower case letters show a significant difference at 

the level P<0.05. Paired bold means demonstrate a significant difference of sampling time at the level P<0.05. 

  SLA (cm
2 
g

-1
)   

 

TN (%)** 
 

δ
15
N (‰)   

 
δ

13
C (‰)**   

Management Month 6* Month 12* 

 

Month 6* Month 12*   Month 6* Month 12*   Month 6* Month 12* 

A. concurrens 
  

 

                

Herbicide 11.6 (0.45) 16.2 (0.57) 

 

1.93 (0.05)a 1.77 (0.11) 
 

-0.015 (0.21) 0.356 (0.29) 
 

-29.5 (0.13)b -30.7 (0.20) 

Scalping 11.0 (0.43) 16.5 (0.74) 

 

1.70 (0.04)b 1.91 (0.06)   -0.096 (0.22) 0.067 (0.18)   -29.1 (0.11)a -31.0 (0.14) 

E. crebra 
  

 

                

Herbicide 12.6 (0.51) 14.1 (0.50) 

 

1.44 (0.04) 1.26 (0.05)a 

 

-0.21 (0.18)b 2.03 (0.18) 
 

-28.7 (0.18)a -29.8 (0.17) 

Scalping 11.8 (0.47) 13.1 (0.42) 

 

1.36 (0.04) 1.10 (0.03)b   0.89 (0.30)a 1.84 (0.26)   -29.2 (0.12)b -30.0 (0.15) 

*Indicates significant difference of species at level P<0.05 at the sampling time           

** Show significant interaction between species, sampling time and management at level P<0.05 at the sampling time 
  

Numbers in the brackets are mean standard errors 
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7.4.1.3 An, E, iWUE, PNUE and Amax in A. concurrens 

No significant difference in An was found between the treatments, irrespective of measuring 

time (Fig. 7.3a). Foliar An was significantly lower at month 17 compared to month 12 

(P<0.05). There was no significant difference in foliar E between herbicide and scalped area 

at both months 12 and 17 (Fig. 7.3b). E was significantly higher at month 17 compared to 

month 12 in all treatments (P<0.05).  

 iWUE had no significant difference between the treatments at both months 12 and 17 

(Fig. 7.3c). iWUE was significantly lower at month 17 compared to month 12, regardless of 

the treatments (P<0.05). There was no significant difference in PNUE between the 

treatments, regardless of sampling time (Table 7.2). Amax did not have a significant difference 

between herbicide and scalped areas in all three measurements. Amax was significantly higher 

at month 12 compared to months 6 and 17, regardless of the treatments (P<0.05, Table 7.2). 
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Fig. 7.3 An- Net photosynthesis, E- transpiration and iWUE – instantaneous water use 

efficiency of Acacia concurrens (a, b, c) and Eucalyptus crebra (d, e, f) subjected to site 

preparation practices in sub-tropical Australia at months 6, 12 and 17 following tree planting. 

* denotes a significant difference between treatments at the sampling time. 
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Table  7.2 Photosynthetically N use efficiency (PNUE) and maximum photosynthesis (Amax) of 

Acacia concurrens and Eucalyptus crebra subjected to site preparation practices in sub-tropical 

Australia. Means followed with lower case letters show a significant difference at the level P<0.05. 

Paired bold means demonstrate a significant difference of sampling time at the level P<0.05. 

Management 
PNUE (µmol CO2 S

-1
 g

-1
N)   

 
Amax  (µmol m

-2
 s

-1
) 

Month 6 Month 12 
 

Month 6 Month 12 Month 17 

A. concurrens 
  

      

Herbicide 
 

9.54 (0.60) 
 

22.1 (0.92) 32.2 (1.36) 23.3 (3.08) 

Scalping   8.46 (0.37)   17.4 (2.65) 34.3 (1.80) 18.7 (0.58) 

E. crebra 
      

Herbicide 6.76 (0.39)b 12.9 (0.60) 
 

22.6 (2.55) 31.5 (0.50) 24.2 (3.50) 

Scalping 9.33 (0.41)a 13.9 (0.67)   20.4 (0.72) 28.6 (2.48) 20.3 (1.03) 

Numbers in the brackets are mean standard errors 

7.4.1.4 LCP, AQE, Vcmax and Jmax in A. concurrens 

LCP did not differ significantly between the weed control treatments at any sampling time, 

though it was significantly lower at month 12 compared to month 6, regardless of the 

treatments (P<0.05, Table 7.3). Similarly, there was no significant difference in AQE in all 

treatments, regardless of sampling times and it did not show a significant difference at month 

12 compared to month 6 in all the treatments (Table 7.3).  

There was no significant difference in Vcmax between the site preparation treatments, 

regardless of measuring time (Table 7.4). Vcmax was significantly higher at month 12 

compared to months 6 and 17 in the herbicide areas but Vcmax increased consistently 

throughout the sampling period in the scalped area (P<0.05). Jmax had no significant 

difference between site preparation practices, regardless of sampling time (Table 7.4). Jmax 
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was significantly higher at month 12 compared to months 6 and 17 in all the treatments 

(P<0.05). 

Table  7.3 Foliar light compensation point (LCP) and apparent quantum efficiency 

(AQE) of Acacia concurrens and Eucalyptus crebra subjected to site preparation 

practices in sub-tropical Australia. Means followed with lower case letters show a 

significant difference at the level P<0.05. Paired bold means demonstrate a 

significant difference of sampling time at the level P<0.05. 

Management 
LCP (µmol photons m

-2
 s

-1
)   AQE(mol/mol) 

Month 6* Month 12*   Month 6 Month 12 

A. concurrens 
     

Herbicide 43.0 (5.42) 32.8 (1.13) 
 

0.061 (0.002) 0.067 (0.004) 

Scalping 44.6 (2.40) 38.5 (4.94) 
 

0.069 (0.001) 0.057 (0.003) 

E. crebra           

Herbicide 36.8 (3.44) 32.3 (2.94) 
 

0.059 (0.001) 0.059 (0.002) 

Scalping 33.3 (3.04) 31.7 (1.13) 
 

0.057 (0.001) 0.060 (0.003) 

*Indicates significant difference of species at level P<0.05 at the sampling time 

Numbers in the brackets are mean standard errors 
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Table  7.4 Foliar maximum rate of carboxylation (Vcmax) and maximum rate of electron transport 

(Jmax) of Acacia concurrens and Eucalyptus crebra subjected to site preparation practices in sub-

tropical Australia. Means followed with lower case letters show a significant difference at the 

level P<0.05. Paired bold means demonstrate a significant difference of sampling time at the level 

P<0.05. 

Management 
Vcmax (µmol m

-2
 s

-1
)     Jmax (µmol m

-2
 s

-1
) 

6-month 12-month 17-month 
 

6-month 12-month 17-month 

A. concurrens             

Herbicide 59.6 (3.75) 90.7 (8.53) 70.5 (16.8) 
 

111 (4.70) 125 (11.1) 95.1 (11.5) 

Scalping 55.0 (2.00) 84.0 (7.46) 100 (5.91) 
 

99.7 (5.30) 124 (10.5) 105 (6.71) 

E. crebra 

  

          

Herbicide 63.1 (8.07) 105 (15.9) 93.6 (8.35) 
 

113 (14.4) 139 (13.6) 122 (6.88) 

Scalping 67.7 (8.87) 82.0 (4.00) 79.2 (5.34)   107 (17.9) 119 (9.60) 91.0 (17.8) 

Numbers in the brackets are mean standard errors 

   

7.4.1.5 Relationships among eco-physiological traits in A. concurrens 

The linear regression performed between height and An in the scalped and herbicide area 

explained 29% of the variation in height by An in the scalped (n=50, P<0.0007, Fig. 7.4a) 

area and there was a poor relationship in the herbicide area (Fig. 7.4a). There was a 

significant positive relationship between SLA and Amax (n=4, R
2
=0.96, P<0.01, Fig. 7.5).  TN 

and PNUE demonstrated a negative relationship and TN explained 35% (n=30, P<0.003) and 

38% (n=30, P<0.0003) of the variation in PNUE in the herbicide and scalped area 

respectively (Fig. 7.6a). Vcmax and Jmax explained 17% (n=18, P<0.08) and 48% (n=18, 

P<0.001) of the variation in Amax (Fig. 7.7a, b). 
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Fig.  7.4 Relationship between height and Net photosynthesis (An) of Acacia concurrens  (a) 

and Eucalyptus crebra (b) subjected to site preparation practices in sub-tropical Australia. 
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Fig.  7.5 Relationship between maximum photosynthesis (Amax) and specific leaf area (SLA) 

of Acacia concurrens and Eucalyptus crebra subjected to site preparation practices in sub-

tropical Australia. 

 

 

Fig.  7.6 Relationship between photosynthetically nitrogen use efficiency (PNUE) and total N 

(TN) of Acacia concurrens (a) and Eucalyptus crebra (b) subjected to site preparation 

practices in sub-tropical Australia. 
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Fig. 7.7 Relationship between maximum photosynthesis (Amax) and maximum carboxylation 

rate (Vcmax) or maximum electron transport (Jmax) of Acacia concurrens  (a, c) and Eucalyptus 

crebra (b, d) subjected to site preparation practices in sub-tropical Australia. 
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response to the treatments in all the sampling times (Table 7.1). There was no significant 

difference in SLA at month 12 compared to month 6, regardless of the treatments. 

7.4.2.2 Foliar TN, δ
15

N and δ
13

C in E. crebra 

There was no significant difference in foliar TN between the treatments in month 6 but it was 

significantly greater in the herbicide area compared to the scalped area in month 12 (P<0.05, 

Table 7.1). TN was significantly lower in month 12 compared to month 6, in all treatments 

(P<0.05). Foliar δ
15

N was significantly lower in the herbicide area than in the scalped areas at 

month 6, though there was no significant difference between the treatments at month 12. δ
15

N 

was significantly greater at month 12 compared to month 6, regardless of the treatments 

(P<0.05, Table 7.1). Foliar δ
13

C was significantly higher in the herbicide area than in the 

scalped area at month 6 (P<0.05, Table 7.1) but there was no significant difference between 

the treatments at month 12. δ
13

C was significantly lower at month 12 compared to month 6, 

in all the treatments (P<0.05, Table 7.1). 

7.4.2.3 An, E, iWUE, PNUE and Amax in E. crebra 

Leaf-level An was significantly lower in the herbicide area than the scalped area at month 6 

(P<0.05, Fig. 7.3d) but there was no significant difference between the treatments at months 

12 and 17. An was significantly higher at month 17 compared to months 6 and 12, in all the 

treatments. The highest and lowest An, regardless of the treatments, were observed at months 

17 and 6 respectively (P<0.05). No significant difference in E was found between the 

treatments for all three sampling times. E was significantly higher at month 17 compared to 

months 6 and 12, regardless of the treatments (P<0.05, Fig. 7.3e).  

There was no significant difference in iWUE between the site preparation treatments, 

regardless of sampling time. iWUE was significantly greater at month 12 compared to months 
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6 and 17 (P<0.05, Fig. 7.3f). PNUE was significantly greater in the scalped area than in the 

herbicide area at month 6 and no significant difference in PNUE was observed at month 12 

(Table 7.2). PNUE was significantly higher at month 12 compared to month 6 (P<0.05, Table 

7.2). Amax did not have a significant difference between treatments, irrespective of sampling 

time.  Amax was significantly higher at month 12 compared to months 6 and 17, regardless of 

the treatments (P<0.05, Table 7.2).  

7.4.2.4 LCP, AQE, Vcmax and Jmax in E. crebra 

LCP did not demonstrate a significant difference between the treatments for all sampling 

times but it was significantly lower at month 12 compared to month 6 (P<0.05, Table 7.3). 

There was no significant difference in AQE between all treatments, regardless of sampling 

time (Table 7.3).  

There was no significant difference in Vcmax in all treatments, irrespective of 

measuring time (Table 7.4). Vcmax was significantly higher at month 12 than at months 6 and 

17 in all treatments (P<0.05, Table 7.4). Jmax did not show a significant difference between 

the herbicide and scalping treatments, regardless of sampling time (Table 7.4). Jmax was 

significantly higher at month 12 compared to months 6 and 17 (P<0.05, Table 7.4).  

7.4.2.5 Relationship among eco-physiological traits in E. crebra 

A linear regression was carried out between height and An in the scalped and herbicide area. 

