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ABSTRACT 

Native grasslands are one of the most endangered ecosystems in Australia. 

Approximately 99% of native grasslands have been disturbed for agriculture and 

pastoralism. Today, however, many agricultural and grazing lands have been abandoned. 

Restoring abandoned areas to native grassland is a challenge that must be met if these 

systems are to persist. This thesis sought to gain a better understanding of the biotic and 

abiotic barriers to restoring native grasslands in ex-cropping land, and to investigate novel 

techniques to overcome them in degraded native grassland in the Victorian Volcanic 

Plains. 

Firstly, I compared ex-cropland to high-quality remnant grassland, and showed that ex-

cropland supports a high number of exotic weeds, a lack of native species propagules, 

high nutrient levels (especially phosphorus and nitrogen), and an absence of organic 

carbon—all barriers which must be overcome if native grassland restoration is to succeed. 

I conducted a replicated field experiment in ex-cropland, to investigate four restoration 

approaches to overcoming barriers to restoration: (i) adding urban green waste to heat 

and kill the exotic seed bank (ii) adding sugar and/or mulch to promote microorganism 

and draw down soil nitrogen, (iii) using a modified clay product called Phoslock to reduce 

soil phosphorus levels, and (iv) scalping of topsoil 10 cm on ex-cropland site to remove 

the exotic seed bank and high nutrient soil. After each treatment, native grass seed was 

added, and the vegetation, seed bank, soil nutrients and microbial activity were monitored 

over 2.5 years. The hot mulch, scalping and sugar treatments all achieved significantly 

greater cover of native grasses than the control treatments. The hot waste treatment also 

effectively eliminated the exotic weed seed bank, but the soil N levels increased 

dramatically, which is counterproductive to the long-term goals of grassland restoration. 

Scalping out-performed all other treatments with regard to reducing soil N and P. All 

treatments suffered from reinvasion by exotic species, suggesting that any grassland 

restoration technique needs to be coupled with ongoing exotic weed management. 
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High soil phosphorus is a difficult barrier to restoration of native grassland. A possible way 

to address this is to use plants with high P uptake to help draw down soil P. Native 

grassland taxa from the genus Ptilotus have been shown to have high P-uptake. I 

conducted two studies of Ptilotus macrocephalus and Ptilotus polystachyus to investigate 

their potential in this role. The first of these was an examination of techniques to break 

their seed dormancy, and to find their optimum germination conditions. I tested their 

response to smoke water, heating shock, cold stratification and gibberellic acid. The 

highest germination rates (62% and 38% for P. microcephalus and P. polystachyus, 

respectively) were achieved when the seeds were pre-treated with GA500 and exposed 

to a temperature range of (20/18OC) and a 12h dark/12h light regime. Smoke water, heat 

shock and the removal of floral bracts also improved germination rates, but not at the 

same magnitude as GA. 

The second study of Ptilotus was a glasshouse trial that examined the effectiveness of 

the two taxa at reducing available soil phosphorus. This trial included a third high P-uptake 

species (Lupinus albus) for comparison, and also investigated if the addition of Phoslock® 

could bind soil P into insoluble forms. P. macrocephalus and P. polystachyus accumulated 

high amounts of soil P. Thus, several years of seeding and harvesting of these plants is 

anticipated to provide a useful option for soil P reduction. Phoslock® reduced soil available 

P, but only at high concentration of Phoslock 1500 g/m2 and at very high soil P 

concentrations; it was less effective at levels that typically expect in ex-cropping 

paddocks. 

The findings of this thesis have advanced our current knowledge of the restoration of ex-

cropland. The research has tested methods to overcome biotic and abiotic barriers to 

restoration of the Victorian Volcanic Plains grasslands, and has demonstrated some 

practical approaches to begin the treatment. It was suggested that many of the methods 

and techniques used in this study could be useful technique in broad areas of grassland 

restoration within Australia as well as in similar situations in temperate climate conditions 

across the globe. 
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Chapter 1. Introduction 
    
1.1 General overview 

Grasslands occupy about half of the land mass in the ice-free world, and they constitute 

approximately 70% of the world’s agricultural areas (Suttie et al., 2005). As a 

consequence, they are an integral and central part of the global ecosphere, and thus 

remaining native grasslands need to be protected. Further, degraded grasslands should 

be, wherever possible, restored to be a fully functioning ecosystem. Healthy native 

grassland is a complex soil-based community that contains native grasses and a range of 

other native species that includes herbs and shrubs. This community both supports and 

interacts with a wide range of native animals and insects, and supports, and is supported 

by, microbial species in the soil matrix (Radford et al., 2007).  

Most of the world’s native grasslands that receive enough rainfall to support crops have 

been converted to agricultural lands. Ellis et al. (2010) calculated that 90% of global 

grasslands have been converted to human land-uses, and less than 3% can be 

considered ‘wild’.  In accordance, Australian grassland ecosystems that are in regions of 

high agricultural activity, have been highly fragmented from the perspective of native flora 

and fauna (McIntyre & Hobbs, 1999). 

In Victoria, southeast temperate Australia, native grasslands are one of the most 

endangered ecosystems. Approximately 99% of these grasslands have been destroyed 

in the last 150 years, (Scarlett et al., 1992), and as a result of decreasing this once 

extensive native vegetation to small isolated remnants, the complex soil, which are a key 

feature of healthy ecospheres, have been significantly disturbed, leading to concomitant 

negative consequences for the landscape (Mitchell, 2003).  

The Victorian Volcanic Plains (VVP) are located in Western Victoria, and cover over 2.3 

million ha, which represents 10.36% of the state (Figure 1.1). They extend from Portland 

in the west to Mernda in the east, and from Clunes in the north to Colac in the south (Traill 

& Porter, 2001). These grasslands are an integral ecological element of the VVP, and are 
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one of the most endangered vegetation formations in Australia (Muir, 1994). The 

grasslands have consequently been listed as ‘critically endangered’ under the Federal 

Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) (TSSC, 

2008), and thus require immediate and sustained restorative attention.  Figure 1.2 shows 

the modelled extent of plains grasslands in the VVP as of 1750, prior to the 

commencement of European agriculture.  

There are two broad classes of barriers which prevent the recovery of degraded grassland 

(i) biotic (exotic weed infestation, decreased soil microbial activity and lack of native 

seeds) and (ii) abiotic (soil nutrient enrichment and altered soil structure). This thesis will 

investigate some novel methods for restoring degraded native grassland ecosystems in 

the VVP, with a focus on overcoming these barriers to restoration. This chapter will review 

current literature pertinent to these barriers in grassland restoration, and review previous 

attempts at grassland restoration which have been reported. Following the literature 

review, this chapter will identify knowledge gaps that appear to be impeding successful 

grassland restoration attempts. Finally, the chapter will present the key research 

questions driving this investigation and the structure of this thesis. 
  

 

 
Figure 1.1 State map of Victoria, Australia. The yellow shaded area represents the 
Victorian Volcanic grassland Plain, and the black colored square is the study site. (A) is 
Portland in the west, (B) is Mernda in the east, (C) is Clunes in the north and (D) is Colac 
in the south. 
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Figure 1.2 Areas of plains grassland in Victoria. The two major areas are the plains 
grasslands of the Victorian Riverina (A) and the Victorian Volcanic Plains (B). Plains 
grasslands also occur in the Wimmera Plain (C) and the Gippsland Plain (D). The grey 
shaded areas show the modelled 1750 distribution of the Plains Grassland ecological 
vegetation class (DELWP, 2008). 

1.2 Models for conceptualising ecological restoration 

To some degree, the nature of a proposed restoration approach will depend on which type 

of threshold has been crossed. For example, if the system has degraded mainly because 

of biotic factors such as vegetation cover change, restoration efforts may need to focus 

on biotic manipulations, which address the degrading factor by improving management 

and adjusting the biotic composition. This process may not require active modifications to 

the physical environment. However, if the system has degraded due to abiotic changes 

such as soil physical features (e.g. nutrient level, compaction, loss of soil), restoration 

efforts may need to focus on removing the degrading factors and repairing the physical 

conditions (Figure 1.3). 

Whisenant (1999) has proposed that biotic and abiotic factors represent two thresholds to 

restoring a self-sustaining native ecosystem. The model suggests that as ecosystems 

move to more advanced states of degradation, ecological thresholds are crossed that 

make it hard for a system to return to its previous state. In the model, the first threshold is 
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a biotic one; exotic weeds invade and displace native species, and soil microbes are 

depleted or changed. The physical structure of the system remains intact, but active 

restoration is needed to overcome the biotic changes to the community. The second 

threshold is a change in the abiotic components of the system, and this represents a more 

advanced state of degradation and another, more difficult threshold to overcome. For 

grasslands (and as represented by the modified model shown in Figure 3.1), crossing this 

abiotic threshold usually means dramatic changes to soil structure and soil nutrient status, 

such that any attempts to correct the biotic component of an ecosystem will fail if the 

abiotic component of the system has not been fixed first. For example, the reintroduction 

of native perennial grasses into degraded grasslands of south eastern Australia will not 

be successful if the nutrient status of degraded land is not addressed first. As such, this 

model provides a suitable framework to conceptualise the changes that are needed if ex-

cropping land in the VVP is to be returned to native grassland. However, Whisenant’s 

model may be too simplistic, and it is important to appreciate that biotic and abiotic barriers 

are not always independent and can interact profoundly, as highlighted by Hobbs and 

Harris (2001). Management practices need to be aware of these interactions when trying 

to overcome barriers to grassland restoration.  

A feature that is common to most models of ecological restoration is the concept of 

ecological barriers. It is recognised that this concept is particularly important in grassland 

ecosystems, and in the following sections, each of these barriers to ecological restoration 

have been reviewed, and those that are important to VVP grassland have been 

specifically identified. 
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Figure 1.3 The two types of restoration threshold. Modified from Whisenant (1999). 
 

1.3 Barriers to ecological restoration - biotic factors  

1.3.1 Exotic weeds   

The invasion of exotic plant species into natural ecosystems is a major threat to biological 

diversity across nearly all bio-geographical regions of the world (Adair & Groves, 1997). 

The invasion of weeds into natural areas has been associated with human movement 

throughout our evolutionary development, but, as is now widely recognised, the extent of 

this process has been accelerated considerably in recent years (Adair & Groves, 1997). 

Exotic species invasion is one of the main components of universal environmental change 

and represents a significant threat to global biodiversity and sustainability (Vitousek et al., 

1997).  

Invasive species are one of the biggest threats to native biodiversity in Australia and 

present one of the largest costs to the Australian agriculture industry (Sinden et al., 2004). 