An explained 42% and 54% of the variation in height in the scalped (n=20, P<0.003) and 

herbicide (n=20, P<0.0002) area (Fig. 7.4b). There was a significant positive relationship 

between SLA and Amax (n=4, R
2
=0.92, P<0.04, Fig. 7.5).  TN and PNUE were negatively 

correlated and TN explained 31% (n=72, P<0.0003) and 19% (n=72, P<0.003) of the 

variation in PNUE in the scalped and herbicide area respectively (Fig. 7.6b). Vcmax and Jmax 
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explained 47% (n=22, P<0.0004) and 55% (n=18, P<0.0001) of the variation in Amax (Fig. 

7.7c, d). 

7.5 Discussion 

Plant growth was significantly greater in the scalped area than in the herbicide area for all 

three measuring times, irrespective of plant species. Weed cover returned to 100% within a 

short period following herbicide application whereas the scalped areas never had greater than 

50% weed cover following treatment application. Weeds are strong competitors for available 

resources and suppress plant growth in the early stage of tree establishment (George and 

Brennan 2002; Huang et al. 2008c). Turvey (1996) found out that the superior growth of 

acacia and eucalyptus species in the herbicide plots compared to the control plots was due to 

the reduced competition in the herbicide plots. However, in the present study, weed 

competition in the herbicide areas is likely to be the major limiting factor to growth compared 

to the scalped areas because sequential herbicide application did not maintain effective weed 

control at the experimental site.  

Scalping may decrease plant growth due to low soil moisture (Flint and Childs 1987) 

and nutrient availability (Mallik and Hu 1997). In a trial in northern Ontario, Canada, spot 

scalping was used to establish white spruce (Picea glauca [Moench] Voss) and jack pine 

(Pinus banksiana Lamb.) and the growth of those plants was not affected by scalping 

compared with non-scalping possibly due to water loss (MacDonald and Thompson 2003; 

Man et al. 2009). In our trial, this method controlled weeds effectively and reduced potential 

competitors leading to improved plant growth compared to the herbicide areas, despite low 

soil moisture (Chapter 8) and nutrient availability (Chapter 3) in the scalped areas.  

In our trial, survival of acacias was significantly greater in the scalped areas than in 

the herbicide areas but survival of eucalyptus did not show a significant difference between 
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weed control methods, regardless of measuring times. Pallett and Sale (2004) found that 

weed control and trimming improved survival of Eucalyptus species grown in a plantation in 

South Africa, due to decreased competition for limited resources. Environmental conditions 

in the first growing season could be considered as one of the most important factors 

influencing plant mortality (Rey Benayas et al. 2005). Frost and dry winter was the primary 

cause of mortality in micropropagated E. grandis × E. nitens in South Africa because cold 

weather increased water stress for roots of young plants which do not have a deep and well-

developed rooting system (Mokotedi et al. 2009). In our trial, a severe frost occurred in the 

first winter after tree planting, resulting in plant mortality particularly among the acacias 

rather than the eucalyptus. While the acacia survival in response to weed control was 

compromised by the frost event, it was notable that plants in the scalped areas showed 

significantly higher survival than those in the herbicide areas.     

At month 6, whilst δ
13

C of A. concurrens was significantly higher in the scalped area 

than in the herbicide area, the opposite occurred in E. crebra with significantly lower δ
13

C in 

the scalped area than in the herbicide area. Foliar δ
13

C has been used to investigate long-term 

plant response to site preparation practices and environmental conditions (Xu et al. 2003; 

Huang et al. 2008b). Our results suggest different water-use strategies between the acacia and 

eucalyptus in response to the site preparation practices. Acacias had a higher WUE in the 

scalped area compared to the herbicide area which may be explained by lower water 

availability (Harrington et al. 1995) in the scalped area. Weeds compete for water and 

nutrients (Caldwell et al. 1995; Garau et al. 2008) and higher WUE in the herbicide area 

compared to the scalped area in eucalyptus could be due to weed competition. These different 

water use strategies may also suggest that the eucalyptus trees were more responsive to weed 

competition than the acacias.  At month 12, there was no significant difference in δ
13

C, 

regardless of the treatments, in both species suggesting that plants may use similar value of 
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water in all treatments (Huang et al. 2008a). In our study, the month 12 measurement was 

undertaken in the wet season and lack of significant difference in WUE between the 

treatments may also suggest that water was not a major limiting factor. 

SLA is a robust indicator of foliar photosynthetic capacity (Feng et al. 2008; 

Osunkoya et al. 2010a; Osunkoya et al. 2010b) and in the present study there was a strong 

relationship between SLA and Amax. High light intensity may increase plant growth and 

promote establishment (Craven et al. 2010; Orchard et al. 2010). Weed control could improve 

light intensity leading to increased photosynthetic capacity (Parker et al. 2010). Higher SLA 

and lower LCP are an adaptation which helps to provide positive C balance under shady 

condition (Valladares and Niinemets 2008). No significant difference in SLA and LCP was 

observed in all treatments which suggests that both species were not in light limiting 

conditions, regardless of the treatments.  

There was no significant difference of photosynthetic capacity attributed to the 

treatments during the study period for either species. Vcmax and Jmax values obtained in this 

study were within the range reported for acacias and eucalypts across Australia (Whitehead 

and Beadle 2004; Huang et al. 2008c; Orchard et al. 2010). Vcmax and Jmax could be limited by 

nutrient scarcity (Meir et al. 2007; Domingues et al. 2010) and weed competition (Huang et 

al. 2008c). Plants in the scalped area had lower nutrient availability compared to the herbicide 

area due to the top soil removal. However, we speculate that plants in the herbicide area 

encountered higher competition for available resources compared to those of the scalped 

areas because there was full weed coverage. It seems likely that implications on 

photosynthetic capacity caused by weed competition in the herbicide areas may have been 

similar to low nutrient availability in the scalped area which may explain the lack of 

significant response of Vcmax and Jmax to the treatments for both species.  Amax is positively 

correlated with Vcmax, Jmax and N, based on leaf area (Evans 1989; Grassi and Magnani 2005) 
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suggesting that any alteration in Vcmax and Jmax would influence the photosynthetic capacity 

of the plants (Feng et al. 2008). The lack of a significant response of Vcmax and Jmax in all 

treatments could explain the lack of significant response for An to all treatments in the present 

study.  

There was a significant positive relationship between plant growth regressed on net 

photosynthesis (An) in the herbicide and scalped areas with the exception observed for A. 

concurrens in the herbicide areas, which was similarly positive but not statically significant 

(Fig. 7.4). The slope of line was greater in the scalped area than the herbicide areas in both 

species suggesting that in the same photosynthetic response, higher growth was obtained in 

the scalped areas compared to the herbicide area.  

Our results are consistent with those studies which reported no response of 

physiological traits to weed competition or fertilisation even though growth was significantly 

affected (Munger et al. 2003; Allen et al. 2005). We speculated that increased canopy size in 

the scalped area resulted in increased radiation capture and improved resource utilisation 

leading to higher growth. Therefore, our results indicated that top-soil removal did not 

negatively affect plant early growth and survival as well as its physiological traits. Australian 

native species are highly adapted to grow successfully in impoverished soil which may be an 

additional reason for successful tree planting in the scalped areas.   

7.6 Conclusion 

Scalping has proven to be a superior method of weed control in this system because it 

controls weeds effectively and thereby offers the additional benefit of reducing site visits 

leading to lower establishment costs in sub-tropical Australia. Despite top soil removal, plant 

growth was superior in the scalped area compared to the herbicide area, regardless of plant 

species and measuring time.  While plant growth and survival were affected by the site 
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preparation practices, leaf-level physiological traits were not. Photosynthetic capacity was not 

influenced by the site preparation practices as reflected by Vcmax and Jmax. There was a 

significant relationship between plant growth and net photosynthesis explaining the higher 

growth in the scalped areas compared to the herbicide areas. In general, foliar eco-

physiological traits, SLA, An, Amax, E, iWUE and PNUE did not show a significant response 

to the site preparation practices. Our results suggest that the conservation of soil organic 

matter may not be vital for tree establishment particularly when weed competition is the 

major limiting factor. Long-term monitoring is needed for the sustainable growth and 

development of this revegetation ecosystem. 
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Chapter 8 Site comparisons 

8.1 Introduction 

The preceding chapters in this thesis have dealt with the effects of site preparation practices 

at each site (Rockhampton and Laidley) separately. Differences between the sites do help to 

explain why the results from the same experimental layout and treatment applications have 

given different responses. This chapter examines the site-specific conditions which have 

given rise to different responses to the treatments applied.  

8.2 Experimental sites  

8.2.1 Climatic conditions 

The two experimental sites chosen for this study varied, with the Rockhampton site situated 

in the dry tropics and Laidley 700 km further south in the subtropical region of south east 

Queensland. Throughout the study period, at the Rockhampton site, the average maximum 

monthly temperature of 28ºC ranged from 22ºC to 33ºC and average minimum monthly 

temperature of 17ºC ranged from 9ºC to 23ºC. Rainfall of 620 mm was recorded for the 

period of this study and over a four month period (Fig. 8.1a). The site was predominately dry 

and the occasional high-intensity showers generated runoff, rather than infiltrating the soil 

profiles. However, at the Laidley site, average maximum daily temperature of 26ºC ranged 

from 21ºC to 33ºC and average minimum monthly temperature of 13.5ºC ranged from 5ºC to 

20ºC. Average annual precipitation of 820 mm was recorded during the study period while 

there was a distinctive dry season, the rain was more evenly distributed throughout the year 

(Fig. 8.1b).  
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Fig. 8.1 Rainfall (mm) and monthly minimum and maximum temperature at Rockhampton 

(a) and Laidley (b) during the study period.  

8.2.2 Land use history  

Before revegetation establishment, the Rockhampton site had a history of disturbance, being 

used previously for growing grapes and most recently as poor quality pasture. The Laidley 

site had dense grass dominated with Chloris gayana (Poaceae) which had been introduced as 

a pasture grass.  
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8.2.3 Soil properties  

Soil in Rockhampton was a sandy loam containing 22%, 12% and 66% clay, silt and sand 

respectively and Laidley was a sandy loam containing 24%, 25% and 52% clay, silt and sand 

respectively, with other details given in Table 8.1. Soil moisture was significantly lower at 

Rockhampton than that of Laidley in all the treatments, regardless of sampling time (P<0.05). 

Average soil moisture at Rockhampton was 4.45% but ranged from 0.65% to 16.2% and that 

of Laidley was 13.7% but varied from 2.12% to 24.5% (Fig. 8.2). 

 

Table  8.1 Soil pH, total carbon (TC), total nitrogen (TN), C:N ratio, C and N isotope 

composition (δ
13
C and δ

15
N respectively) at Rockhampton and Laidley. The asterisk and ns 

present significant and no significant difference between the two experimental sites at 

P<0.05. 

Sites pH TC (%) TN (%) C:N δ
13

C δ
15

N 

Rockhampton 5.78 (0.04) 1.80(0.07) 0.11 (0.007) 16.3 (0.60) –19.7 (0.26) 3.80 (0.34) 

Laidley 5.80 (0.02) 2.80 (0.20) 0.20 (0.01) 14.2 (0.14) –16.5 (0.17) 4.40 (0.16) 

Site differences 
a
 0.67

ns
 42.1* 38.0* 0.41

ns
 76.6* 11.6* 

a
 F-values from ANOVA presented for site differences  
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Fig. 8.2 Soil moisture (%) in the presence of different site preparation at Rockhampton (R) 

and Laidley (L). Soil moisture contents of two sites were significantly different at the level 

P<0.05 in all treatments and sampling time. 

8.2.4 Treatments 

The same treatment matrix was applied to both sites to minimise potential errors. The 

treatments consisted of:  top soil removal (scalping) and herbicide application as weed 

control; fertilisation to assess the effects of nutrient supply on plant early survival and 

growth; and planting material with direct seeding and tubestock compared for growth and 

survival. The combinations of these treatments were used to evaluate the effects of site 

preparation techniques on soil properties and also plant survival, growth and eco-

physiological traits. The main findings of this study are highlighted as below. 