Numerous species arrived with the first phases of European colonisation of Australia, and 

the number has continually increased. In many cases, these species have been 

deliberately and widely introduced as forage for agricultural livestock and other 

horticultural purposes. In addition, however, many grasses of less forage value have also 

been dispersed without deliberate human intervention (Bennett, 2014). In many 
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circumstances, these introduced species, due to their aggressive nature, have 

significantly modified natural environments by competing and displacing native plant 

species and creating conditions more suited to their own establishment in Australian 

grasslands (Mack & Lonsdale, 2001). As a consequence, these species may also cause 

secondary impacts within the ecosphere such as (i) alterations to hydrological cycles and 

fire regimes, (ii) significantly altering critical soil properties in terms of nutrients and 

microbial colonies, and (iii) changing the micro-climate in the area of colonisation to that 

which is more suited to their growth (Vidler, 2004). In addition, they have negative effects 

on native animals and plants since they can be unpalatable, thus decreasing available 

food sources, and can affect the growth and survival of competing native species (Vidler, 

2004). 

Weeds that significantly change ecosystem functions inevitably affect the habitat condition 

of other species in the system, and thus have the most profound effects on biodiversity 

(Adair & Groves, 1997). Competition from invasive plants has been shown to impact 

severely on native plant diversity (Levine et al., 2003; Grice, 2004). Exotic species usually 

have no natural enemies to control their spread (MacDougall & Turkington, 2005), they 

have large and invasive root systems, and they produce huge quantities of seeds (Cronk 

& Fuller, 2001). With these attributes, they represent aggressive competition for native 

species for soil nutrients and available moisture (Carr et al., 1992; Cole & Lunt 2005), and 

at the same time, because they are often not palatable to fauna or livestock, they are not 

controllable by grazing (Seabloom et al., 2003).  

The mechanisms by which exotic species can replace native species are rarely confirmed 

(Seabloom et al., 2003). However, one is that invasive weeds have greater uptake of 

nitrogenous material and, particularly in areas which have been treated with nitrogen-rich 

fertiliser, they use the absorbed nitrogen with greater efficiency (Rossiter et al., 2006). 

Exotic plant species can alter ecosystem nutrient cycles. For instance, systems occupied 

by non-native plants tend to have greater crop biomass, and they have rapid litter decay 
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and changes in the timing of nutrient cycling. This leads to greater inorganic nitrogen 

levels and increased amounts of nitrogen mineralization, a soil condition which is not 

favourable to the growth and sustainability of native species (Ehrenfeld, 2003).   

Agricultural practices too, can provide exotic species with a further competitive advantage 

over native plants through cultivation and fertiliser application (Flory & Clay, 2010). Of 

particular interest here is Morgan’s (1998) study, which showed that VVP grasslands, 

which are naturally dominated by Themeda triandra, has an unexpectedly large exotic 

vascular plant component, even in those areas that have only been slightly disturbed and 

are otherwise rich in native species. For example, 41% of 102 species found in the study 

plots in the grassland areas in Sunbury were exotics (Morgan, 1998). Similarly, Lunt 

(1990) found that 24 of 41 species in the soil seed bank at Derrimut Grassland Reserve 

in the VVP were exotic. This is not just a local phenomenon; Sharp’s (1997) study also 

found that 41% of species recorded in surveys of 39 natural grasslands in the ACT, were 

exotics. This high proportion of exotic species is attributed largely to the elevated nutrient 

status of native grasslands, which will be discussed further below. 

1.3.2 Decreased soil microbial activity 

Changes in the composition of microbial species in the soil after land use conversion and 

changes in vegetation can contribute to changes in the ecosystem function (Copley, 2000; 

Steenwerth et al., 2002). Cavigelli and Robertson’s (2000) study showed important links 

between the microbial community composition and healthy soil processes. Soil microbes 

can play a significant role in grassland restoration of former agricultural land through (i) 

their effects on soil porosity, (ii) organic material storage through decomposition, (iii) 

increased water holding capacity, and (iv) natural nutrient cycling (Jastrow et al., 1998), 

all of which begin to favour native plant species. In addition, microbes play a crucial role 

in the development and maintenance of soil structure by binding soil elements and organic 

matter to create healthy aggregates (Jastrow et al., 1998; Six et al., 2000). 
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It has been noted that microbial activity in terrestrial ecosystems is also often negatively 

effected by the availability of phosphorus and nitrogen (Güsewell, 2004; Cleveland & 

Liptzin, 2007; Elser et al., 2007). High levels of nitrogen and phosphorus decrease 

microbial activity in the soil, which can then lead to mineralization of organic carbon and 

release it to the atmosphere as carbon dioxide. However, an increase in perennial root 

systems and plant litter, which is characteristic of grasses, will increase microbial biomass 

and soil organic carbon and nitrogen over the time of restoration. (McKinley et al., 2005; 

Matamala et al., 2008). 

1.3.3 Lack of native seeds 

The unassisted reestablishment of grasslands requires a suitable quantity and diversity 

of native seed. The absence of such represents another barrier to grassland restoration.  

Many native species are characterised by low production and distribution of seeds (Mac 

Dougall & Turkington, 2007), and this factor may lead to partial or complete failure of 

grassland restoration (Munzbergova et al., 2005). In contrast, exotic invasive plants 

generally produce very large seed numbers and have mechanisms for wide dispersal. As 

such, they can overwhelm the establishment of native species by numerical competition 

(Donath et al., 2007). Furthermore, other studies have indicated that lack of seed 

accessibility seems to be the main cause of restoration failure of native species, rather 

than it being a matter of direct weed competition or climatic stress (McDougall & Morgan, 

2005, Madsen et al., 2016).  

It has been established that none of the native perennial inter-tussock species in current 

native temperate grasslands are obligate seeders, almost all being of limited seed 

production and generally unable to set seed within 12 months of restoration (Lunt, 1990; 

Morgan, 1996; Lunt & Morgan, 2002). Morgan (1998) investigated five areas of western 

Victorian grassland and has found that only 12% of species have persistent seed banks, 

and all of these were annuals with most native hemicryptophytes and perennials having 

transient seed banks.  
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1.4 Barriers to ecological restoration - abiotic factors  

1.4.1 Soil nutrient enrichment   

Australian soils generally have been characterized as having a low level of nutrient 

content, especially in relation to nitrogen, phosphorus and minor nutrients, though they 

have relatively high organic matter (Leeper, 1970). Studies by Wijesuriya and Hocking 

(1999) have shown that most soils which support Australian native grasslands usually 

have low levels of nitrogen and phosphorus, which implies that these conditions are the 

most suitable for the establishment and sustainability of these native species.  

It is well known that agricultural activity on previous grassland sites significantly affects 

the soil’s chemical levels, especially because of the continual addition of mineral-rich 

fertilizer (Dorrough et al., 2004). In Australia, superphosphate has been the most common 

agricultural fertilizer used over the last century, and this increases both phosphorus and 

nitrogen levels in the soil. This raised level of minerals has led to an increase in the exotic 

weed population, partly because it facilitates their competitive advantage (Brereton & 

Bakhouse, 2003). This has caused large changes in grassland plant species composition 

(Grime, 1974), and, in addition, concomitant reduction of native plant growth and microbial 

activity in the ecosystems of these ex-agricultural areas has resulted, due to significant 

accumulation of inappropriate soil nutrients over the time (Güsewell, 2004; Cleveland & 

Liptzin,  2007; Elser et al., 2007; Van Daele et al., 2017).  

Studies have also shown that nitrogen and phosphorus fertilization of grassland increases 

the above ground biomass of native grasses in the short term, but in the long term, it leads 

to an irreversible overall reduction in their productivity (Haddad et al., 2000). Other studies 

have shown that the application of nitrogen fertilizers, even in small amounts, leads to a 

decrease in species number of native grasses (Willems et al., 1993). Long-term N fertiliser 

application is also associated with increased soil acidity (Aguiar, 2005), which in turn is 

likely to have detrimental effects on native grassland species (Sharp, 1997). 
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Low availability of soil phosphorus is argued to have played a significant role in the 

evolution and distribution of Australian flora (Beadle, 1954; Orians & Milewski, 2007). It 

has been predicted that the application of phosphorus fertilisers in temperate Australia will 

have negative impacts on native plant species (Yates & Hobbs, 2000; Kirkpatrick et al., 

2005). For example, it has been observed that the species richness of native forbs 

declines with increasing phosphorous levels (McIntyre & Lavorel, 2007; Dorrough et al., 

2004).  

It is widely believed that the degradation of native grassland is a natural result of increases 

in mineral fertilizer application, mainly because of the negative effect on biodiversity of 

native grasses and the concomitant preparation of a good environment for exotic weed 

species. This allows exotics to grow faster and compete favourably with native species 

for water, light and space (Seabloom et al., 2003). 

1.4.2 Soil compaction  

Grassland soil compaction is thought to contribute to poor growth of native grasses and 

forbs, and this barrier consequently affects the maintenance of grassland biodiversity 

(Palmer et al., 2004; Ruser et al., 2006). Soil compaction can be defined as the decrease 

in the volume to weight ratio of the matrix due to external influences, and this reduction, 

probably because of the increased density of the soil and its lower aeration, will lead to 

lower soil productivity. The extent and impacts of soil compaction also increase as the 

size and weight of farm machinery equipment increases (Soane & Van Ouwerkerk, 1994).  

It is observed that topsoil is compacted when grassland is converted to crops because of 

the common use of agricultural machinery for sowing, fertilising and harvesting (Jorajuria 

et al., 1997). The focus on soil compaction in this study arises from the belief that 

grassland soils are only stable because of the contributions of perennial plant cover and 

root reinforcement. Indeed, Cofie et al.’s (2000) study showed that the perennial 

landscape and root structure of grassland vegetation improves the stability and bearing 
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capacity of its soil, and acts to reduce the stresses on grassland being transmitted to 

greater depths (Krebstein et al., 2013). 

However, this stabilising role provided by surface vegetation can be severely 

compromised by soil compaction in grasslands. Soil properties in healthy grasslands 

critically depend on several important factors, including soil structure stability which is 

directly related to open soil texture, high organic matter content and continual nutrient 

accumulation (Horn & Rostek, 2000), and each of these factors are degraded by soil 

compaction.   