8.3 Site establishment      

8.3.1 Weed recovery 

At both experimental sites, top soil removal resulted in eliminating a large proportion of  the 

weed soil seed bank as shown by weed ground cover. Weed coverage did not exceed more 

than 50% of plot areas during the experimental period in the scalped plots while herbicide 

application was a temporary solution for weed control and weed recovery reached 100% 
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coverage shortly after herbicide application (Fig. 8.3, 8.4). Hence, herbicide application was 

not as effective as scalping to reduce resource competition for young trees. Effective weed 

control for early tree growth is important to achieve a successful tree planting. Studies have 

shown a significant decrease of plant survival (Pallett and Sale 2004) and growth under weed 

competition (Huang et al. 2008) as weeds are multi stressors for young plants and have been 

adapted to utilise resources under competing conditions. 

One of the side-effects of weed control observed in this study was an increase in floral 

diversity at both experimental sites. Weed control may increase floral diversity due to 

increased space for other species to develop following the suppression of dominant species   

(Balandier et al. 2006) with the potential that these new species could be more aggressive to 

exploit available resources leading to enhanced competition. Weed species were more 

aggressive at Laidley than at Rockhampton particularly in the herbicide treated plots. The 

grasses used to rehabilitate lands could jeopardise tree establishment leading to failure in 

rehabilitation (Bellairs 2006). One such grass is C. gayana which is used for pastoral 

development or mine site rehabilitation. C. gayana was the dominated weed in the herbicide 

areas at Laidley. Significantly lower plant growth and survival in the herbicide area compared 

to scalped area could be explained by the presence of C. gayana at Laidley. This grass was 

successfully removed with the scalping treatment.  
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Fig. 8.3 Weed recovery at the Rockhampton site in the scalped (a) and in the herbicide areas 

(b) on February 2010, 13 months following treatment application. 

 

 

 

 
Fig. 8.4 Weed recovery at the Laidley site in the scalped (a,b) and in the herbicide areas (c,d) 

on February and October 2010 respectively. 

8.3.2 Soil organic matter recovery 

At both experimental sites, soil organic matter (SOM) was significantly lower in the scalped 

areas compared to the herbicide areas. This difference in SOM between herbicide and 
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scalping was expected due to the top soil removal in the scalped areas (Chapters 2, 3, 4 and 

5). The recovery trend in SOM differed between the sites with a decline in soil properties in 

all treatments including control plots at Rockhampton (Chapter 2); and with signs of 

improvement at Laidley as reflected by hot water extractable organic carbon (HWEOC) and 

hot water extractable total nitrogen (HWETN) (Chapter 3). The different climatic conditions 

and soil characteristics may explain the different recovery trends during the experimental 

period. Soil moisture and temperature could affect microbial activity and nutrient availability 

(Xu and Qi 2001). Soil moisture was significantly lower at Rockhampton than at Laidley, 

regardless of sampling time and treatments (P<0.05, Fig. 8.2). Low soil moisture at 

Rockhampton could have caused the decline of SOM in all plots. At Laidley, however, soil 

was moist in all sampling times even in the scalped area facilitating C and N dynamics in the 

soil. Soil total C may require more than one decade to be recovered (Sicardi et al. 2004). Soil 

TC and TN were significantly greater at Laidley than those of Rockhampton suggesting a 

more fertile soil at Laidley compared to those of Rockhampton (P<0.05, Table 8.1). This 

better soil fertility in the presence of greater soil moisture at Laidley may accelerate the 

recovery process compared to Rockhampton.  

8.3.3 Plant survival  

There was no significant difference in plant survival between Rockhampton and Laidley, 

regardless of plant species (Table 8.2, Fig 8.3 a). Early plant survival of 49 species, including 

A. mangium, was assessed in reforestation under different climatic and soil conditions in 

Panama (Breugel et al. 2011). Those authors found that survival of majority of plant species 

was not associated with either soil fertility or rainfall and there was no clear explanation for 

their findings (Breugel et al. 2011). Acacia spp. showed significantly greater survival at 

Rockhampton than at Laidley whereas Eucalyptus sp. had higher survival at Laidley than at 

Rockhampton but not significant (Fig. 8.3 b). In a reforestration trial in Hawaii, A. koa 



Chapter 9: Supplementary Chapter - Examination of 
15

N enrichment and 
15

N natural 

abundance methods 

 195 

mortality increased significantly under low temperature conditions and frost weakened plants 

had increased vulnerability to weed competition (Scowcroft and Jeffrey 1999). Our results 

suggested that Acacia spp. were more susceptible to cold weather than Eucalyptus sp. as the 

frost event at Laidley resulted in significantly increased mortality in Acacia spp. compared to 

Eucalyptus sp. Eucalypt survivorship after frost at Laidley and drought at Rockhampton were 

92% and 82% respectively, suggesting Eucalyptus sp. may be more adaptable to harsh 

conditions compared to Acacia spp. Eucalypt species are usually characterised as anisohydric 

plants, maintaining greater stomatal conductance under certain leaf water potentials 

compared to isohydric plants, with xylem resistant to water stress (McDowell et al. 2008) and 

their adaptability to harsh conditions, particularly droughts, has been shown in different 

studies (Pook 1985; Li and Wang 2003). Adaptive survival strategies in eucalypts include 

alteration in water use efficiency, stomatal conductance, tissue osmotic potential and growth 

rate (Jones 1992).  

Table  8.2  Analysis of variance for the effects of experimental sites, species, site 

management and fertilisation on plant survival (%). 

Sources df MS F-value Probability 

Experimental  site  1 575.7 1.48 0.227 

Species  1 35501 91.0 0.000 

Experimental  site × Species 1 6886 17.6 0.001 

Sampling time 1 3340 8.57 0.004 

Site management 1 5922 15.2 0.000 

Experimental  site × Site management 1 3981 10.2 0.002 

Species × Site management 1 2296 5.90 0.017 

Experimental  site × Species  × Site 

management 
1 2189 

5.62 0.020 

Fertilisation  1 159.6 0.41 0.523 
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Fig. 8.5 Survival (%) of Acacia spp. and Eucalyptus sp. (a) in the presence of herbicide (H) 

and scalping (S) at Rockhampton (R) and Laidley (L); and (b) overall  survival (%) of Acacia 

spp. and Eucalyptus sp. at two experimental sites. Different lower case letters indicate a 

significant difference at the level P<0.05. 

Acacia spp. showed significantly higher survival in the scalped areas compared to 

the herbicide areas, regardless of the experimental sites but there was no significant 

difference in Eucalypt survival in the herbicide and scalped areas (Fig. 8.4). Greater 

mortality of acacias in the herbicide areas compared to the scalped areas may reveal 

higher vulnerability of acacias to weed competition than that of eucalypts.   
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Fig. 8.6 Overall survival (%) of Acacia spp. and Eucalyptus sp. in the presence of herbicide 

and scalping. The asterisk indicates a significant difference at the level P<0.05. 

8.3.4 Plant relative growth rate  

Plant relative growth rate (RGR) for both sites of either plant species was calculated as 

described by Broncano et al. (1998): 

 RGR = lnV2-lnV1/t2-t1  

Where: lnV indicates logarithm of plant aboveground volume and t presents the time of 

measurement.  

RGR of both plant species were significantly greater at the Rockhampton site than at 

the Laidley site, regardless of the treatments (Table 8.3, Fig. 8.5a). Despite the fact that 

Laidley had more fertile soil than Rockhampton, plant growth was superior at Rockhampton 

compared to that of Laidley. Plant growth at Laidley may have slowed down during the 

winter when frost occurred and severely frosted plants were seen to re-sprout from the 

ground, maintaining survival but reducing growth. It is also possible that plant growth at 

Rockhampton has been induced due to drought conditions.  Growth stimulation under 

drought conditions had been found in other studies (Hogberg et al. 1993; Xu et al. 2000) due 

to improved plant water use efficiency (WUE).  One of the strategies to improve WUE is to 
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increase stomatal closures which would lead to reduced internal CO2 concentration (Ci) in 

leaves.  Reduced Ci culminates in decreased discrimination against 
13

CO2 at the carboxylation 

site when assimilating C (Farquhar et al. 1989) leading to increased 
13

C/
12

C in plant tissues . 

In our study, we also found a strong relationship between foliar δ
13

C and RGR (R
2
=0.85, 

P<0.001, Fig. 8.5b) suggesting that plants in the dry area (Rockhampton) discriminated less 

against 
13

CO2 compared to those of Laidley when fixing CO2 at their carboxylation sites.   

Table  8.3 Analysis of variance for the effects of experimental sites, species and site 

management on plant relative growth rate. 

Sources df MS F-value Probability 

Experimental  site 1 67.2 122 0.000 

Species 1 0.006 0.01 0.914 

Experimental  site × Species 1 8.02 14.6 0.000 

Site management 1 0.93 1.70 0.200 

Experimental  site × Site management 1 2.05 4.81 0.034 

Species × Site management 1 0.004 0.00 0.997 

Experimental  site × Species  × Site management 1 0.27 0.49 0.487 
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Fig. 8.7 Overall relative growth rate (RGR) of Acacia spp. and Eucalyptus sp. (a) at 

Rockhampton and Laidley and (b) relationship between foliar C isotope composition (δ
13

C) 

and RGR at two experimental sites (R
2
=0.85, P<0.05, n=8). Different lower case letters 

indicate a significant difference at P<0.05. Open and close circles represent Rockhampton 

and Laidley respectively.  

Interactions of RGR between experimental sites and site management were significant 

in this study (P<0.05, Table 8.3). At Rockhampton, RGR was significantly higher in the 

herbicide area than in the scalped areas, regardless of plant species. At Laidley, however, 

RGR was greater in the scalped area than in the herbicide area, irrespective of plant species. 

Although RGR differences between the herbicide and scalped areas at Rockhampton were 

significant, the difference was in average less than 0.75 cm
3
 cm

-3
 yr

-1
 (Fig. 8.6). This small 

difference may become insignificant over the time and may not be important in the longer 

term. At Laidley, weed competition in the herbicide areas is considered to be the major 

limiting factor to growth compared to the scalped areas.  Weed competition in the herbicide 

areas existed at both experimental sites but at Laidley, the dominant presence of C. gayana, 

which is an aggressive weed, resulted in a significant growth depression in the herbicide area 

compared to the scalped area (Chapter 7).  
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Fig. 8.8 Relative growth rate (RGR) of plant species in the presence of herbicide and scalping 

at Rockhampton and Laidley. Different lower case letters indicate a significant difference at 

P<0.05. 

8.3.5 Plant eco-physiological traits  

Leaf-level net photosynthesis (An) was significantly lower at Rockhampton compared to 

that of Laidley (P<0.05, Fig. 8.7a). In a trial in Darwin, Australia, photosynthesis of A. 

auriculiformis decreased to 5 µmol m
-2

 s
-1

 in the dry season compared to 24 µmol m
-2

 s
-1

 in 

the wet season (Montagu and Woo 1999). Different mechanisms are used to cope with 

drought conditions influencing CO2 assimilation at the carboxylation site. Those 

mechanisms include alteration in stomatal conductance; leaf internal CO2 concentration 

(Ci); leaf to air vapour pressure (Grieu et al. 1988; Chaves et al. 2009); or change in 

photosynthetic metabolisms (Lawlor and Cornic 2002). In the present study, we also 

measured stomatal conductance (gs) and leaf internal CO2 concentration (Ci). Both 

parameters were significantly lower at Rockhampton compared to Laidley (P<0.05, Fig. 8.7 

b,c) which may explain lower An at Rockhampton compared to that of Laidley.  

There was no significant difference in An between the herbicide and scalping 

treatments, regardless of the experimental sites and plant species (Fig. 8.7a). Photosynthetic 

capacity could be limited by nutrient insufficiency (Domingues et al. 2010) and weed 

competition (Huang et al. 2008). Plants in the scalped area had lower nutrient availability 
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compared to the herbicide area due to top soil removal. However, plants in the herbicide 

area encountered higher competition for available resources because there was full weed 

coverage. Lower nutrient availability in the scalped area and weed competition in the 

herbicide area could explain the lack of significant response of photosynthetic capacity to 

the treatments for both species. 
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Fig. 8.9 Foliar An- Net photosynthesis (a), gs- stomatal conductance (b) and Ci– internal CO2 

concentration (c) in the presence of herbicide (H) and scalping (S) at Rockhampton and 

Laidley.  

Foliar δ
13

C was significantly higher at Rockhampton compared to that of Laidley, 

regardless of plant species (Fig. 8.8). Different studies have shown greater foliar δ
13

C in dry 

areas compared to wet regions. For instance, the difference in δ
13
C was 2.5‰ when annual 

rainfall difference was 1000 mm at two contrasting sites of Pinus greggii in Mexico (Garcı a-

G et al. 2004).  In two P. radiata plantations located in New Zealand, a 3.0‰ difference was 
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reported when annual precipitation differed by 1100 mm between two study sites (Walcroft et 

al. 1997). In our experiments, however, this difference was slightly lower compared to those 

studies, averaged 1.1‰, it might be due to lower rainfall differences between our two 

experimental sites, which was 200 mm during the experimental period.  

 

Fig. 8.10 Foliar C isotope composition (δ
13

C) of Acacia spp. (A) and Eucalyptus sp. (E) in 

the presence of herbicide (H) and scalping (S) at Rockhampton and Laidley. The 

experimental sites were significantly different at P<0.05. The asterisk indicates a significant 

difference between the herbicide and scalping at P<0.05.  

8.4 Conclusions  

The main conclusions of this study are highlighted as below: 

 Scalping was more effective than herbicide application to control weeds and reduce 

weed seed bank. Scalping reduced site visits for follow-up weed control and 

consequently was more cost-effective than the herbicide application. 

 Herbicide application expenses increased due to multiple applications of herbicide at 

Laidley where climatic conditions and soil fertility was preferable for weed regrowth. 

 Herbicide application did not achieve success to eliminate aggressive weeds such as 

C. gayana at Laidley whereas scalping did. 
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 Soil properties appear to recover faster at Laidley than at Rockhampton even in the 

scalped areas due to climatic conditions and soil characteristics.   

 There was no significant difference in plant survival at Rockhampton compared to 

that of Laidley, irrespective of plant species. Survival results were compromised with 

weather conditions, therefore it was difficult to differentiate whether climatic 

conditions or site management practices were key driving factors in this study. 

However, it was clear that when severe environmental conditions such as frost 

occurred; plants in the scalped areas had higher survival than in the herbicide areas. 

 Juvenile trees may reach their optimum growth faster in drier regions compared to the 

wetter regions as plant growth was significantly greater at Rockhampton compared to 

that of Laidley, regardless of plant species and treatments. However, choosing 

appropriate weed control practices in the wet regions may accelerate plant growth. At 

Laidley, plant growth was significantly higher in the scalped areas compared to the 

herbicide areas where weed competition was not a limiting factor. 

 Plants under drought conditions altered their water use efficiency (WUE) strategies 

including decreased stomatal conductance to improve their adaptability to 

environmental conditions. Plants at Rockhampton had significantly greater WUE as 

reflected by δ
13

C compare to that of Laidley. This improved WUE at Rockhampton 

was well translated to plant growth and biomass accumulation.  

 No negative impacts of scalping on plant survival, growth and physiological capacity 

observed in this study may suggest that the preservation of SOM in long-term woody 

vegetation establishment may not be as important as it is in short-term agricultural 

ecosystems and a cost-benefit analysis over the time may prove that benefit from the 

removal of the seed bank far outweighs the disadvantages of removing the SOM rich 

top soil.  
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 While this study recommends scalping to control weeds in revegetation systems there 

is a need for caution. Removal of the topsoil will result in loss of carbon from the 

scalped soil through respiration. In revegetation areas, this treatment only needs to be 

applied once and the organic matter removed from the soil will be replaced through 

litter cycling once canopy closure is achieved. This procedure is not recommended for 

plantation establishment especially for short rotation plantations.  
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Chapter 9  Supplementary Chapter: Examination of 
15

N 

enrichment and 
15

N natural abundance methods for 

estimating N2 fixation by understory Acacia leiocalyx 

and A. disparimma in relation to plant photosynthesis 

and water use efficiency in a native forest in 

subtropical Australia 

 

9.1 Abstract 

It is anticipated that global climate change will increase the frequency of wildfires in native 

forests of eastern Australia. Understory legumes such as Acacia species play an important 

role in maintaining ecosystem N balance through biological nitrogen fixation (BNF). This is 

particularly important in Australian native forests with soils of low nutrient status and 

frequent disturbance of the nutrient cycles by fire. This study aimed to examine 
15

N 

enrichment and 
15

N natural abundance techniques in terms of their utilisation for evaluation 

of N2 fixation of understory acacias and determine the relationship between species 

ecophysiological traits and N2 fixation. A trial was established at Toohey Forest, Queensland, 

Australia, a eucalypt-dominated native forest, to examine the determination of BNF using 
15

N 

enrichment and 
15

N natural abundance methods. Toohey Forest is an urban forest and 

subjected to frequent fuel reduction burns to protect the adjacent properties. Plant 

physiological status was measured to determine the relationship between physiological and 

N2 fixation activities. Both 
15

N enrichment and 
15

N natural abundance techniques may be 

used to estimate N2 fixation of acacia tree species. The estimation of BNF using 
15

N 

enrichment was higher than those of the 
15

N natural abundance method. The range of %Ndfa 
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obtained by
15

N enrichment varied from 84% to 96% whereas that obtained by the 
15

N natural 

abundance technique varied from 56% to 82%, regardless of plant species and sampling time.  

A grass reference plant, Themeda triandra, as well as tree reference plants provided an 

appropriate δ
15

N signal. Potential B values for Acacia spp. between -0.3‰ and 1.0‰ 

provided an acceptable BNF estimation.  The separation between the δ
15

N signal in acacias 

and that of the reference plants may have been caused by N deposition from a busy highway 

leading to the successful use of the 
15

N natural abundance technique. A. leiocalyx 

demonstrated greater N2 fixation as well as photosynthesis and water use efficiency (WUE) 

than A. disparimma. However, no strong relationship between plant photosynthesis and N2 

fixation was observed in this study. A high-within-treatment variation may have masked the 

relationships between plant BNF activities and photosynthesis 

The 
15

N natural abundance technique is preferred to be used for future studies as it is 

simple and inexpensive compared to
15

N enrichment method. The dependence of both species 

on BNF at Site 2, where fuel reduction burning had not taken place for 8 years, suggests that 

the frequent burning impoverished the soil and this has wider implications as higher fire 

frequencies are to be expected in other Australian ecosystems as a result of global climate 

change. 

9.2 Introduction 

Global climate change, particularly rising atmospheric carbon dioxide (CO2) concentration 

and temperature (Xu et al. 2009), can alter rainfall patterns and distribution (Whetton et al. 

1996; Ludwig and Asseng 2006; McKeon et al. 2009); and reduce soil moisture (Jung et al. 

2010) across Australia; and be linked to more extreme environmental conditions such as 

prolonged drought and drier growing seasons and consequently more frequent fires. 

Prescribed burning is widely used as a forest management tool in Australia and may result in 
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the loss of N through volatilisation (Crutzen and Andreae 1990; May and Attiwill 2003; 

Reverchon et al. 2012) and also increase the release of terrestrial carbon (C) to the 

atmosphere (Thonicke et al. 2010). Therefore, after a fire, fast growing understory legumes 

such as Acacia species may play an important role in post-fire recovery by adding N through 

N2 fixation (Hamilton et al. 1993; Guinto et al. 2000; May and Attiwill 2003; Adams et al. 

2010; Reverchon et al. 2012) and increasing C sequestration. Nitrogen input to the soil 

through N2 fixation of Acacia species, in Australia, may exceed 50 Kg N ha
-1

 year
-1

 

depending on acacia density in the ecosystem (May and Attiwill 2003; Adams et al. 2010) 

although a proportion of this N may be used by the plant itself (Binkley 1992; Khanna 1998; 

May and Attiwill 2003). With the exception of a study conducted by Guinto et al. (2000), 

who determined the ability of A. leiocalyx to fix atmospheric N2, there is limited published 

information on  Acacia spp. particularly A. leiocalyx and A. disparimma in subtropical 

Australia. Quantifying the ability of these species to fix N2 will increase understanding of 

their contribution to Australian native forest ecosystems. 

The most commonly used methods to determine N2 fixation in legumes are: the 

acetylene reduction assay (ARA); 
15

N enrichment; and 
15

N natural abundance (Forrester et al. 

2006). The accuracy of ARA has been criticised because nitrogenase activity could be 

affected by assay conditions and each symbiotic organism needs to be accurately calibrated. 

It is also not time integrated and has calibration constraints when used in the field (Peoples et 

al. 1989; Unkovich and Pate 2000). 
15

N enrichment and 
15

N natural abundance are considered 

to be time integrated methods to determine N2 fixation under natural conditions (Boddey et 

al. 2000; Unkovich and Pate 2000). However, both methods are constrained by natural 

conditions including: alteration in the pattern of N uptake by trees (Ladha et al. 1993; Peoples 

et al. 1996); the different potential capacity for nodulation of plants within species;  and 

uneven plant distribution (Hansen and Pate 1987) leading to variation in the availability of 
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resources. Furthermore, the determination of the N2 fixation in large plants has always been 

challenging due to difficulties associated with existing methodologies for large trees which 

could underestimate the N input to ecosystems (Hopmans et al. 1993).  The use of the 
15

N 

natural abundance method in agricultural ecosystems has been well established (Unkovich 

and Pate 2000; Somado and Kuehne 2006; Houngnandan et al. 2008; Naab et al. 2009). In 

Australia, this method has also been used successfully for shrub and woody legumes 

including: western Australia for Chamaecytisus proliferus (Unkovich et al. 2000); north 

Queensland for  Calliandra calothyrsus (Peoples et al. 1996); and Victoria for three species 

of acacias (Hamilton et al. 1993; May and Attiwill 2003). However, the method was 

unsuccessful when applied to A. leiocalyx in subtropical Queensland (Guinto et al. 2000). 

Using the 
15

N natural abundance method to estimate the percentage of BNF derived from the 

atmosphere (%Ndfa) of woody plants in subtropical Australia therefore requires further 

investigations. 

For the
 15

N enrichment technique, a 
15

N-enriched fertiliser is applied to the soil and 

the dilution of 
15

N enrichment in the plant by atmospheric 
15

N reveals the extent of N2 

fixation (Warembourg 1993). To attain the greatest accuracy, soils need to be homogeneously 

labelled by the fertiliser solution to provide a stable 
15

N/
14

N ratio (Danso et al. 1992; 

Warembourg 1993; Parrotta et al. 1994).  

The 
15

N natural abundance method uses the differences between the 
15

N enrichment 

of soil and atmospheric N2 (Shearer and Kohl 1986). The 
15

N natural abundance technique 

requires well matched reference plants (Guinto et al. 2000; Gehring and Vlek 2004) and 

accurate B values, the 
15

N abundance of the N in the plant that is derived from the air, 

(Boddey et al. 2000) to accurately quantify BNF. Reference plants are selected from species 

that naturally occur at the experimental sites and the availability of suitable plants may be a 

condition to using the 
15

N natural abundance method to evaluate BNF.  
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Plant photosynthetic status and water use efficiency (WUE) may influence N2 fixation 

due to the fact that approximately one quarter of daily photosynthetically fixed C could be 

consumed to compensate for the cost of N2 fixation (Lambers et al. 2008). Hence, these 

parameters are linked to each other and the ability of the plant to fix C through 

photosynthesis may control the rate of N2 fixation (Fujita et al. 1988; Imsande 1988; 

Aranjuelo et al. 2007). 

This study aimed to (1) examine 
15

N enrichment and 
15

N natural abundance techniques in 

terms of their utilisation for evaluation of N2 fixation of understory acacias; (2) evaluate the 

utility of the 
15

N natural abundance technique for future study due to its low cost and 

simplicity; and also (3) determine the relationship between species ecophysiological  traits 

and N2 fixation. It was hypothesised that 
15

N enrichment might provide more accurate 

estimation of N2 fixation than 
15

N natural abundance technique. 

9.3 Materials and methods 

9.3.1 Site description 

The experimental sites were situated at Toohey Forest (27
°
32′53 S;153

°
03′21E) located in 

Brisbane, south-east Queensland, Australia. Toohey Forest is a remnant island of native 

vegetation of about 640 ha, completely surrounded by suburban sprawl. The vegetation is dry 

sclerophyll forest dominated by rough-barked eucalypts with an understorey usually less than 

2 m tall consisting of grasses and shrubs. Xanthorrhoea johnsonii (Xanthorrhoeaceae) may be 

quite dense in the shrub layer in areas where sandstone is the parent material. Soils are red-

yellow podzolics with a silty loam A horizon, generally less than 10 cm (Catterall et al. 