An immediate effect of soil compaction on natural grass development is reduced root 

growth, water infiltration and seed germination, due to the reduction of resources such as 

oxygen, water and nutrients to the roots. This can severely limit plant growth and lead to 

a decline in production of perennial forages as well as native grasses (Lipiec & Hatano, 

2003). Jorajuria et al.’s (1997) study showed the vegetation cover of grassland decreased 

by 52 to 76% where machinery tyres compacted the soil. In addition, soil compaction leads 

to the destruction of soil structure and an increase in the bulk density of soil, which then 

effects the nature of the soil’s organic matter and causes a decline in the porosity of the 

soil.  
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1.5 Previous grassland restoration efforts 

Most previous studies of grassland restoration have focused on conversion of ex-

agricultural land and have mainly investigated (i) the effect of soil nutrients on species-

richness (Janssens et al., 1998), (ii) methods of reducing the nutrient status of soils to 

improve success in natural grassland establishment (McCrea et al., 2001) and (iii) multi-

site experiments comparing soil pre-treatments, natural regeneration, nurse crops, and 

seed mixes (Pywell et al., 2002).  

An important consideration is the reduction of introduced nutrient concentrations, mainly 

nitrogen and phosphorus, which are found in the soil. In this respect, physical topsoil 

removal (scalping) seems to be the most efficient method to create a more desirable 

nutrient-poor situation (Gibson-Roy, 2000; Gibson-Roy et al., 2010a). In addition, whilst 

most studies on weed control methods prior to sowing have focussed on agricultural 

crops, there is a limited research that reports specifically on weed control for direct sowing 

of complex mixes of grasses and forbs for the re-establishment of temperate grassland 

populations in south-eastern Australia (Gibson-Roy, 2000; Allison &  Ausden, 2004; Cole 

& Lunt, 2005).  

Many European legislations that are aimed at increasing the connection of existing nature 

conservation areas, have attempted to improve areas of former agricultural land that are 

available for ecological restoration (Smolders et al., 2008). The major problem that has to 

be overcome in these areas, similar to the Australian experience, is that they have been 

heavily fertilized in recent decades, resulting in the accumulation of huge amounts of 

phosphorus and nitrogen in the soil (Barberis et al., 1995), and it is anticipated that results 

of this investigation will be of interest to the European situation. 

In the following review, attempts at grassland rehabilitation through scalping, carbon 

addition, and manipulation of phosphorus levels through chemical and natural means, will 

be discussed. 
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1.5.1 Scalping    

In terrestrial systems, topsoil (up to 10cm) removal is most effective measure to achieve 

a low nutrient status within a relatively limited time span (Smolders et al., 2008). Several 

studies on topsoil removal have been conducted in Europe. Of these, Jaunatre et al. 

(2014) asserts that removing topsoil partly restored soil conditions and significantly 

reduced the non-target seed bank. Moreover, species richness and similarity to the 

reference steppe was significantly increased with topsoil removal. Scalping has also 

provided favourable results in former agricultural areas favouring low productive plant 

populations (Gibson-Roy, 2000; Allison & Ausden, 2004). It is, however, an expensive 

measure - in Australia the cost is around $3000 per hectare (Gibson-Roy et al., 2010b). 

Sometimes it is not possible to remove enough soil to limit P, as deeper soil layers still 

contain high phosphorus concentrations, and additional measures have to be taken 

(Smolders et al., 2008). This will be further discussed below. Scalping also requires other 

considerations, such as the need for relocating nutrient-rich topsoil, and restricted access 

due to surface rocks. However, these nutrient enriched soils have been spread on areas 

planted with crops in some cases. Removing the topsoil also results in the disappearance 

of the diaspore bank, although in agricultural soils, this mainly contains seeds from 

eutrophic species and not from rare target species (Smolders et al., 2008).  

1.5.2 Carbon addition 

Increased availability of nitrogen promotes the invasion by exotic plants into natural 

grasslands (Burke & Grime, 1996; Wedin & Tilman, 1996) and this leads to a decrease in 

species richness of native grasses (Willems et al., 1993), since exotics can out-compete 

native grasses. If this increased nitrogen availability can promote invasion into grasslands, 

then it is postulated that declining nitrogen accessibility might help stop exotic invasion, 

especially in systems where nitrogen enrichment is taking place (Alpert & Maron, 2000).  

It has also been shown that addition of biologically available carbon (for example as sugar 

or sawdust) can increase microbial activity which helps to draw down the nitrogen level 
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(Morghan, & Seastedt, 1999; Prober et al., 2005; Faithfull et al., 2010). Carbon addition 

has also been shown to reduce inorganic nitrogen and exotic plant biomass (Blumenthal 

et al., 2003), and studies have shown that addition of sugar has a significant impact on 

reducing the germination of exotic weed seeds within the seed bank (Prober et al., 2009). 

The source of carbon added to the soil is important as its influence on soil condition and 

plant growth is governed by the rate at which the carbon becomes available to 

microorganisms (Eschen et al., 2006). For instance, a readily available carbon source, 

such as sugar, may stimulate microbial activity within hours (Dalenberg & Jager, 1981), 

however other sources, such as more complex molecules, have structures that need more 

time to decay (Magill & Abel, 2000). 

Eschen et al. (2007) showed that carbon addition during grassland restoration is a useful 

management technique to reduce nitrogen availability on ex-cropping land. This action 

alters the vegetation composition by creating gaps in the plant cover that facilitates the 

establishment of late-succession plant species, and is most effective when started 

immediately after the abandonment of arable fields and is applied over several years. Ex-

arable land soils are often categorized by high inorganic nitrogen levels, which lead to the 

rapid formation of annual and fast-growing perennial species during the preliminary phase 

of habitat creation (Eschen et al., 2007). 

1.5.3 Manipulation of Phosphorus 

1.5.3.1 Previous use of Phoslock® in lake water and terrestrial ecosystems   

Phoslock® is the registered brand of a phosphorous-absorbing material made by 

Phoslock® Water Solutions Ltd., Sydney, which distributes this material globally. 

Phoslock® is a natural product, produced from modified bentonite clay initially developed 

by the Land and Water Division of Australia’s CSIRO (Commonwealth Scientific and 

Industrial Research Organisation). It was an attempt to significantly reduce the amount of 

Filterable Reactive Phosphorus (FRP) present in the water column and in the sediment 

pore water of a water body, and in this context, FRP is an important growth factor for blue 
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green algae and other algae (Douglas, 2002). Aqueous trials with Phoslock® have 

previously been performed in Australia, where it has been applied to two Western 

Australian waterways in the summer of 2001/2002 (Robb et al., 2003).  

For our terrestrial purposes, there is a very stable mineral formed by reaction between 

available soil phosphorous and Phoslock®, called rhabdophane (La3PO4.n H2O). The 

complex formed here has a very low solubility constant of KS < 10-23, therefore the bound 

phosphate is no longer bioavailable (Douglas et al., 2000). Furthermore, Phoslock® is 

insensitive to changes in pH, redox potential and oxygen concentrations (Afsar &Groves, 

2009; Ross et al., 2008), implying it will be stable in many soil conditions. 

For our purposes, the addition of Phoslock® is expected to be especially effective in 

flooded soils, because it can form an active layer on top of the soil that reduces phosphate 

mobilization to the water layer (Geurts et al., 2011).  

1.5.3.2 Planting of Lupinus albus (White lupin) and the native species Ptilotus 

macrocephalus (Tall mulla mulla) and Ptilotus polystachyus (Long-tails)  

Because high phosphorus availability in soils has been recognized as a barrier to 

restoration of semi-natural vegetation (Pywell et al., 2007) a number of studies have 

investigated the use of plants to reduce soil phosphorus concentration (Bates, 1990; 

Gilbert et al,. 2009). For example, Islam et al. (1999) examined the phosphorus uptake by 

Amaranthaceae (P. exaltatus, P. macrocephalus, and P. aerovoides), Dysphania kalpari 

(Chenopodiaceae) and Abutilon oxycarpum (Malvaceae) on soil with low phosphorus 

concentration in subtropical, semi-arid Australian grassland. The study showed that the 

concentration of phosphorus in shoots was greatest in the Ptilotus species, ranging up to 

1.75 mg. 

Ryan et al. (2009) investigated the growth response of P. polystachyus and Cichorium 

intybus (Asteraceae) to phosphorus and nitrogen addition in a sandy soil of extremely low 

bicarbonate-extractable phosphorus and mineral nitrogen. Ptilotus species grow much 

better and produce more biomass than chicory in soil with low bicarbonate-extractable 
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phosphorus or mineral nitrogen. The concentration of phosphorus in shoots kept steadily 

increasing in Ptilotus when there was an increase in the concentration of phosphorus in 

the soil.  

The biology of legumes indicates that they are adaptable to a wide range of phosphorus 

levels, where a special root structure called cluster (proteoid) roots are formed in response 

to phosphorus deficiency (Shane et al., 2005). Indeed, a number of plants, native to 

Australia, possess a range of adaptations to maintain adequate phosphorus nutrition 

when growing in soil with low availability of labile inorganic phosphorus (Handreck, 1997), 

and root-system adaptations to enhance phosphorus uptake that are commonly found in 

Australia include symbiosis with mycorrhizal fungi (Johnston & Ryan, 2000). 

The genus Ptilotus (family Amaranthaceae) includes approximately 100 species, most of 

which are endemic to Australia (Lee et al., 2007). Most species are found in arid and semi-

arid regions, where they range in growth form from prostrate to erect herbs, and in some 

cases, small, woody shrubs (Lee et al., 2007). Ptilotus polystachyus has long been 

thought to be a promising candidate for domestication as a short-lived perennial forage 

herb for acid soils in the cropping zones of southern Australia (Gardner, 1934). The 

nutritional response of a short-lived perennial herb native to the deficient soils of Australia, 

Ptilotus polystachyus.  

The ability of Ptilotus to accumulate high concentrations of phosphorus in its shoot tissues 

whilst maintaining biomass production, makes it highly suitable for such a 

“phytoremediation” role (Ryan et al., 2009), reducing the phosphorus concentration in soil 

when there is the potential to harvest material from grasslands in order to remove 

phosphorus from the system. 

1.5.4 Direct seeding with native species  

Early restoration efforts were often focused on the elimination of nutrients, rewetting the 

soil and modifying exotic species management. In many cases, such measures alone 

were unsuccessful due to a lack of seeds or propagules of the target community, even 
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though environmental conditions were favourably changed (Bakker & Berendse1999; 

Walker et al., 2004).  

Because of this problem, during the past decades numerous methods for propagule 

transfer have been tested across the world in a broad range of habitats (McDougall & 

Morgan, 2005; Prober et al., 2009). The lack of propagules is a major obstacle to the 

restoration of native grasslands on former agricultural sites (Walker et al., 2004), 

particularly because of abiotic constraints and related management issues (Kiehl et al., 

2010). It has been suggested that this problem could be overcome by native seed sowing 

(Morgan, 1996; Morgan, 1999; Lunt & Morgan, 2002; Madsen et al., 2016; Kiss et al., 

2018) if other conditions, such as nutrient and bacterial population, are suitable (Wong et 

al., 2015).  

The main features of direct seeding are the ability to sow large areas rapidly by hand or 

with broadcasting machinery, which involves lower cost compared with transplanting 

seedlings, it is still expensive and has high cost effects (Douglas et al., 2007). The seeds 

for restoration can be purchased from commercial sources or collected by local harvesting 

(Török et al., 2011). 

Many past restoration efforts have required not only the control of the above-ground 

biomass, but also a high level of control of the weed-dominated soil seed banks 

(Hitchmough, 1994). To achieve this latter condition, practitioners have employed a 

variety of site preparation and control techniques, including (i) the elimination of standing 

vegetation, (ii) killing emerging seedlings, (iv) removing, burying or destroying soil-borne 

propagules, and (iv) reducing nutrient levels in the soil (Hitchmough, 1994). Under these 

conditions, it has been stated that direct seed addition will be favourable (Cole et al., 2004; 

Gibson-Roy et al., 2010a). In essence, the superiority of these control methods is based 

on providing a competitive advantage for the sown species, either by suppressing or 

removing weed propagules, or by selectively targeting weed species. The method chosen 

will be advised by budget and time constraints (Coor, 2003; Gibson-Roy et al., 2010b).  



Chapter 1 

18 
 

1.6 Synthesis 

Despite the broad recognition that nitrogen, phosphorus and exotic weeds are barriers to 

restoration of grasslands, there is a lack of understanding of the relative importance of 

these factors for the grassland restoration. Exotic weeds effect the habitat conditions of 

native grass species in the system, by competing with other plants for nutrients, space, 

light and water for their survival (Grice, 2004). Imbalance of soil microbial activity will affect 

native grassland restoration on former agriculture land because of the flow-on effects of 

decreased organic material storage through decomposition, together with interrupted 

nutrient cycling (Elser et al., 2007). Also, by comparison with the high fecundity features 

of exotic weeds, native species are generally characterised by low germination rates and 

modest distribution of seeds (MacDougall & Turkington, 2007). Their inability to compete 

with exotic weeds to colonise ecological niches, may contribute to the partial or complete 

failure of many grassland restoration attempts based on reseeding (Munzbergova et al., 

2005). 

The widespread and long-term use of superphosphate fertilizer has had a negative 

residual effect on attempts to recover converted grassland, because the increased 

phosphorous levels interfere with the growth of many native plant species and the 

essential microbial activity in these land-based ecosystems (Güsewell, 2004; Cleveland 

& Liptzin, 2007; Elser et al., 2007; Dorrough & Scroggie 2008). In addition, sustained 

agricultural activity with heavy machinery in converted grassland areas has led to 

significant soil compaction, and the resultant impact on native grasses is seen in reduced 

root growth and function, together with reduced oxygen and nutrient resource availability 

to developing root systems. In consequence, these factors act to inhibit plant growth and 

lead to weakened production of perennial forages as well as native grasses (Lipiec & 

Hatano, 2003).  

Previous studies in restoration of native grasslands have focussed on removing nitrogen, 

phosphorus and exotic weed infestations together in one scalping treatment. Because of 
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the cost and other practical considerations it has become clear that novel methodologies 

other than scalping are required to reduce soil nutrient levels and thus benefit indigenous 

grassland species and, simultaneously, reduce the competitiveness of exotic weeds. The 

aim of this project is to examine the establishment of grassland species under a range of 

soil / mulch manipulations and to assess the influence of carbon and other management 

techniques on the control of soil nutrients and soil microbial activity. In addition to gaining 

an understanding of the individual effects of N, P and exotic weeds as barriers to 

restoration success, the project aims to develop potential methods for grassland 

restoration and weed control, utilizing green waste products that may fast track weed seed 

bank decline.  

In this work, ‘green waste’ is defined as the bark, wood and other larger materials sieved 

out from recovered organic material which has been used for commercial composts. The 

material has been composted with consequent heat treatment of 60OC for 70-90 days, 

which is sufficient to kill any weed propagules or weed reproductive organs consistent 

with available Australian standards for recycled materials (Moral et al., 2009).  

Chemical analysis showed that this material will cause nitrogen drawdown, much like the 

results of using of sawdust and woodchips (Chan et al., 2008). Nitrogen drawdown occurs 

through increased microbial activity that facilitates removal of excess nitrogen. Whilst this 

is not a desirable soil process for agriculture, it has obvious benefits in reducing native 

seed competition with exotic weeds in croplands where grassland restoration is planned. 

It is hoped that this unique technique can lead to landscape-scale weed management with 

benefits to indigenous grassland restoration, and also to reduce weed spread into 

surrounding prime agricultural lands. If successful, it will offer potentially huge benefits to 

the restoration and sustainability of the Australian environment. 

Secondly, the project will investigate a unique method to reduce phosphorus level in the 

terrestrial system by using Phoslock®, a product which has previously been used to reduce 

phosphorus levels in the lakes and sedimentary layers (Geurts et al., 2011). This will be 
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the first trial to assess the use of Phoslock® for removing available soil phosphorous in 

Australia.  

It is anticipated that, overall, this study will enhance our theoretical understanding of the 

relative effects of nitrogen, phosphorus and exotic weeds as barriers to restoration, the 

results of which may be applied to similar ecosystems globally in which previously used 

agricultural land has been abandoned. 

1.7 Research focus and objectives 
 

The objective of this study are, first, to identify the biotic and abiotic barriers to grassland 

restoration, and second, to investigate techniques for overcoming these observed 

barriers.  

The anticipated outcomes of this thesis are to determine: (i) the current state of factors 

that prevent restoration of native grasslands in ex-cropping land in VVP grassland and (ii) 

what mitigation steps might be taken to restore soil properties, reduce exotic weed 

competition and establish native species to allow native ecosystems to develop.  

  

Finally, this thesis will present an evaluation of the impacts of both biotic and abiotic 

barriers to the restoration of grasslands in the VVP. It is anticipated that the findings will 

help to improve the scope and focus of potential management regimes that might be 

applied to VVP grassland systems to enhance the richness and abundance of native 

grassland species. It is also intended to help identify gaps in our understanding of the 

interaction of controlling practices with climatic and soil variability, and thus to help direct 

future experimental work in this area. 

1.8 Knowledge gaps and contributions from this work 

To our knowledge, this is the first experimental attempt at manipulating nitrogen, 

phosphorus and exotic weeds individually, and observing the influence of each on 

grassland restoration. Previous studies in restoration of native grassland have focussed 

on removing nitrogen, phosphorus and exotic weed infestations together in one treatment, 

known as scalping. The topsoil was removed and buried in order to destroy soil-borne 
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propagules of exotic weeds and to reduce nutrient levels in the remaining soil. Although 

this method is ultimately effective, it involves a high cost, and may be more suitable for 

small areas where no rocks or trees are present. Scalping also creates a large amount of 

soil that needs disposal, although this may be spread over agricultural cropping land which 

is a desirable outcome due to its innate high nitrogen and phosphorus levels. 

This project has used novel approaches to reduce elevated soil nutrient levels in order to 

benefit indigenous grassland species and reduce competitiveness of exotic weeds. A 

potential source of carbon substrate for this purpose is the large particulate material left 

over after composting urban green waste. In addition, I also used a method to reduce the 

individual effect of phosphorus by using a treatment based on a commercial product called 

‘Phoslock®’, which has previously been used to reduce the concentration of phosphorus 

in lake water (Reitzel et al., 2013). Phoslock® is a commercial product created using 

bentonite that has been modified by ion exchange, and contains lanthanum ions as the 

active ingredient (Afsar & Groves, 2009). 

1.9 Research questions 
 

1.9.1 Principal question 

The primary aims of this research were to gain a better understanding of the biotic and 

abiotic barriers that prevent restoration of native grasslands in ex-cropping land, and to 

investigate economically feasible and sustainable ways to overcome them. Specific 

factors which have been suggested to interfere with the restoration of grasslands as a 

result of previous work include: high soil nitrogen, high soil phosphorous content; low 

levels of microbial activity (Güsewell, 2004; Cleveland & Liptzin, 2007; Elser et al., 2007; 

Wong et al., 2015); soil compaction caused by external factors (Lipiec & Hatano, 2003); 

the presence of aggressive exotic weeds (Adair & Groves, 1997) and the lack of native 

seeds, either in resident seed banks or through natural dispersal (Lunt, 1990; Morgan, 

1996; Morgan, 1998;  Lunt & Morgan, 2002; McDougall & Morgan, 2005). Although each 

of these factors have been previously identified, the relative importance of each of these 
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as barriers to restoration success has not been addressed. For instance, it is not clear if 

all of these barriers need to be addressed, or if some might be less crucial to restoration 

success. As such, the principal research question is: What are the relative influences of 

nitrogen, phosphorus and exotic weeds as barriers to grassland restoration in former 

cropland? This question will be addressed in Chapters 2, 3 and 5. 

In order to address this question, I have designed experiments to manipulate each of 

these factors individually. To our knowledge, this is the first such attempt to manipulate 

each of these factors separately in the context of grassland restoration, and I anticipate 

that successfully addressing this question will advance our theoretical understandings of 

the barriers to grassland restoration, which will prove crucial to the development of new 

and viable restoration techniques.  

1.9.2 Sub questions 

In addition to primary research questions, it was necessary to also address a number of 

additional questions related to grassland restoration. As a consequence, the current 

condition of vegetation cover, the composition of the soil seed bank, soil nutrient levels 

and the bulk density of the topsoil were assessed at the ex-cropland (experiment site) and 

the native grassland (reference site). This allowed several sub-questions to be addressed 

which are contained in the overall statement: What are the differences in some of the 

variables such as: (vegetation cover, soil seed bank emergence, current level of nutrient 

and soil bulk density) between ex-cropland grassland and untouched native grassland? 

This suite of questions will be addressed in Chapter 2. 

Indeed, it appears that grassland restoration has rarely been attempted, and identified 

trials have been on relatively small scales (Suding& Hobbs, 2009). Perhaps the most 

successful current method of grassland restoration in Victoria to date is the previously 

mentioned removal of topsoil (scalping) and subsequent sowing of native seeds into the 

subsoil. This physical removal of the soil matrix reduces soil nitrogen, phosphorus and the 

exotic seed bank (Gibson-Roy, 2000; Gibson-Roy et al., 2010a). Whilst it is realized that 
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this method, although useful, has its limitations, and it is important that the new methods 

which have been suggested are subjected to detailed investigation. By including scalping 

as a parallel treatment in the main field experiments, I can address the subsidiary 

question: How do novel methods for manipulating barriers to restoration compare to 

scalping? This question will be addressed in Chapter 3.  