1987). Soil chemical and physical properties are given in Table 9.1. The area is classified as 

sub-tropical with a mean annual temperature of 27°C and an average annual precipitation of 

1350 mm, with the data for the study period presented in Fig. 9.1, rainfall data were collected 
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from a local weather station located at Griffith University and temperature was collected 

from the closest weather station at Archerfield ( 4 km from the site). 
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Table  9.1 Soil chemical properties and particle component at Sites 1 and 2 located at Toohey Forest collected from experimental plots 

at depth 0-10 cm in April 2009. 

 

Soil chemical properties* 

 

Soil particle component 

  pH TC (%) TN (%) C:N δ
15
N (‰)   Clay (%) Silt (%) Sand (%) 

Site 1 5.07 (0.05) 2.71 (0.20) 0.10 (0.00) 27.1 (1.1) -0.83 (0.42) 

 

25.9 (0.66) 26.0 (0.42) 47.9 (0.46) 

Site 2 4.92 (0.10) 3.32 (0.14) 0.12 (0.02) 27.6 (1.0) -0.92 (0.30)   19.9 (1.20) 23.6 (0.40) 56.4 (0.84) 

* Soil chemical properties include: soil total C (TC), total soluble N, C:N ratio and  N isotope composition (δ
15

N) 

Numbers in the brackets denote standard errors.  
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Fig.  9.1 Monthly rainfall (mm) (grey columns) and monthly mean daily maximum 

temperature (°C) () of the experimental site, Toohey Forest from January 2009 to March 

2010. 

The two experimental sites have been subjected to fuel reduction burns over a period 

of 20 years. Site 1 was burnt in 1991, 1993 and 2008 and Site 2 was burnt in 1991 and 2001. 

The experiments were designed as a randomised complete block. At Site 1, treatments were 

two methods (
15

N enrichment and 
15

N natural abundance) and two species (A. disparimma 

and A. leiocalyx Fabaceae) with 5 replications per treatment. At Site 2, treatments were 

species (A. disparimma and A. leiocalyx) and plant sizes (<2.5 m and 2.5 to 4.5 m height) 

categorised as small and medium, with 5 replications per treatment using only the 
15

N natural 

abundance. Sampling was undertaken in April 2009, August 2009 and March 2010, defined 

as Seasons 1 to 3. 
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9.3.2   15
N enrichment technique 

A. leiocalyx and A. disparimma seedlings with height under 1 m and with Eucalyptus 

planchoniana (Myrtaceae) as reference plant, were randomly selected at Site 1. A micro-plot 

was established in the soil around each seedling. Each micro-plot was established using 

plastic barriers to a depth of 0.30 m and enclosing an area 50 cm × 50 cm. In March 2009, 

two weeks after installing the barriers, the soil within each micro-plot was labelled by 50 ml 

fertiliser solution containing ammonium sulphate (10.0 atom% 
15

N) at 10 kg N ha
-1

. The 
15

N 

fertiliser solution was applied to an area 20 cm × 20 cm that had been equally divided into 25 

squares. Each square received 2 ml of the fertiliser solution injected to depth of 2 cm in the 

soil using a 3-ml syringe with a terumo spinal needle 18G × 3½" (1.20 × 90 mm). The 
15

N 

natural abundance micro-plots received 50 ml water using the same method. To avoid N 

volatilisation, the 
15

N fertiliser solution was applied on a cool and cloudy day.  

The percentage of N2 fixed from the atmosphere (%Ndfa) was calculated using the 

following equation (Fried and Middelboe 1977): 

%Ndfa= 100 × [1- (atom% 
15

Nexcess sample / atom% 
15

Nexcess ref)]                        (1) 

Where: 

atom% 
15

Nexcess sample = the weighted average 
15

N enrichment of Acacia spp. 

atom% 
15

Nexcess ref = the weighted average 
15

N enrichment of reference plants  

9.3.3  15
N natural abundance technique 

This experiment examined A. leiocalyx and A. disparimma of different sizes. Nine different 

species of non-N2-fixing reference plants of a medium size at Site 2 and small size at Site 1 

were used. The reference plants were categorised into two groups; consisting of eight tree 

species Eucalyptus planchoniana, E. psammitica, E. carnea, E. tindaliae, E. resinifera, 

Corymbia henryi, Angophora woodsiana (all Myrtaceae), Xanthorrhoea johnsonii and one 
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herbaceous species, Themeda triandra (Poaceae). Each species of reference plant chosen at 

each plot had two replications.  

The value of δ 
15

N was determined using the following equation: 

δ 
15

N= 1000× [(Rsample-Rstd)/Rstd]                                                                                (2) 

Where  

R is the isotopic ratio 
15

N/
14

N of sample and standard (std) which refers to the atmospheric 

N2. 

The percentage of N derived from atmospheric N2 (%Ndfa) was calculated using the 

following equation (Shearer and Kohl 1986): 

%Ndfa= [(δ
 15

Nref - δ
 15

Nacacia)/( δ
 15

Nref -Bvalue)]×100                                                  (3)                                        

Where: 

δ
 15

Nref  = the δ
 15

N value of the reference plants 

δ
 15

Nacacia = the δ
 15

N value of the Acacia spp. 

Bvalue = the relative isotopic abundance of Acacia spp. growing under a N-free nutrient 

condition.  

The B values reported from a large array of sources vary from -2.9‰ to 1.0‰ for 

woody plants (Shearer and Kohl 1986; Boddey et al. 2000). In the present study, different B 

values varying from -1.3‰ to 1.0‰ were examined to determine an applicable B value for 

Acacia spp. under the experimental conditions.  

9.3.4 Plant sampling and analysis 

Three fully expanded leaves of each selected Acacia species from different sizes and 

reference plants were collected. The leaves were kept in separate paper bags and transferred 

to the laboratory. These samples were then oven dried at 50
°
C to a constant weight and 

ground to a fine powder by a Rocklabs
TM

 ring grinder (Guinto et al. 2000). The resulting 
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homogenised powder was weighed into 8 mm × 5 mm tin capsules for analysis using an 

isotope ratio mass spectrometer (GV Isoprime, Manchester, UK). A minimum of 10% 

replication was used to verify the accuracy of the results. These samples were assessed for 

total N (TN), N isotope composition (δ
 15
N) and C isotope composition (δ

 13
C) as described 

by Prasolova et al. (2000), Xu et al. (2000) and Xu et al. (2003). 

9.3.5 Gas exchange measurements 

Gas exchange was determined for each plant using a portable photosynthesis system (Model 

LI-6400, Li-Cor). Data were collected for each selected plant with three replicates per plant 

using a constant CO2 concentration 380 µmol mol
-1

 and a blue-red light-emitting diodes 

(Model 6400-02B) adjusted at photosynthetically active radiation (PAR) 1400 µmol s
-1

. 

Parameters derived from survey data were net photosynthesis (An), transpiration (E), stomatal 

conductance (gs) and intercellular CO2 concentration (Ci). The photosynthetic response to 

light (A/Q response curves) was also determined at various PAR varying from 1700 to 0 in 12 

steps as 1700, 1400, 1100, 800, 500, 300, 150, 100, 80, 50, 20 and 0 and maximum 

photosynthesis (Amax) derived from this curve. Instantaneous water use efficiency (iWUE) at 

leaf level was determined as An/E (Farquhar and Richards 1984). All measurements were 

taken on sunny days between 09:00 and 12:00.  

9.3.6 Statistical analysis 

Analysis of variance (ANOVA) was conducted to detect the differences in N2 fixation with 

respect to seasonal variation, age classes, species and also physiological parameters. The 

Tukey HSD test at P<0.05 was used to determine a comparison among treatment means. A 

paired T-test was carried out to compare means of two techniques of N2 fixation. Linear 

regression was carried out to indicate the relationships among N2 fixation and photosynthesis 

or WUE. Statistix software (Version 8) was used for all the statistical analyses.  
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9.4 Results  

9.4.1 15
N enrichment and 

15
N natural abundance methods 

The BNF estimation using the two methods indicated a significant difference at each 

sampling season (P<0.05). A paired T-test demonstrated that mean %Ndfa determined using 

the 
15

N enrichment technique was significantly (P<0.05, n=58) higher than that derived from 

the 
15

N natural abundance technique. This difference existed irrespective of acacia species or 

sampling time, and was about 31% higher on average using the 
15

N enrichment technique, 

compared with that of the 
15

N natural abundance technique.  

At Site 1, %Ndfa of A. leiocalyx and A. disparimma based on the 
15

N enrichment 

technique indicated a significant difference at three sampling times (P<0.05, Fig. 9.2a). 

%Ndfa of A. leiocalyx was significantly higher than those of A. disparimma. The estimated 

BNF based on the 
15

N enrichment technique varied from 94.8% to 96.5% for A. leiocalyx and 

was from 83.3% to 91.8% for A. disparimma. At Site 1, no significant difference was 

detected in %Ndfa estimation using the 
15

N natural abundance method for A. leiocalyx and A. 

disparimma with the only exception at Season 3 when %Ndfa of A. leiocalyx was 

significantly higher than that of A. disparimma (Fig. 9.2b). The estimated BNF based on the 

15
N natural abundance technique was from 59.6% to 82.5% for A. leiocalyx and ranged from 

35.8% to 72.0% for A. disparimma. At Site 2, the %Ndfa did not vary significantly in 

response to plant size. The %Ndfa of A. leiocalyx was significantly higher than that of A. 

disparimma at Seasons 2 and 3 (P<0.05). The determination of BNF based on 
15

N natural 

abundance technique was from 75.6% to 86.2% for A. leiocalyx and varied from 80.6% to 

54.5% for A. disparimma (Fig. 9.2c).   
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Fig.  9.2 Percentage of N derived from atmosphere (%Ndfa) of understorey Acacia leiocalyx 

(white columns) and A. disparimma (black columns) seedlings at Site 1 using 
15

N enrichment 

and
 15

N natural abundance methods (a and b) and at Site 2 using 
15

N natural abundance (c) in 

a eucalypt-dominated urban forest of subtropical Australia. * indicates significant differences 

between two species at the level P<0.05. 
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9.4.2 δ
15

N values of acacias and reference plants 

The δ
15

N values of A. leiocalyx, irrespective of sampling time, were less negative than those 

of A. disparimma, -0.73‰ vs. -1.06‰ respectively. However, this difference was only 

significant at the last sampling (P<0.05). At Site 1, the δ
15

N differences were smaller than 

2.0‰ (Table 9.2) on a few occasions. At Site 2, δ
15

N differences between acacia species and 

reference plants was >2.0‰ for all selected reference plants. Angophora woodsiana was 

selected as reference plant for all BNF estimation using 
15

N natural abundance because of its 

availability at both sites. Furthermore, using one reference plant for all estimations could 

minimise the potential error. 

9.4.3 B values 

B values varying from -1.3‰ to 1.0‰ were examined in this study to determine an applicable 

B value for these species. Using a B value of -1.3‰ resulted in an estimation of %Ndfa that 

was greater than 100%. At Site 2, assuming B=-1.3‰ resulted in 68% of all cases having the 

%Ndfa greater than 100% (n=33 out of 48) while this percentage dropped to 6.25% when B 

was assumed to be -0.3‰ (n=3 out of 48). None of the cases were greater than 100% when B 

values were either 0.0‰ or 1.0‰.  Therefore, potential B value for these two acacias could be 

from -0.3‰ to 1‰. To our knowledge, a range of B values from 0.0‰ to -1.3‰ have 

successfully been already used to estimate N2 fixation for Acacia spp. (Hamilton et al. 1993; 

Galiana et al. 2002; May and Attiwill 2003) and in the present study, we chose B value of 

0.0‰ to report the results of BNF determination based on 
15

N natural abundance method. 
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Table  9.2 Nitrogen isotope composition (δ
15
N ‰) of Acacia spp. and reference plants including 

Eucalyptus spp., Corymbia sp., Angophora sp., Xanthorrhoea sp. and Themeda sp. during three 

seasons. Mean standard errors in parentheses. 