Another significant barrier to grassland restoration is the problematic re-colonisation of 

sites by native plant species. Whilst this re-colonisation is generally approached by 

attempts at direct seeding of native species, this is an expensive and labour intensive 

aspect of grassland restoration. As a consequence, it is essential that understandings are 

developed about which species (if any) will naturally recolonise in a grassland site. In 

order to establish clear yardsticks, our main field experiment will involve a comparison of 

restoration techniques that include seeding of native grasses with techniques that do not 

include seeding of native grasses; this leads to the question: Do native species recolonise 

without the need for additional seeding? If so, which species are most effective? This 

question will be addressed in Chapter 3. 

It is well known that agricultural activity on previous grassland sites has significantly 

effected the soil’s chemical structure, especially due to the addition of fertilizers which 

lead to significant nitrogen increases. In an effort to overcome this nutrient imbalance 

(when compared to native grassland conditions), I examined the effect of adding available 

carbon sources to ex-cropland soils, and will ask the question: What is the impact of 

addition of carbon sources such as sugar and mulch (cold green waste) on soil microbial 

activities and soil N levels in ex-cropland areas? This question will be addressed in 

Chapter 3. 

In the main field experiment, the use of Phoslock®, a modified clay product, will be used 

in an effort to manipulate soil phosphorus levels. This is a relatively expensive and time 

consuming technique, and consequently a parallel study using plant species with high 

uptake of phosphorus will be attempted, which may be another viable option for reducing 
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phosphorus in ex-cropping land. A glasshouse pot trial was invoked to address the 

question: How does the use of Phoslock® to reduce soil available phosphorus compare to 

the use of a range of high-phosphorus binding plant species? This question will be 

addressed in Chapter 5. 

Because of the innate barriers to germination of many native species, an additional 

investigation was carried out in order to overcome the seed dormancy of two species (P.  

macrocephalus and P. polystachyus). These species will be used in a glasshouse study 

to examine the extent of the reduction of phosphorus levels in samples of ex-cropping 

land. The seed germination study was conducted in Federation University’s laboratories 

in order to address this question: What is the best pre-treatment to overcome the seed 

dormancy in P. macrocephalus and P. polystachyus and what is the ideal temperature 

regime and the most effective light exposure period, for the optimum germination of these 

seeds? This question will be addressed in Chapter 4. 

1.10 Thesis structure   

This thesis contains five chapters, diagrammed in Figure 1.4. It includes the Introduction 

and Literature Review as Chapter 1. Chapter 2 will cover experimental and reference site 

description and look at the similarities and differences between these areas. Chapter 3 

will describe the field experiments which involved in situ investigation of the factors that 

affect the restoration of native grassland. It will describe methods and ecological 

approaches to the restoration of native grassland such as the addition of green organic 

waste (hot and cold green waste), sugar addition, Phoslock® and scalping treatments. It 

will also describe the results of field experiments such as green waste and sugar addition 

treatments and compare their effects with scalping and Phoslock® treatment. Chapter 4 

will cover a range of laboratory experiments to investigate different methods to breaking 

seed dormancy of P. macrocephalus and P. polystachyus seeds. Chapter 5 will cover a 

range of glasshouse experiments, giving description of the methods conducted to 

investigate techniques to reduce available soil P by binding or extraction of P using native 
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plants. Chapter 6 will describe the main findings of Chapters 2, 3, 4 and 5, summarises 

and explores the implications of the research findings presented in this thesis and also 

provides some future research direction in this critical area of research.
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Figure 1.4 Conceptual framework of thesis structure.
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Chapter 2. Physical and vegetative comparisons between reference native 
grassland and ex-croplands 
 

2.1 Introduction  

The Victorian Volcanic Plains grasslands (VVP) are one of the most endangered 

vegetation formations in Australia (Muir, 1994). Consequently, these grasslands have 

been listed as ‘critically endangered’ under the Federal Environment Protection and 

Biodiversity Conservation Act 1999 (EPBC Act) (TSSC, 2008), and thus require 

immediate and sustained restorative attention. This investigation will consider a number 

of alternative attempts to restore such grasslands to their former state. Experiences from 

previous restoration attempts reported in the literature have indicated that there are no 

simple solutions to such a task, and that it is likely that a number of sequential or 

simultaneous treatments may be required (Whisenant, 1999; Hobbs & Harris, 2001).  

However, before discussing potential approaches, an examination of the ex-croplands 

site, in relation to a native grassland area, will be undertaken. This exercise will establish 

a number of useful benchmarks, including an appreciation of quantitative and qualitative 

soil composition changes, physical changes to the soil structure, the current vegetation 

community, and changes to the seedbank. Such analyses will usefully inform the nature 

and intent of our restoration attempts, and provide a clear benchmark for the evaluation 

of individual and conjoint treatments during the project.   

2.2 A brief description of the state of disturbed grassland 

It has been shown that conversion of grassland into cultivated land causes numerous 

alterations in the physical and chemical properties of the soil, and also to the bacterial and 

mycorrhizae processes necessary for healthy support of flora and fauna. This scenario 

implies that several interventions, including both physical and chemical approaches, may 

be necessary for establishing any long-term restoration initiative. In particular, it is clear 

that conventional cultivation has been shown to harm soil horizons, increase soil erosion, 

change nutrient accessibility and mineral compositions, compact soil, and decrease the 
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percentage and formation of soil macro aggregates (Tisdall & Oades, 1982; Tisdall, 1994; 

Six et al., 2000; McLauchlan, 2006), and it is likely that all of these issues will need to be 

specifically addressed in some form. In addition to these immediate issues, cultivation 

also increases average soil temperature because of less shading from plant matter, and 

it causes extreme wet and dry cycles in the soil due to poor irrigation practices and a 

general decline of water penetration into the degraded soil matrix (Mann, 1986). The 

additive effect and legacy of these impacts on the soil will also need to be considered in 

any holistic approach to restoration. It should be noted, in terms of establishing the 

importance of this and similar projects, that these harmful outcomes of cultivation of 

grassland areas are not confined to this country, and across the world, degradation of 

grasslands has become a huge ecological problem (Harris, 2010; Day & Buckley, 2013).  

In Australia, studies have consistently shown a negative relationship between introduced 

soil nutrients and native species, mainly with respect to phosphorous and nitrogen, with 

the result that exotic species tend to dominate altered grasslands that carry an excess of 

these minerals (Morgan, 1998; Dorrough et al., 2004; Prober et al., 2005; McIntyre & 

Lavorel, 2007). The many years of fertiliser application during the cropping history of the 

experimental site thus represents a significant problem for reestablishment of native 

species. In this respect, the level of phosphorus enrichment provides a relatively stable 

indicator of the altered state of the soil. Phosphorus is comparatively stable in the soil 

matrix, and thus phosphorus levels change slowly if left to natural processes (Marrs 1985; 

McIntyre & Lavorel 2007). It is well known that super phosphate has been a common 

agricultural fertilizer in Australian farming practice, and this has significantly increased 

both phosphorus and nitrogen levels in the soil. The result of these mineral increases is 

both an increase in the exotic weed population and a boost to their individual 

competitiveness (Brereton & Bakhouse, 2003), which has now caused large alterations in 

the overall grassland flora construction (Grime, 1974). This suggests that any sensible 

restoration initiative will have to squarely address this issue of raised phosphorous levels. 
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A complicating factor for restoration attempts for native grassland areas, is that most 

Australian indigenous grassland species have short-lived seed banks, with the result that 

few native species will be able to regenerate from available soil seed bank sources without 

specific intervention (Morgan, 1998). This means that that removal of the standing 

population of native plants, due to agricultural practices rather than by natural cases such 

as periodic fire events, is likely to have been a state change factor which will not be 

reversible by natural mechanisms alone. 

This chapter will describe the current state of the study sites to allow an assessment of 

the magnitude of the restoration processes that will be needed to support grassland 

reclamation. Specifically, it will: (i) document the differences of vegetation cover between 

a nearby area native grassland and the ex-cropland experimental site, (ii) examine and 

contrast the nature of the current soil seed banks in the two situations by numerating and 

identifying species which appear in the vegetation survey and in a controlled soil seed 

bank germination, (iii) assess the differences in the current level of soil nutrients and (iv) 

observe soil bulk density variables in reference and ex-cropland site grasslands. These 

steps are necessary in order that a systematic and informed research design can be 

developed. 

2.3 The study sites 1  

2.3.1 Reference site  

The reference site, located at the nearby Truganina cemetery, Victoria (37° 82' 39" S, 

144° 72' 25" E), contains relatively undisturbed native grassland. It is a one hectare 

remnant of the western plains grassland, and is approximately 23 km west of Melbourne. 

The soil is a red-brown clay-loam, and is dominated by the tussock-forming grass 

Themeda triandra (Morgan, 1995). Its proximity to the ex-cropland site and its relatively 

                                                
1 Quoted rainfall and temperature data were taken from the RAAF (Royal Australian Air Force) 
Laverton station records, (37.88 °S, 144.76 °E),which is the nearest recording station for both sites, 
22 km from ex-cropland and 13 km from reference site. 
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untouched history, make it an ideal reference site. However, notwithstanding this relatively 

isolated existence, there may have been incursions of exotic plant material from random 

animal and human interventions, and from natural processes such as wind and water-

borne materials. This initial comparative vegetation survey will give some indication of this 

spontaneous invasion trend, which will help to demonstrate the aggressive nature of 

exotic weeds in this area.  

2.3.2 Ex-cropland site  

The ex-cropland 2 site is located within the Victorian Volcanic Plains grassland, near the 

Werribee River, northwest of Werribee, Victoria (37° 49' 20" S, 144°34'23" E) at an altitude 

of 66 m. The distance between both sites is about 17 km. Soils were classified as a clay 

loam, and the site was fertilized and sown with barley during 2011-2012, but was taken 

out of production during 2013. This means that, at the time of the vegetation survey, the 

land had been fallow for one year. This is a typical site situated within the 15,000 hectare 

“Western Grassland Reserves”, and it is anticipated that results of this investigation will 

be transferrable throughout the region. Also, in selected cases of climate and soil similarity 

to these grassland sites, results may be of interest to overseas regions. 

2.3.3 Climatic conditions 

The average annual rainfall in 2014 for both sites was approximately 367 mm. The highest 

total monthly rainfall in 2014 was recorded in April (62 mm), while the lowest was recorded 

in January (8 mm). The mean minimum daily temperature was 5.9OC (August) and the 

mean maximum daily temperature was 28OC (January) (Figure 2.1). No major fire event 

had been noted in this area for some years. This selected year was not rare in terms of 

climate extremes, and 50-year records show that the 2014 median rainfall was also not 

unusual. 

                                                
2 Permission to access the study site was given by Victorian Government Western Grassland 
Reserve, to whom grateful thanks are recorded. 
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Figure 2.1 Total monthly rainfall, maximum and minimum temperatures for both sites 
recorded during 2014.  
 

2.4 Above-ground vegetation survey 

2.4.1 Sampling methods  

Observational vegetation measurements were made in the experimental and the 

reference sites, the physical arrangements of which are described in more detail in 

Chapter 3. However, for the purposes of this vegetation assessment, each experimental 

and reference plot was divided into four 2.5 m x 2.5 m quadrats. Within each quadrat, 

vegetation cover was estimated by (i) recording of all vegetation presence and (ii) making 

an assessment of the surface density of each species by using the Braun-Blanquet cover-

abundance scale (Wikum & Shanholtzer, 1978). To help systematise and record life-form 

cover estimates, the observed vegetation was classified as (i) perennial or annual, (ii) 

native or exotic and (iii) grass or ‘other’. 

2.4.2 Results 

2.4.2.1 Reference site 

The reference site was, as expected, dominated with native species, which were 

estimated to be 74.4% of the total plant cover. Of these, 41.2% were native grasses, and 

the amount of native ‘other’ (which includes herbs and forbs) was recorded as 33.3%. The 

highest proportion of native grass recorded was Themeda triandra grass, with 24%.   
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However, as presaged earlier, there was evidence of invasion of the site by exotic species, 

the percentage cover of which was 25.6%. Of those 18.2% and 7.3% were exotic grass 

and exotic others respectively (Table 2.1).  

Table 2.1. The number and types of individual plants in the reference site, showing the 
percentage cover, for native species (native grass and native other) and exotic species 
(exotic grass and exotics others).  

Categories Number of species 
types 

Total number of 
plants 

Percentage 
Cover (%) 

All natives individual 22 297.8 74.4 
Native grass 5 164.6 41.2 
Native other 17 133.2 33.3 
All exotics individual 9 102.2 25.6 
Exotic grass 4 73.0 18.2 
Exotic others 5 29.3 7.3 

 

In addition to this quantitative assessment of the number and type of species present in 

the site, a further examination of the status of the plants, together with their identification, 

life form, family and individual percentages was carried out. These results are given in 

Table 2.2.    
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Table 2.2. Status, identification, life form and percentage (%) of aboveground species that 
are present at reference sites.  

 Scientific name  Common name Life cycle Family Percentage 
Native grass      
 Austrostipa bigeniculata     Stipa Perennial  Poaceae  2.17  
 Poa sieberiana     Grey tussock-

grass Perennial Poaceae  5.96  

 Rytidosperma spp. Wallaby grasses Perennial  Poaceae  4.07  
 Schoenus apogon      Common Bog-

rush Annual  Cyperaceae  2.17  

 Themeda triandra Kangaroo grass Perennial  Poaceae  26.02  
Native other 
 Asperula conferta      Common woodruff Perennial forb Rubiaceae  3.25  
 Brachyscome multifida      Rocky daisy Perennial herb  Asteraceae   0.81  
 Calocephalus citreus      Lemon beauty- 

heads  Perennial herb  Asteraceae   2.71  

 Convolvulus 
angustissimus      Pink bind weed Perennial herb  Convolvulaceae   1.08  

 Convolvulus erubescens Australian 
bindweed Perennial herb  Convolvulaceae   2.17  

 Crassula sieberiana      Australian 
Stonecrop 

Annual/ 
perennial  Crassulaceae  0.27  

 Dianella admixta      Black anther  Perennial Hemerocallidaceae  0.27  
 Geranium retrorsum       Common 

cranesbill Perennial Geraniaceae  4.34  

 Goodenia pinnatifida      Scrambled eggs  Annual/perennial 
herb Goodeniaceae   1.63  

 Oxalis perennans      Oxalis  Perennial Forb  Oxalidaceae  2.71  
 Pimelea curviflora      Curved Rice-

flower Perennial shrub Thymelaeaceae  2.17  

 Pimelea spinescens      Spiny Rice-flower Perennial shrub Thymelaeaceae  2.44  
 Plantago gaudichaudii      Narrow plantain Annual/perennial  Plantaginaceae  5.42  
 Rutidosis 

leptorhynchoides      
Button Wrinkle 
wort Perennial herb Asteraceae  0.27  

 Senecio quadridentatus      Cotton Fireweed Annual/ Short 
live perennial   Asteraceae  0.27  

 Stackhousia subterranea      Grassland candles Perennial herb Celastraceae  2.44  
 Wahlenbergia spp.       Royal blue bill  Perennial herb Campanulaceae  1.90  

Exotic grass 
 Conyza bonariensis   *            Fleabane Perennial  Asteraceae.  1.63  
 

Lolium perenne          * 
Perennial Rye-
grass Perennial  Poaceae   5.96  

 Nassella trichotoma Serrated Tussock Perennial  Poaceae  0.54  
 Romulea rosea                 Onion grass Perennial herb Iridaceae  9.76  
Exotic others 
 Arctotheca calendula     Capeweed Perennial  Asteraceae  0.54  
 Hypochoeris radicata  * Flatweed Perennial  Asteraceae.  0.27  
 Oxalis pes-caprae    African wood 

sorrel Perennial  Oxalidaceae  1.08  

 Trifolium arvense      Rabbit foot clover Annual Fabaceae  2.44  
 Trifolium resupinatum  * Persian clover  Annual Fabaceae  3.25  

* These four species were identified at both reference and experimental sites (cross reference with 
Table 2.5) 
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2.4.2.2 Ex-cropland (experimental) site 

The experimental site was, as again expected, dominated with exotic species, which were 

estimated to be 98.6% of the total plant cover. Of these, 43.9% were exotic grasses, and 

the exotic ‘other’ (which includes broadleaves) was recorded as 54.6%. There were very 

few native plants in the site, with a total of only 1.4%. Of these, 0.4% were native grasses 

and 1.0% were other native species. Clearly, the overwhelming dominance of exotic 

species indicates that significant disruption to the vegetative population has occurred, and 

observations are presented in Table 2.3. 

Table 2.3. The number and types of individual plants in the experimental site, showing 
the percentage cover of native species (native grass and native other) and exotic species 
(exotic grass and exotics others).  

 
A comparison of Table 2.1 and Table 2.3 gives a clear quantitative indication of the effect 

on vegetation caused by extensive land tillage and fertilization. To further explicate this 

difference, Table 2.4 presents the status, identification and life form of aboveground 

species that are present at the experimental site.  

  

Categories Number of 
species types 

Total number of 
plants 

Percentage 
Cover (%) 

All natives individual 2 52.0 1.4 
Native grass 1 14.2 0.4 
Native other 1 37.7 1.0 
All exotics individual 25 3548.0 98.6 
Exotic grass 4 1581.2 43.9 
Exotic others 21 1966.8 54.6 



Chapter 2 

35 
 

Table 2.4.  Status, identification and life form of aboveground species that are present at 
ex-cropland sites.  

 Scientific name  Common name Life cycle Family Percentage  
Native grass     
 Chloris truncata      Windmill grass Annual  Poaceae  0.51 
Native other   
 Euchiton collinus Euchiton  Perennial/ 

Biennial  Asteraceae 1.37 

Exotic grass   
 Bromus catharticus                Brome/ prairie grass Annual/ perennial Poaceae  15.07  
 Conyza bonariensis  *              Fleabane Perennial  Asteraceae.  6.27  
 Lolium perenne         * Perennial Rye-grass Perennial  Poaceae   12.25  
 Triticum aestivum                                             Wheat Annual  Poaceae  8.38  
Exotic others     
 Brassica rapa                                     Turnip mustard Annual  Brassicaceae  0.66  
 Cirsium vulgaris Spear thistle Perennial  Asteraceae.  0.23  
 Chamaesyce drummondii                   Caustic weeds Annual  Euphorbiaceae  0.23  
 Galenia pubecum   Galenia Perennial  Aizoaceae  4.05  
 Hypochoeris radicata*  Flatweed Perennial  Asteraceae.  4.05  
 Lactuca virosa                                     Wild lettuce Annual  Asteraceae.  0.03  
 Lepidium graminifolium                        Peppercress Perennial  Brassicaceae   9.66  
 Lytherum hysophilum  Hyssop losestrife  Perennial/ 

Biennial Lythraceae  0.71  

 Malva parviflora                                              Mallow Perennial  Malvaceae  0.74  
 Medicago sativa                                               Alfalfa Annual  Fabaceae  0.09  
 Medicago truncatula                           Barrel medic Annual  Fabaceae  3.79  
 Picris echioides  Oxtongue Annual/perennial Asteraceae.  1.60  
 Polygonum aviculare                              Wire weed Annual  Polygonaceae                                     4.53  
 Pseudognaphalium 

luteoalbum  Jersey Cudweed Annual  Asteraceae  1.60  

 Rumimx pulcher  Fiddle Dock Perennial  Polygonaceae  6.81  
 Silibium marianum  Vargeted thistle  Biennial  Asteraceae.  0.11  
 Solanum nigrum         Black-berry 

nightshade perennial  Solanaceae  0.34  

 Sonchus asper  Spiny sow thistle Annual  Asteraceae  1.03  
 Sonchus oleraceus                                  Milk Thistle Annual  Asteraceae.  0.57  
 Taraxacum officinale                                 Dandelion  Perennial  Asteraceae  4.84  
 Trifolium resupinatum * Persian clover  Annual Fabaceae  9.60  

* These four species were found to exist at both sites (cross reference with Table 2.3) 

2.4.3 Discussion 

The significant degradation, in terms of the native vegetation cover, of the experiment 

study area is not a surprise, and has resulted mainly from the intensive conversion of the 

grassland to cropland (Yates & Hobbs, 2000; Kirkpatrick et al., 2005). Of the five native 

grasses present in the reference site, none were seen in the experimental site. Only one 

native grass species was observed in the experimental site, which suggests that in the 

one year of fallow conditions at the experimental site, this was the only species that was 

reintroduced by natural means, and which could establish in the new soil conditions. There 
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were 17 ‘native other’ species found in the reference site, but again only one such species 

was observed in the experimental site. Interestingly, neither of these two native species 

in the experimental site were found in the reference site, strongly suggesting that any 

natural seeding mechanisms of the original species may have been thwarted by the 

changed soil conditions and by the aggressive nature of the exotic population. This implies 

that in any restoration attempt, new seed stocks will be needed after significant clearing 

and soil reclamation attempts have been made. The seedbank analysis will be used to 

affirm that the natural seedbank has been exhausted, and that reestablishment of native 

species will only be possible by introduction of selected species. 