Plant Species 

δ
15
N (‰) 

Site 1  Site 2 

Season 1 Season 2 Season 3   Season 1 Season 2 Season 3 

A. leiocalyx -0.73(0.17) -0.53(0.22) -0.56(0.16)  -0.58(0.16) -0.93(0.15) -0.70(0.07) 

A. disparimma -0.73(0.14) -1.06(0.19) -1.26(0.15)  -0.82(0.13) -1.53(0.11) -1.28(0.10) 

E. planchoniana -1.87(1.39) -5.73(0.65) -3.78(0.54)     

E. psammitica -2.42(0.65) -5.22(0.99) -2.72(0.55)     

E. carnea     -5.40(0.18) -6.48(0.07) -3.39(0.16) 

E. tindaliae -0.65(0.05) -4.39(0.00) -5.26(0.00)  -3.50(0.00) -5.74(0.00) -3.45(0.00) 

E. resinifera -0.30(2.9) -4.40(0.00) -2.04(0.72)  -4.25(0.75) -6.42(0.68) -4.31(0.00) 

C. henryi     -4.93(0.43) -7.05(0.18) -3.94(0.24) 

A. woodsiana* -1.81(0.42) -4.35(0.75) -1.91(0.35)  -4.06(0.53) -5.78(0.53) -2.95(0.46) 

X. johnsonii -1.53(0.32) -3.24(0.22) -1.20(0.00)     

T. triandra -3.45(0.26) -6.60(0.23) -3.53(0.76)   -4.21(0.00) -5.60(1.02) -3.23(0.74) 

* A. woodsiana represents Angofora woodsiana 

9.4.4  Physiological traits of both species 

A. leiocalyx had significantly higher net photosynthesis (An) and maximum photosynthesis 

(Amax) than A. disparimma (Fig. 9.3a and Table 9.3), Transpiration (E) of A. leiocalyx was 

greater when compared with that of A. disparimma but it was significant only in the first 
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sampling time (Fig. 9.3b). Instantaneous water use efficiency (iWUE) did not vary 

significantly in response to plant species with the exception observed at Season 3 when 

iWUE of A. leiocalyx was significantly greater than A. disparimma (Fig. 9.3c). No significant 

difference of C isotope composition (δ
13

C) between two plant species was observed (Table 

9.3). Total N (TN) of A. leiocalyx was slightly higher than that of A. disparimma. However, 

the difference in foliar TN between two species was only significant at Season 3 (P<0.05, 

2.50% vs. 2.05% respectively, Table 9.3).  
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Fig.  9.3 Maximum photosynthesis – Amax (a), transpiration – E (b) and instantaneous water 

use efficiency – iWUE (c) of understorey Acacia leiocalyx (white columns) and A. 

disparimma (black columns) seedlings in a eucalypt dominated urban forest of subtropical 

Australia at Site 1. * indicates significant differences between two species at the level 

P<0.05. 
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Table  9.3 Net photosynthesis (An), C isotope composition (δ
13

C) and foliar total N (TN) of understorey A. leiocalyx and A. disparimma 

seedlings in a eucalypt-dominated urban forest of subtropical Australia. Means followed by the lower letters within same column 

demonstrate the significant difference at the level P<0.05. Bold means indicate a significant difference throughout the sampling period. 

Means and standard errors in parentheses. 

Species 

An (µmol m
-2

 s
-1

) 

 

δ
13
C (‰) 

 

TN (%) 

Season 1  Season 2 Season 3 

 

Season 1  Season 2 Season 3 

 

Season 1  Season 2 Season 3 

A. leiocalyxs 16.2 (0.86)a 15.0 (1.20)a 18.8 (1.25)a   -31.9 (0.29) -32.7 (0.21) -31.4 (0.27) 

 

2.50 (0.11) 2.68 (0.16) 2.50 (0.16)a 

A. disparimma 12.8 (0.53)b 11.3 (0.46)b 11.9 (0.67)b   -32.0 (0.25) -32.8 (0.20) -31.9 (0.18) 

 
2.40 (0.06) 2.50 (0.07) 2.05 (0.07)b 
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9.4.5 Relationships among physiological traits 

Linear regression was carried out between net photosynthesis An and iWUE, E or Ci. iWUE, 

E or Ci explained 20%, 35% and 17% of the variation in An (n=18, P<0.05, Table 9.4). There 

was a positive correlation between TN and An and between TN and %Ndfa (R
2
= 0.17 and 

R
2
=0.31 respectively, n=16, P<0.05, Fig. 9.4). Linear regression was performed between 

%Ndfa and physiological traits including: An, E and iWUE for each species separately and 

there were poor or non-significant relationships among those variables. 

Table  9.4 Linear regression between foliar photosynthesis and iWUE (µmol mmol
-1

), 

E (mmol m
-2

 s
-1

) or Ci (µmol mol
-1

) (n=18). 

Dependent Coefficient R
2
 F values Probability 

iWUE 1.39 0.20 3.77 0.07 

E 1.77 0.35 5.40 0.04 

Ci 0.03 0.26 4.46 0.03 

     

 

Fig.  9.4 Relationship between foliar total N (TN) and net photosynthesis (An) (a) and between 

TN and percentage of N derived from atmosphere (%Ndfa) (b) in a eucalypt-dominated urban 

forest of subtropical Australia. 
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9.5 Discussion  

The difference in the BNF estimation between the two methods, with the 
15

N enrichment 

method giving consistently higher estimates of BNF, was similar to the findings of Bouillet et 

al. (2008). Fertilisation may have stimulated soil microbial activity and the 
15

N may have 

been mineralised or immobilised. Uptake of the newly mineralised N could have caused the 

higher estimation of BNF in the 
15

N enrichment (Høgh-Jensen and Schjoerring 1994). Small 

within-treatment variation in the 
15

N enrichment method may demonstrate an even 

distribution of δ
15

N available in the soil of reference plants.   

The determination of %Ndfa based on the natural abundance method for A. leiocalyxs 

and A. disparimma was in agreement with values for other acacia species reported in 

Australia: 43% for A. melanoxylon, 48% for A. mucronata (Hamilton et al. 1993) and 59% 

for A. dealbata (May and Attiwill 2003) based on the 
15

N natural abundance method. There is 

limited information regarding %Ndfa of A. leiocalyxs and A. disparimma in Australia. 

Despite the fact that %Ndfa determination of the two methods were within an 

acceptable range, the relationship between the two methods was poor. This was consistent 

with other studies (Androsoff et al. 1995; Stevenson et al. 1995). Galiana et al. (2002) 

reported a range of N2 fixation for A. mangium from 20% to 90% based on the 
15

N natural 

abundance method. The range in our study was much narrower for both species and this 

variability may have been due to the within-treatment variation caused by spatial variation of 

mutualistic organisms (Boddey et al. 2000) or non-homogenised N and water availability in 

the soil (Stevenson et al. 1995).  

Although our experiment suggests that the 
15

N enrichment technique provides less 

within-treatment variation than the 
15

N natural abundance method, the use of 
15

N enrichment 

technique is associated with technical barriers and costs when applied to trees and tends to 
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give higher estimates of BNF. Our results clearly indicated that the 
15

N natural abundance 

method can be successfully used to determine BNF in Australian native forests despite the 

within-treatment variation which is probably inevitable under natural conditions. Therefore, 

the use of 
15

N natural abundance method is preferred due to the ease of implementation and 

relatively lower costs for greater sampling frequency.  

Negative δ
15

N values, observed in this study, are unusual for Australian native forests 

which normally demonstrate a level of enrichment as a result of isotopic discrimination 

(Blumfield and Xu 2003; Blumfield et al. 2006; Burton et al. 2007). Two forests in the 

Netherlands exposed to elevated N input for 40 years had negative δ
15

N soil values 

(Koopmans et al. 1997) and negative δ
15

N values have also been found in forest soils near a 

highway in Switzerland (Guerrieri et al. 2009). In the present study, negative δ
15

N values are 

probably the result of atmospheric N deposition as this forest is an urban forest that is 

bisected by a busy motorway. Fuel combustion in vehicles is one of the major sources for 

NOx (Xiao and Liu 2002; Xiao et al. 2010). In urban areas, the burning of fossil fuels by 

vehicles results in increased atmospheric NOx (Pearson et al. 2000; Bragazza et al. 2005; 

Norra et al. 2005) and the δ
15

N in NOx emitted from vehicles has a range from -13‰ to -2‰ 

(Heaton 1990).  Long-term deposition of atmospheric NOx, which is depleted in
 15

N (Choi et 

al. 2005; Kwak et al. 2011) would lead to the negative soil 
15

N values observed in our 

experiment (Choi et al. 2005; Savard et al. 2009). The more negative δ
15

N signal in soil leads 

to a good differentiation between the δ
15

N signal derived from the atmosphere in the acacias 

and the soil derived signal in the reference plants.  This could also explain the narrower range 

of BNF estimation in our study than reported elsewhere when using the 
15

N natural 

abundance method.  

Our results also suggested that taxonomic proximity between legumes and reference 

plants may not be necessary as T. triandra, a grass, was able to provide an appropriate δ
15

N-
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signal. At Site 2 where mature plants were examined, in addition to T. triandra, all other 

reference plants also gave an appropriate δ
15

N-signal ( ≥2‰). This was within the range 

recommended by Sanford et al. (1994) but lower than the 5‰ suggested by Hogberg (1997). 

Taxonomic proximity between legume and reference plant is considered as an important 

factor to obtain accurate results for BNF estimation (Boddey et al. 2000; Gehring and Vlek 

2004). However, the successful use of shrubs and herbaceous plants as reference has been 

also observed in limited studies such as Pareek et al. (1990) and Peoples et al. (1996). Danso 

et al. (1992) argued that trees and grass take up nutrients from the same soil zone and 

consequently, the source of N uptake of both trees and grass could be similar. Therefore, 

woody reference plants and grass give the same δ
15

N-signal even though both have different 

root structures. Further work is required to clarify this observation, using different species of 

grasses and shrubs and examining soil N availability in time and space.  

Our study indicates that potential B values ranging from -0.3‰ to 1.0‰ could be used 

to provide an acceptable %Ndfa estimation for Acacia species based on 
15

N natural 

abundance method in sub-tropical native forests. The present experiment used a B value of 

0.0‰ to quantify BNF because the δ
15
N abundance of atmospheric N is assumed to be 0.0‰ 

(Okito et al. 2004). This assumes that the amount of fractionation occurring is negligible 

when atmospheric N2 is fixed. Hamilton et al. (1993) successfully applied a B value of 0.0‰ 

to quantify BNF in A. mucronata and A. melanoxylon and accepted a minor error when the B 

value of a species had not been determined.  

BNF activities of legumes may be increased in less fertile soil (Galiana et al. 2002) to 

compensate for soil N limitation. In the present study, the high BNF activity indicated at Site 

2 suggests a low N availability despite the fact that this area had not been burned for 8 years. 

Soil N availability slowly increases following fire through litter-fall decomposition and 

%Ndfa in legumes decreases as plants start taking up N from soil (van Kessel et al. 1994). 
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However, our study indicates a continuing reliance on BNF, which may suggest that this 

ecosystem requires a longer period to recycle N and to recover from fire. Increasing fire 

frequency, which has been predicted as a consequence of global climate change, may result in 

decreasing soil fertility and increasing ecosystem vulnerability.  

Plant physiological status may be used as another indicator of N2 fixation because A. 

leiocalyx consistently indicated greater An, E, iWUE and TN as well as BNF than those of A. 

disparimma throughout the sampling period. There is a positive linear relationship between 

foliar An and BNF activities (Kitaoka and Koike 2004; Kaschuk et al. 2009). Higher BNF 

activity in A. leiocalyx provides more N for photosynthesis. N is a vital component of 

Rubisco, a pivotal enzyme to fix CO2 in the photosynthetic system and enhanced foliar N 

concentration with increases photosynthetic capacity in plants (Evans 1989). In our study, 

there was a poor correlation between %Ndfa and physiological traits such as An and WUE. A 

high-within treatment variation may have masked the relationships between plant BNF 

activities and photosynthesis or WUE.  