Also of interest was that of the four exotic grass species evidenced in the reference site 

and the experimental site, only two were common. It would appear that competition 

between exotic grasses also occurs, and there is a concentration of the fittest species for 

the new soil conditions which would make reestablishment of native grasses even more 

difficult. There were five exotic others in the reference site, compared with 21 species in 

the ex-cropland site, with only two common species. The three exotic others that initially 

were able to become established in the reference site, have clearly been shown to not 

flourish in the new conditions or compete with the more aggressive exotic species.  

Whilst exotic species arrived with the first phases of European colonization of Australia, 

in the new environment their numbers have continually increased. In many circumstances, 

these introduced species, due to their aggressive nature, have significantly modified the 

natural environment by competing and displacing native plant species and creating 

conditions more suited to their own establishment in Australian grasslands (Mack & 

Lonsdale, 2001). This was shown by the results of the vegetation survey of the reference 

site, where nine species had already established a foothold. It is also known that exotic 

species generally produce very large seed numbers, they have mechanisms for their wide 

dispersal and, in the case of exotic broadleaf species, they can shadow out a considerable 

area, thus preventing other species’ establishment. By these means, exotic plants can 
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overwhelm the establishment of native species by numerical competition and by physically 

blocking their reseeding and germination (Donath et al., 2007). 

2.5 Identification of the composition of soil seed bank in experimental and reference 

sites 

2.5.1 Sampling methods  

In our attempts to establish a clear understanding of the current state of the ex-croplands 

site which are the target for restoration, an accurate description of the seedbank status 

was deemed appropriate. Of interest was to determine the range of exotic species 

present, particularly those with the potential to reside for some years in the seedbank, and 

also to see if there were any native species which had survived agricultural activities.   

The general composition of the soil seed bank was assessed by germinating the soil 

samples collected from the experimental site and the reference site at Truganina 

Cemetery. The objective of this part of the study was not only to compare the seed bank 

composition at the two sites, but to provide a baseline for assessing the effect of our 

restoration treatments. Seeds were germinated under conditions of (i) no pre-treatment 

and (ii) a pre-treatment which involved heating the seedbank sample to 80OC, and 

watering with smoke water. This pre-treatment was incorporated since stimulation of 

germination of some native plants is, during natural conditions, by fire events. 

 On 2nd-4th June 2014, a total of 80 soil samples were collected from the study and 

reference sites. These soil samples were taken from all four plots in the reference site and 

from eight selected plots in the experimental site. Two plots were chosen from each block, 

ensuring that the ‘green waste’ and ‘control plots’ for the next phase of the work (Chapter 

3) were selected. A composite of five soil samples were collected within each 5 m x 5 m 

plot using 100 mm x 100 mm corer. From all five samples which were taken within each 

plot, surface litter was included as this layer is potentially an important seed source 

(Rotundo & Aguiar, 2005). Collected soil samples were placed in labelled plastic zip bags, 

kept cool, and transferred to the Federation University Australia, Mount Helen Campus, 
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glasshouse, Mount Helen, where the soil was passed through a 4 mm diameter sieve to 

remove unwanted parts of the litter and stones. 

The soil seed bank germination commenced on 2nd August 2014. The samples were 

divided into two equal portions. To facilitate the application of the heat and smoke pre-

treatment, 40 soil samples were placed in an aluminium foil punnet, then heated to 80OC 

in an oven for two minutes. All soil samples were then spread over 2 cm layer of sterilised 

sand in a plastic punnet (13 cm x 8 cm x 5 cm) lined with a paper towel, and placed in a 

glasshouse at approximately 25OC. Punnets were individually labelled, and placed in large 

plastic tray (44 cm x 28 cm x 5.5 cm). To minimise disturbance of the buried seeds, the 

trays were watered from below the base on an as-required basis. The first dose of smoke 

water was applied on pre-heated soil samples by using a 1% concentration of smoke 

water (100 mL/m2). The second and third doses of smoke water were applied during the 

second and third weeks after the study had commenced.  

The non-treatment samples were not heat-treated, and were watered only with rain water. 

The physical provision of the germination apparatus for these samples was as described 

above, and the following procedures were applied to both sets of experiments. 

The position of germination trays were changed every two weeks to avoid confounding 

variations from differences in light exposure. Emerging seedlings were identified, counted 

and removed periodically. Unidentified seedlings were transplanted in individual pots and 

watered regularly to grow until identification of species was possible (Diaz-Villa et al., 

2003), and emergent seedlings were maintained and checked over a 5-6 month period 

(Baskin & Baskin, 1998).  

2.5.2 Results  

2.5.2.1 Reference site 

In Table, 2.5a and Table 2.5b, a quantitative estimate of the emergent species at the 

reference site are given. In Table 2.5a, treatment with heat and smoke water has been 

carried out, and in Table 2.5b, only rain water was used. As can be seen, a considerable 
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difference in the results has occurred, emphasising the importance of heat and smoke on 

the germination of native seeds and the negative effect of heat on the germination of 

exotic seeds. These results will inform the experimental restoration treatments in the next 

Chapter. 

Table 2.5a. Total number of emergence seeds after application of pre-treatments (heat 
and smoke), number of seeds emerging per square metre, and percentage of seeds 
emerging from reference site. 

Categories Total number of seeds 
emergence 

Total number of seeds 
emergence (m-2) 

Percentage 
(%) 

All native individuals 91.0 218.8 54.2 
All exotics individual 77.0 185.1 45.8 
Native grass 20.0 48.1 11.9 
Native other 71.0 170.7 42.3 
Exotic grass 67.0 161.1 39.9 
Exotic other  10.0 24.0 6.0 

 

Table 2.5b. Total number of emergence seeds without pre-treatment (water only), number 
of seeds emerging per square metre, and percentage of seeds emerging from reference 
sites. 

Categories Total number of seeds 
emergence 

Total number of seeds 
emergence (m-2) 

      Percentage 
       (%) 

All native individuals 76.0 182.7 74.5 
All exotics individual 26.0 62.5 25.5 
Native grass 33.0 79.3 32.4 
Native other 43.0 103.4 42.2 
Exotic grass 24.0 57.7 23.5 
Exotic other  2.0 4.8 2.0 

    
 

A more detailed examination of the seedbank, in terms of status of emergent plants, 

identification life form and percentages for treatments with water only and heat and smoke 

water, are given in Table 2.6. 

  



Chapter 2 

40 
 

Table 2.6. Soil seedbank composition, status, identification, life form and total number of 
seeds emergence per metre square of each species emergence using pre-treatments (H 
& S) and without pre-treatment (W) of emergence species from soil seed bank samples 
of reference site. The symbols C3, C4 and CAM represent the plant photosynthetic 
pathways. 

 Scientific name Common name Life cycle Family C3/C4 
CAM 

H&S 
(m2) 

W 
(m2) 

Native grass       
 Rytidosperma spp. Wallaby grasses Perennial Poaceae C3 24 46 
 Themeda triandra Kangaroo grass Perennial Poaceae C4 24 34 

Native other      
 Convolvulus 

erubescens*  
Australian 
bindweed 

perennial 
herb Convolvulaceae C3 5 0 

 Crassula sieberiana Australian 
stonecrop 

Annual/ 
perennial Crassulaceae CAM 26 24 

 Einadia nutans Climbing 
saltbush Perennial Chenopodiaceae C4 41 14 

 Oxalis perennans Oxalis Perennial 
Forb Oxalidaceae C3 99 65 

Exotic grass      
 Lolium perenne * Perennial rye-

grass Perennial Poaceae C3 12 0 

 Nassella trichotoma * Serrated tussock Perennial Poacaciae C3 149 58 
Exotic other       
 Cirsium vulgaris * Spear thistle Perennial Asteraceae C3 0 5 
 Hypochaeris radicata * Flatweed Perennial Asteraceae C3 19 0 
 Medicago truncatula * Barrel medic Annual Fabaceae C3 5 0 

*These six species were present at reference and experimental sites (Cross reference with Table 
2.8). 

2.5.2.2 Experimental site 

In a parallel investigation to that presented for the reference site, a quantitative estimation 

of the emergent species at the experiment site is presented in Table 2.7a and Table 2.7b. 

In Table 2.7a, treatment with heat and smoke water has been carried out, and in Table 

2.7b, only rain water was used. As can be seen, a considerable difference in the results 

has occurred, emphasising the importance of heat and smoke on the germination of native 

and exotic seeds.  

Table 2.7a. Total number of emergence seeds after application of pre-treatments (heat 
and smoke), number of seeds emergence per square metre, percentage of seeds 
emergence from ex-cropland site. 

Categories Total number of seeds 
emergence 

Total number of seeds 
emergence (m-2) 

Percentage 
(%) 

All native individuals 2.0 4.8 0.2 
All exotics individual 963.0 2314.9 99.8 
Native grass 0.0 0.0 0.0 
Native other 2.0 4.8 0.2 
Exotic grass 471.0 1132.2 48.8 
Exotic other  492.0 1182.7 51.0 
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Table 2.7b. Total number of emergence seeds without application of heat and smoke 
(water only), number of seeds emergence per square metre, percentage of seeds 
emergence from ex-cropland site, 

Categories Total number of seeds 
emergence 

Total number of seeds 
emergence (m-2) 

Percentage 
(%) 

All native individuals 0.0 0.0 0.0 
All exotics individual 613.0 1473.6 100.0 
Native grass 0.0 0.0 0.0 
Native other 0.0 0.0 0.0 
Exotic grass 297.0 713.9 48.5 
Exotic other 316.0 759.6 51.5 

 
A more detailed examination of the seedbank, in terms of status of emergent plants, 

identification life form and percentages for treatments with water only and heat and smoke 

water, is given in Table 2.8. 

Table 2.8. Soil seedbank composition, status, identification, life form and total number of 
seeds emergence per metre square of each of each species emergence using pre-
treatments (H & S) and without pre-treatment (W) of emergent species from soil seed 
bank samples of the ex-cropland site. The symbols C3, C4 and CAM represent the plant 
photosynthetic pathways. 