A. leiocalyx showed greater WUE, reflected through higher δ
13

C values and higher 

iWUE, than A. disparimma. Higher WUE may suggest that A. leiocalyx would be able to alter 

the strategy of water use with drought stress as argued by Otieno et al. (2005) and Raddad & 

Lunkkanen (2006), using this factor as a tool of adaptation to climate change. Increased N 

could enhance An and WUE. Therefore, higher BNF in A. leiocalyx may have played an 

important role to increase An and WUE and resulted in higher growth rates (data not 

presented) and consequently higher C sinks from atmosphere to the earth. Enhanced 

temperature and prolonged drought may decrease photosynthesis due to increased stomatal 

closure (Otieno et al. 2005) and plants that have the ability to alter their nutrient and water 

use strategies may be better able to deal with the adverse impacts of climate change.  
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9.6 Conclusions 

This study demonstrated that both 
15

N enrichment and 
15

N natural abundance techniques may 

be used to estimate N2 fixation of acacia tree species. The 
15

N natural abundance technique is 

preferred to be used for future studies as it is simple and inexpensive and the use of this 

method facilitated in the present study due to identifying a wider range of reference plants 

and narrowing down of B values for acacias in native forest. The atmospheric N deposition 

could be a main reason for successful use of the 
15

N natural abundance technique leading to 

provide a good difference of δ
15

N signal between acacias and reference plants. This could 

also explain a narrower range of BNF estimation in our study when using the 
15

N natural 

abundance method. The present study also demonstrated that foliar physiological traits such 

as An, Amax, iWUE and E of plants may be used to indicate plant ability to fix N2. A. leiocalyx 

with its greater growth and establishment after fire and higher %Ndfa in comparison to A. 

disparimma, may also be able to accelerate N input to the impoverished soils of the 

Australian urban forests and improve soil fertility. The immediate impacts of environmental 

extremes such as prolonged drought and frequent fires on the understorey legumes would be 

expected less severe on A. leiocalyx than A. disparimma. Therefore, species in which the 

adaptive capacity is within narrow eco-physiological limits such as A. disparimma, would be 

more likely to become extinct with a consequent reduction in ecosystem biodiversity in 

response to global climate change and the anticipated more frequent fires. 
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Chapter 10  General discussion and conclusion 

10.1 Introduction 

The main thrust of this work has been to examine rehabilitation outcomes at 2 contrasting 

sites in southern and central Queensland. The same treatment matrix was used though species 

differed slightly to reflect the local vegetation at each site. The treatments applied reflected 

traditional site establishment practices and a more radical approach that was designed to 

reduce the number of site visits and the use of potentially damaging chemicals, by removing 

the existing weeds and the soil seed bank. This project looked at the effect of site 

establishment on soil properties including both sites and also investigated the effect of plant 

species on soil properties. The effect of site preparation on tree survival and growth including 

both site and species differences was investigated. The effect of site preparation on plant eco-

physiological traits including both site and species difference was also examined. Acacias 

play an important role in ecosystem function and are frequently used as one of the major 

plant species in site revegetation due to their ability to fix atmospheric N2 and grow at low 

soil fertility sites under harsh climatic conditions in Australia. In the supplementary chapter 

(Chapter 9), we examined methods for estimating N2 fixation of two acacia species and 

investigated relationship between N2 fixation and plant physiological traits of the acacias. 

10.2 Effect of site establishment on soil properties  

The influence of weed control methods on soil properties in tree planting has been well 

documented (George and Brennan 2002; Huang et al. 2008c; Xu et al. 2008). In Australia, 

herbicide application is a common treatment for tree planting and it can be a cost-effective 

method to control weeds but repeated applications increase its costs (George and Brennan 

2002). Impacts of herbicides on soil micro-organisms (Subhani et al. 2000), particularly when 
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there is a need for multiple applications have increased the interest in finding herbicide free 

methods for weed control. Scalping (Cole et al. 2005) and spot scalping (MacDonald and 

Thompson 2003), the removal of the top soil to remove weed biomass and their seed banks, 

have been studied but studies investigating soil C and N recovery following scalping are 

scant.  

Recovery of soil organic matter (SOM), as measured by hot water extractable organic 

C (HWEOC), hot water extractable total N (HWETN) and microbial biomass C and N (MBC 

and MBN), after tree planting, differed at the two experimental sites. At the Rockhampton 

site, a general decline in HWEOC, HWETN, MBC, MBN and inorganic N in all the 

treatments including control plots during the experimental period was observed (Chapter 2). 

We think that this different trend of recovery may be explained by climatic conditions and 

soil characteristics of the two sites. At the Rockhampton site, the high intensity showers 

generated runoff, rather than penetrating the soil profiles exacerbated by the soil’s tendency 

to hydrophobicity under prolonged drought conditions. We think that the drought condition 

may have caused SOM decline as there was an improvement in HWEOC, HWETN, NH4
+
-N 

and PMN when soil moisture increased at the Rockhampton site. At week 36, there was a 

significant rainfall event which, combined with low seasonal temperatures, may have resulted 

in a durable increase in soil moisture leading to a significant increase in HWEOC, HWETN, 

NH4
+
-N and PMN in the soil sampled after week 36.  

At the Laidley site, there was a trend of steady improvement in SOM as indicated by 

increasing HWEOC and HWETN throughout the experimental period (Chapter 3). This site 

was not water limited which may explain fast weed recovery. Due to weed recovery, 

herbicide was applied four times after tree planting and the consequent die-back of weeds and 

incorporation into the soil may explain increased labile C and N, HWEOC and HWETN, in 

the herbicide areas but not in the scalped areas. Plant rooting systems may have been more 
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developed in the scalped area compared to the herbicide area because soil moisture in the 

scalped areas was significantly lower than in the herbicided areas leading to greater C input 

through roots to the soil in the scalped areas than those of the herbicide areas. Root materials 

may play important role to increase SOM input rather than litter decomposition (Haron et al. 

1998). Our results suggest that SOM in the scalped area will recover, though the recovery 

may be slower than that of the herbicide area.  

Following the disturbance that accompanies land use change from pasture to trees, the 

recovery and maintenance of soil properties are essential for ecosystem productivity. Land 

use change to tree planting may be expected to increase SOM (Del Galdo et al. 2003). For 

instance, soil C was increased by 18% when crop land was converted to tree plantation (Guo 

and Gifford 2002), though this recovery may take more than 10 years (Sicardi et al. 2004) 

and up to 30 years  (Behera and Sahani 2003) after tree planting.  In our study, we think that 

Laidley may have the potential to recover soil C and N in a shorter period following tree 

planting compared to the Rockhampton site due to the climatic conditions and soil fertility. 

For instance, overall total C (TC), in both the herbicide and scalped areas, increased by 9% at 

the Laidley site over 45 weeks while it increased less than 1% at the Rockhampton site over 

61 weeks, though this increase was not significant at both experimental sites. HWEOC and 

HWETN were also improved more than +50% in both the herbicide and scalped areas one 

year following the treatment application at the Laidley site.   

10.3 Effect of plant species on soil properties 

Our study indicated that plant species can influence soil C and N pools at the early phase of 

tree planting. This influence can be initiated as early as one year after tree planting, 

regardless of site preparation treatments. In spite of soil labile C and N pools alteration under 

both Acacia concurrens and Eucalyptus crebra at the Laidley site (Chapter 5), we found that 

there was no significant difference in soil labile C and N pools under A. concurrens compared 
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to those under E.crebra. Leguminous species that would be able to fix N2 are likely to 

improve SOM faster than non-N2-fixing species, particularly in degraded land (Macedo et al. 

2008; Jeddi et al. 2009; Schiavo et al. 2009). Our results are inconsistent with studies which 

found significantly higher SOM under acacias than eucalypts (Wang et al. 2010; Kasel et al. 

2011). Soil labile C and N under plant species could be affected by the quality and quantity of 

litters produced by plant species (Finzi et al. 1998; Wang et al. 2010). In our study, perhaps 

the quantity of the litter-fall was not sufficient to maintain a significant difference in soil C 

and N pools between the two species because the plants were young. However, we think that 

the plants may have influenced soil through their root exudates and materials which may have 

increased C substrate for microbial activities leading to improved cumulative CO2-C under 

trees by month 12. Our results indicate that tree planting may improve soil properties and 

increase soil labile C and N which maintain soil fertility. Trees may also have the potential to 

prevent N loss from ecosystems as indicated through the TIN results in Chapter 5. Land use 

change to tree planting may play an important role to develop soil properties facilitating 

ecosystem functions through increased SOM availability from root exudates and litter-fall 

decomposition.    

10.4 Effect of site preparation on tree survival and growth 

10.4.1 Weed control effects on tree survival and growth 

At the Rockhampton site, there was no significant difference in plant survival in the herbicide 

and scalped areas for both acacias and eucalypts (Chapter 6). The results may imply that 

weed competition in the herbicide areas and top soil removal in the scalped areas may have 

similar implications on plant survival. Influence of weed competition (Pallett and Sale 2004) 

and environmental conditions (Scowcroft and Jeffrey 1999; Rey Benayas et al. 2005) on plant 

survival has been well documented. In our study, despite the fact that drought conditions 

were considered as one of the main factors for plant mortality, overall plant survival in this 
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tree planting was a success as 70% acacias and 85% of eucalypts survived at month 14 

(Chapter 6). We think that this success in tree planting may be related to the correct choice of 

plant species that were locally adapted and drought tolerant, underpinning the importance of 

species selection for revegetation projects.     

At the Laidley site, we found that under severe climatic events such as frost, plants 

which were not under weed stress in the scalped areas maintained a greater survival 

compared to those of the herbicide areas because acacia survival was significantly greater in 

the scalped area compared to the herbicide area after the frost event (Chapter 7). Frost may 

exacerbate water stress for shallow rooted plants leading to increased plant mortality 

(Mokotedi et al. 2009). Climatic conditions, particularly water stress, have been shown to 

affect root physiology in trees, for example, water stress stimulated root development in A. 

nilotica (Osonubi et al. 1992). In our study, soil moisture was significantly lower in the 

scalped area than that of the herbicide areas at Laidley (Chapter 8) which may have 

stimulated root development in acacias in the scalped areas. Acacias maintained more than 

60% survival in the scalped areas whereas that of the herbicide area was less than 15% at 

month 17 (Chapter 7). Our survival results clearly indicated that plant survival may be 

jeopardised by weed competition particularly when environmental stress affects plants in 

their early planting phase.  

At the Rockhampton site, plant growth was greater in the herbicide areas than in the 

scalped areas, regardless of plant species (Chapter 6). The weed species that existed in the 

herbicide areas were not as aggressive in suppressing plant growth, probably due to the 

effects of drought on weed growth and therefore the trees benefited from higher SOM and N 

availability in the top soil and gained greater above ground biomass in the herbicide areas 

compared to those of the scalped areas. Plant relative growth rate (RGR), presented in 

Chapter 8, supported our results in Chapter 6 but indicated that the RGR difference between 
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the herbicide and scalped areas was on average less than 0.75 cm
3
 cm

-3
 yr

-1
 (Fig. 8.6). This 

small difference may become insignificant over the time and may not be important in the 

longer term.  

At the Laidley site, plants were taller in the scalped areas compared to the herbicide, 

regardless of plant species (Chapter 7). Growth suppression in the herbicide areas may have 

been caused by the presence of the aggressive weed, Chloris gayana, which was dominant in 

the herbicide areas. In the scalped areas, this weed was suppressed effectively leading to 

higher growth in the scalped areas. Weed competition has been shown to constrain plant 

growth (Huang et al. 2008b) and the presence of aggressive weeds may exacerbate growth 

suppression or even result in a failure in tree planting (Bellairs 2006). Therefore, to 

revegetate lands which are dominated by aggressive weeds such as C. gayana, the scalping 

may be a better method compared to the herbicide application to reduce site visits and 

minimise the risk of replanting which can be an additional cost burden in revegetation 

projects.  

Height gain and biomass accumulation were significantly greater at the Rockhampton 

site than at the Laidley site (Chapter 8) despite the fact that soil fertility and moisture were 

significantly lower at the Rockhampton site compared to the Laidley site. Tree canopy 

closure occurred faster at the Rockhampton site than the Laidley site leading to increased 

SOM inputs from litterfall and altered microclimatic conditions through shading and lower 

soil temperature which would enhance decomposition. The majority of inputs at the Laidley 

site would have been through weed biomass. While the organic matter at Rockhampton 

would have been more resistant to decomposition compared to the Laidley site, enhanced 

organic matter decomposition and nutrient release would play an important role to improve 

soil properties. Therefore, land use change to tree planting in the dry tropics may improve 

ecosystem functions and soil properties.   
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10.4.2 Fertilisation effects on tree survival and growth  

A fertiliser treatment was included to overcome the potential nutrient deficiencies resulting 

from scalping. The effects of fertilisation on plant growth were investigated at the 

Rockhampton site (Chapter 6). While other studies have shown that fertilisation may improve 

plant growth and also increase foliar N content (Singh and Singh 2001; Clemente et al. 2004), 

fertiliser did not improve plant survival in our study and its effect on plant growth was not 

significant at month 6 following the treatment application. Though we did not calculate foliar 

N content, fertilisation did not increase foliar N concentration which may suggest that N may 

have accumulated in other parts of plants rather than leaves. Our results also indicated that 

the fertilisation may not always be beneficial for some plant species, for example, acacia 

plants were taller in the non-fertilised plots than those of the fertilised plots at month 14 

following treatment application. Acacias at month 14 (winter) had greater foliar δ
15

N in the 

fertilised areas compared to the non-fertilised areas which may also suggest a suppression in 

N2 fixation though this was not statically significant. We concluded that fertilisation effects 

on plant growth differ between plant species and fertilisation may not be necessary at early 

tree establishment, especially in trees that are adapted to survival in the nutrient-poor 

environment typical of Australian soils. 

10.5 Effect of site preparation on plant eco-physiological traits 

10.5.1 Weed control effects on plant eco-physiological traits 

Research has shown that weed control may be expected to affect plant physiological traits 

due to increased resource availability (Huang et al. 2008b). The aim of plant physiological 

gain is to improve plant growth and biomass accumulation. Fast growth of plants at the early 

phase of planting can help them to tolerate environmental stresses and outgrow weeds in a 

shorter time which may ensure the success of establishment.  At the Rockhampton site, there 

was no significant difference in leaf-level physiological traits including net photosynthesis 
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(An), transpiration (E) and photosynthetic N use efficiency (PNUE) (Chapter 6) between the 

herbicide and scalped areas, regardless of plant species. Increased width of weed free strips in 

an E. pilularis plantation in Queensland, Australia, showed an improvement in photosynthetic 

capacity (Huang et al. 2008b). According to our observation, the scalped areas had greater 

weed-free areas than the herbicide areas but nutrient availability was lower in the scalped 

areas compared to the herbicide areas (Chapter 2). The effect of weed competition in the 

herbicide areas for foliar An, PNUE  and E could be similar to that of the low nutrient 

availability in the scalped areas leading to the lack of significant difference in An, PNUE  and 

E between the herbicide and scalped areas. Foliar N content is an indicator of plant 

photosynthetic capacity, for instance, improved foliar N content may point out an 

improvement in photosynthetic capacity (Huang et al. 2008a). In our study, foliar total N 

(TN) concentration supported the An and PNUE as there was no significant difference in 

foliar TN between the herbicide and scalped areas with the exception observed for acacia at 

month 6 (summer, Table 6.2). Our results indicated that plant growth may be explained by 

leaf-level physiological traits including An and PNUE (Table 6.3). Therefore, the lack of 

significant difference in the leaf-level physiological traits between the herbicide and scalping 

may suggest that both treatments may have the potential to accumulate similar biomass in 

long term for both acacias and eucalypts. 

At the Laidley site, our measurements showed that there was also no significant 

difference in photosynthetic capacity between the herbicide and scalped areas for either plant 

species (Chapter 7). Light and nutrients are limiting factors for photosynthetic capacity (Meir 

et al. 2007; Craven et al. 2010; Orchard et al. 2010). The light compensation point (LCP) and 

specific leaf area (SLA) results indicated that plants were not under light limiting condition as 

there was no significant difference in LCP and SLA between the herbicide and scalped areas, 

regardless of plant species. Weed-free areas were greater in the scalped areas compared to the 
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herbicide areas which may have decreased possible shading by the weeds. In the herbicide 

areas, however, the dominant weed was C. gayana, a short grass, which would not have 

limited light capture by trees. The lack of significant difference in photosynthetic capacity as 

measured by the maximum rate of carboxylation, Vcmax, and maximum rate of electron 

transport, Jmax, may suggest that weed competition in the herbicide areas may have similar 

effects to low nutrient availability in the scalped areas on Vcmax and Jmax. Despite the fact that 

there was no significant difference in photosynthetic capacity between the herbicide and 

scalped areas, plant growth was superior in the scalped areas compared to the herbicide areas. 

In the absence of weed competition in the scalped areas, plants had greater above ground 

height gain which led to increased light capture. Therefore, in revegetation projects where 

weed competition is one of the major limiting factors, scalping may provide a faster growth 

and canopy closure compared to the herbicide application.  

Comparison between the two experimental sites in Chapter 8 indicated that leaf-level 

physiological traits, including An, stomatal conductance (gs) and leaf internal CO2 

concentration (Ci), were significantly greater at the Laidley site compared to those of the 

Rockhampton site. It was concluded that greater nutrient availability and soil moisture at the 

Laidley site compared to the Rockhampton site can explain our findings. However, the higher 

photosynthetic capacity at Laidley did not ensure greater plant growth and biomass 

accumulation compared to the Rockhampton site. Plants at the Rockhampton site had greater 

water use efficiency (WUE), as reflected by foliar δ
13

C, compared to those of the Laidley site 

which was a result of the low water availability. High WUE of plants at the Rockhampton 

site was well translated to biomass accumulation and height gain. Thus, this site may have the 

potential to reach canopy closure faster than the Laidley site which can greatly contribute to 

litter production leading to alteration in soil properties.   
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10.5.2 Fertilisation effects on plant eco-physiological traits 

One of the main goals of fertilisation is to increase resource availability leading to increase 

physiological traits, including leaf-level gas exchange and photosynthetic capacity (Allen et 

al. 2005). Our results indicated that there was no significant effect of fertilisation on foliar 

gas exchange parameters (Chapter 6). Our results are consistent with those studies which 

reported no response of physiological traits to fertilisation (Munger et al. 2003; Allen et al. 

2005) which may have been caused by environmental limitations (Allen et al. 2005). We did 

not measure photosynthetic capacity at the Rockhampton site but there were environmental 

limitations caused by dry and hot conditions, particularly in the summer when first 

measurements were conducted. In our study, the lack of significant differences in 

physiological traits attributed to fertilisation may explain its lack of significant influence on 

plant growth at month 6 but it does not explain its significant influence on plant growth at 

month 14 at the Rockhampton site. We speculated that after month 6, the environmental 

limitations were eased by low air temperature and high soil moisture which may have been 

led to improve photosynthetic capacity in plants leading to greater above ground biomass 

accumulation  in the fertilised plots compared to the non-fertilised plots. Our physiological 

measurements may also support our above conclusion suggesting that fertilisation may not be 

vital for trees at the early establishment phase.  

In conclusion, while this study recommends scalping to control weeds in revegetation 

systems there is a need for caution. Removal of the topsoil will result in loss of carbon from 

the scalped soil through respiration. In revegetation areas, this treatment only needs to be 

applied once and the organic matter removed from the soil will be replaced through litter 

cycling once canopy closure is achieved. This procedure is not recommended for plantation 

establishment especially for short rotation plantations. Therefore, in plantation establishment, 
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other alternative sustainable methods, including either chemical or non-chemical may need to 

be practiced rather than scalping. 

The herbicides applied to control weeds in our experiments were some of the range of 

products which are currently used in forest management. It would not have been practical to 

apply a series of herbicide combinations therefore we chose those most commonly used. 

However, herbicide application did not achieve a desirable level of weed control. 

10.6 Future studies 

This study has developed a better understanding of the effects of site preparation practices on 

soil properties and plant eco-physiological traits in revegetation ecosystem in south-east 

Queensland, Australia.  The information provided by this body of research could help 

decision makers to minimise the costs associated with tree planting establishment. There are 

still areas related to this research that require future examination at these two experimental 

sites.  

 A long-term monitoring of soils at both experimental sites is required to determine 

recovery period of SOM and N following site preparation practices under revegetation 

ecosystems.  

 A detailed study using more advanced techniques is required to investigate soil 

microbial dynamics and activity to validate our conclusion obtained from the 

BIOLOG GN2 plates results. 

 The BIOLOG GN2 plate results clearly indicated that soil microbial community 

profiles in the scalped areas differed from those of the the herbicide and control plots. 

This different soil microbial community may affect recovery pathways which are 

important to be identified. 

 A longer-term study is also needed to investigate the effects that plants of different 

species have on soil properties. 
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 Plant growth and survival monitoring for over the long-term are needed to predict the 

effects of site management practices on C and N cycling and ecosystem sustainability. 

 Carbon sequestration is crucial under global climate change and therefore it is 

important to evaluate the contribution of such tree planting to sequester C in the 

ecosystems.   

 Plants at Laidley showed significantly greater growth and biomass accumulation in 

the scalped areas than in the herbicide areas despite the fact that the top soil was 

removed, regardless of plant species. A detailed study is required to determine the key 

driving factors for this observation to substantiate the conclusion obtained in this 

study. 

 The fertilisation effects on weed competition require further examination.  

10.7 The Supplementary Chapter (Chapter 9): Estimation of N2 fixation and its 

relation to plant physiological traits 

After fire, understory legumes, particularly Acacia spp., play a pivotal role in maintaining 

ecosystem N balance through biological N2 fixation (BNF).  Acacia spp. N contribution to an 

ecosystem can be significant and the amount of N fixed by Acacia spp.  varies between 0.1 to 

50 kg ha
–1

 yr
–1

 as presented in a range of studies conducted in Australia and other countries 

(May and Attiwill 2003). However, methods used to calculate BNF under natural conditions 

for trees are not always successful (Boddey et al. 2000; Guinto et al. 2000). This part of our 

study aimed to develop methods for BNF estimation in native forests for understory Acacia 

spp. using 
15

N enrichment and 
15

N natural abundance methods. The relationship between 

Acacia leiocalyx and A. disparimma BNF and plant photosynthesis and water use efficiency 

(WUE) was assessed because it is possible that the physiological status of plants controls N2 

fixation.  
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The 
15

N enrichment gave constantly higher estimates of BNF compared to the 
15

N 

natural abundance techniques with the small within treatment variation. Despite the fact that 

the 
15

N enrichment method showed the low within treatment variation, the use of this method 

is difficult requiring in-ground barriers to be installed around plants and is also expensive. 

The use of the 
15

N natural abundance method is preferable because of the simplicity and 

relatively low costs. However, one of the main limitations for this method is finding a proper 

reference plant to provide an appropriate δ
15

N signal. In the absence of the proper reference 

plant, the use of this method can be unsuccessful (Boddey et al. 2000; Guinto et al. 2000). 

We argued that the successful use of the 
15

N natural abundance method could be explained by 

N deposition at the experimental sites which led to a good differentiation between the δ
15

N 

signal derived from the atmosphere in the acacias and the soil derived signal in the reference 

plants. Therefore, it may be used in other suburban forests where there is a N deposition from 

traffic vehicles.  

Physiological traits including leaf-level photosynthesis and WUE may be used to 

estimate plant ability to fix atmospheric N2. We speculate that the forest composition may 

gradually be altered as a consequence of climate change. Some species such as A. 

disparimma with poorer eco-physiological performances would be more likely to disappear 

whereas A. leiocalyx would be more likely to survive under uncertain climatic conditions. 

However, this species is more vulnerable to insects than A. disparimma according to our 

observations. Extreme and prolonged drought condition may increase the susceptibility of 

some species even as mature plants, to insect attack (Hanson and Weltzin 2000). Hence, even 

the survival of strong species such as A. leiocalyx may be threatened by climate change. 

Although fires stimulate seed regeneration (Williams et al. 2005; Trejo et al. 2010), frequent 

burnings may not allow understorey legumes to reach maturity and to produce seeds (Noble 
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1986) and therefore in the long-term some leguminous understorey species may either 

disappear or be replaced. 

10.7.1 Future studies 

 Despite the fact that the use of the 
15

N natural abundance method to estimate BNF 

was successful in this study, this method needs to be examined in other suburban 

forests to validate the conclusion gained in this study. 

 N deposition in other suburban forests and its contribution to soil δ
15

N need to be 

investigated to confirm our findings in this study. 

 N2 fixation, photosynthetic capacity and WUE of understory legumes need to be 

monitored for a long time to verify our conclusion. 
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