 Scientific name  Common name Life cycle Family C3/C4 
CAM 

H& S 
(m2) 

W 
(m2) 

Native grass       
 Nil       
Native other      

 Convolvulus 
erubescens * 

Australian 
bindweed 

perennial 
herb  Convolvulaceae  C3 5 0 

Exotic grass 
 Avena sativa                 Oats Annual Poaceae   C3 310 151 
 Conyza bonariensis        Fleabane Perennial  Asteraceae. C3 5 29 

 Lolium perenne            
* 

Perennial rye-
grass Perennial  Poaceae    

C3 
 

356 
 

248 

 Nassella trichotoma     
* 

Serrated 
tussock Perennial  Poacaciae   

C3 466 315 

Exotic others 

 Chenopodium 
oahuense 

Hawaiian 
goosefoot Perennial  Chenopodiaceae C3 60 70 

 Cirsium vulgaris  *          Spear thistle Perennial  Asteraceae  
C3 166 77 

 Hypochaeris radicata*  Flatweed Perennial  Asteraceae  
C3 233 118 

 Malva parviflora           Mallow 
Annual/ 
perennial 
herb  

Malvaceae  
C3 68 43 

 Medicago truncatula *                         Barrel medic Annual  Fabaceae C3 14 12 
 

 Polygonum aviculare                             Wire weed Annual  Polygonaceae C3 115 77 
 

 Sonchus oleraceus  Sow thistle Annual Asteraceae C3 154 120 
 

 Taraxacum officinale                                 Dandelion  Perennial  Asteraceae C3 216 108 
        
 Trifolium resupinatum Persian clover  Annual Fabaceae C3 156 106 

* These seven species were found at both sites (cross reference with Table 2.7) 
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Clearly, the numbers of native seeds contained in the seedbank of the experimental site 

are negligible, even when heat and smoke water treatments were used. This was 

expected given the history of the land usage. In addition, it was seen that the pattern of 

seed emergence in the reference site was substantially different to that present in the 

experimental site, which further reinforces the complex relationships between the soil and 

the available seed sources. 

2.5.3 Discussion  

Interestingly, in this study there was one native species and five exotic species which were 

present at both ex-cropland and reference sites (Table 2.6 and Table 2.8). These 

similarities may have resulted because of introduction of seeds of these species caused 

by animal ingress, from carriage of light seed by prevailing winds, or possibly from human 

intervention through unclean machinery or footwear.  

Whilst there were exotic grasses and exotic others emergent at the reference site, there 

were also emergent native seedlings (native grass and native others). Two perennial 

grasses and four perennial herbs and forbs were observed (Table 2.6), and it is 

encouraging that the high numbers of emerging native grass and forb seedlings indicate 

that the soil seed bank can be a key factor in a restoration program where only moderate 

disruption to the soil has occurred (Major & Pyott, 1966; Kiss et al., 2018). As expected, 

there were substantial differences in the mean number of native others (native herb and 

forb), exotic grasses and exotic others seedlings emergent from the soil seed bank under 

heat-smoke sub-treatments rather than with water only. Only one broadleaf weed (Cirsium 

vulgaris) species did not respond to heat-smoke sub-treatments. However, somewhat 

surprisingly there was no effect of heat-smoke sub-treatment on the mean number of 

native grasses (Table 2.6). These findings suggest that, at least, emergence of some 

native perennial herb and forbs (Convolvulus erubescens) from the soil seed banks can 

be enhanced by using heat-smoke methods.  
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The failure of native seed emergence at the ex-cropland site is probably caused by two 

factors; first, continual tillage of the soil will have exposed any residual native seeds in the 

original seedbank leading to their removal, and second, replacement from natural sources 

would not have been possible because seeding from mature plants would have been 

prevented by competition with non-native species (Hobbs & Harris, 2001). It is reported 

that establishment of native seeds in disturbed sites is limited to opportunities where 

chance seed availability and conditions for germination coincide with the absence of 

aggressive exotic competitors (Hurtt & Pacala, 1995). Indeed, the study of Dobson (2005) 

has shown that the overall relative density of native species is typically lowest in areas 

with a high exotic weed invasion level. The results of this current study have shown that 

there was considerable variation in the mean number of exotic weed seedlings (both 

exotic grass and exotic others) that emerged from the soil seed bank of the ex-cropland 

site in response to the heat-smoke sub-treatments applied (Table 2.8). This is in contrast 

to heat-smoke sub-treatments of soil seed banks which have previously shown significant 

increase in emergent seedlings (Read et al, .2000). There was no native species 

emergent at the ex-cropland site with water sub-treatment, and there was only one native 

species counted when using heat-smoke sub-treatment (Table 2.8).  

In this respect, Bellairs and Bell’s (1993) study has indicated that perennial grasses and 

forbs showed positive responses to heat-smoke sub-treatments. This improved 

germination rate and seedling emergence following such sub-treatment has important 

implications for effective restoration and rehabilitation of grasslands. It is also reported 

that the seed banks may be important in the long-term survival of individual species, as 

well as plant communities. However, as a reminder of the complex nature of this area, (i) 

not all species noted in the vegetation community are represented in the seed bank, and 

(ii) some species present in the seed bank do not appear in the existing vegetation survey, 

an observation noted also by Baskin and Baskin (1998).  
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2.6 Current soil nutrient conditions in reference and ex-cropland sites 

2.6.1 Sampling methods 

Pre-treatment soil samples were taken on the 2nd -3rd June 2014, from all plots in the four 

block replication of the ex-cropland site. The samples were collected from five different 

points inside each plot with a (10 cm x 10 cm) corer. A similar sampling method was used 

for the reference site, which included the four 5 m x 5 m plots during the gathering of soil 

samples. Soil samples were placed in labelled plastic zip bags, then transferred to the 

Federation University Australia, Mount Helen Campus, glasshouse. All soil samples were 

air-dried and stored under greenhouse conditions until used. The five samples from each 

individual plot were mixed together to get a composite sample to increase the 

homogeneity of soil samples and to reduce the variation inside each treatment. Soil 

samples were passed through 2mm mesh then a weighed amount of 200 gm of soil placed 

into a zip plastic bag stored at approximately 25OC. These were then sent to the Soil and 

Plant Analysis Laboratory (CSBP) for analysis of ammonium nitrogen, nitrate nitrogen, 

phosphorus (Colwell method), potassium (Colwell method) (Colwell, 1963), organic 

carbon and pH level. 

Chemical analysis readings were obtained for each of 32 experimental plots (which 

excluded the four scalping plots since this was not of interest) and the four Cemetery plots 

which represented the reference site. Prior to statistical analysis, soil chemical values of 

each plot were logarithmically transformed so that the residual variation in the analyses 

did not systematically change as the mean changed. One plot was deleted from the pH 

(H2O) as it had uncharacteristic measured values which may have arisen from a specific 

event. The soil colour and structure of this plot were observed to be visually different to 

all other plots in the study, suggesting that some interfering intervention had occurred.  

The two sites were compared using a Wald F test, suitable for a mixed model analysis. 

The analyses were carried out using the REML directive of GenStat 16 (Payne, 2013). 
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2.6.2 Results  

The results of the analysis of current soil nutrient levels and soil pH of the reference and 

ex-cropland sites are given in Table 2.9.  

Table 2.9. The value of soil nutrient concentrations of reference and ex-cropland sites 
Values are predicted means, on the transformed scale. 

Soil Nutrient Reference site Ex-cropland site 
Ammonium Nitrogen (ppm) 7.5 10.8 
Nitrate Nitrogen (ppm) 6.6 8.90 
Phosphorus (Colwell) (ppm) 8.1 87.5 
Organic Carbon (%) 2.33 3.35 
pH (H2O) 6.05 6.11 
Potassium (Colwell) (ppm) 352 564 

 

Table 2.10. Standard error of differences, degree of freedom and p value between 
reference and ex-cropland sites.  

Soil Nutrient *sed Numerator degrees 
of freedom p value 

Ammonium Nitrogen (ppm) 2.330 3.6 0.240 

Nitrate Nitrogen (ppm) 0.261 4.8 0.640 
Phosphorus (Colwell) (ppm) 0.038 5.6 0.001 

Organic Carbon (%) 0.253 4.8 0.011 
pH (H2O) 0.133 4.1 0.680 
Potassium (Colwell) (ppm) 0.091 3.8 0.091 

* Standard error of differences 
 
 

2.6.3 Discussion  

The current condition of soil nutrient levels at the experiment and reference sites 

demonstrate that the level of soil phosphorus and soil organic carbon were significantly 

higher at the experiment site than at the reference site. However, the value of ammonium 

nitrogen, nitrate nitrogen, potassium were not significantly higher at the experiment site 

than the reference site at the 0.5 level. There was no significant differences on soil pH 

level (Table 2.9 and Table 2.10). It is assumed that the high value of soil nutrient at the 

experiment site is related to agriculture practice activities over the last 60 years, which is 

of interest because it has been observed that the species richness of native forbs declines 

with increasing phosphorous levels (Dorrough et al., 2004; McIntyre & Lavorel, 2007). The 

reference site at Cemetery Truganina was not subjected to any changes through 

agricultural practices, thus soil nutrient levels obtained here can be used as a baseline to 
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assess the effect of proposed treatments for restoration of native grassland at ex-cropland 

sites. 

2.7 Soil bulk density 

2.7.1 Methods  

To assess the value of soil bulk density in the reference and ex-cropland sites, soil 

samples were collected at 4th Jun 2014 using a cylindrical steel core cutter approximately 

7.5 cm long and 7.5 cm diameter. Three samples were randomly collected from each 5 m 

x 5 m plot for each of the four replications. The corer was inserted into the topsoil by 

placing a piece of wood over the cylinder body, and then hammering it to the required 

depth. The cylindrical corer with the soil sample was gently lifted to collect the soil, which 

was placed in plastic zip bag and kept cool. The collected soil samples were immediately 

transferred to Federation University Australia, Mount Helen Campus, laboratories, then 

placed in a 5OC fridge to keep the samples fresh until used.     

The soil samples were placed in an aluminium foil punnet, 19.5 cm x 80 cm x 5.5 cm, and 

weighed’. These weighed samples were placed in oven at 80OC for 48 hours to dry, then 

the dried samples were again weighed. The soil bulk density was calculated by the formula 

below: 

Bulk Density (g/cm3) = Mass of dry soil (g) ÷ Volume of corer (cm3) 

Similar to the soil nutrient readings, the statistical analysis of soil bulk density were 

obtained for the reference (n=4) and ex-cropland (n=36) sites. These reference and ex-

cropland site means were compared using a mixed model restricted maximum likelihood 

(REML), with a fixed effect for site (reference or ex-cropland). The 40 plots were the units 

of analysis. Results at the two sites were compared using a Wald F test, which is suitable 

for a mixed model analysis. The analyses were carried out using the REML directive of 

GenStat 16 (Payne, 2013). 
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2.7.2 Results 

Results indicated that there was significant differences in soil bulk density between the 

reference and ex-cropland sites as shown in Table 2.11. The soil bulk density was higher 

at the reference site than the ex-cropland site, where the mean values were 1.19 g/ cm3 

at the reference site and 1.01 g/ cm3 at the ex-cropland site (Table 2.11).  

Table 2.11. Effects of treatment of site on soil bulk density. Values are predicted means, 
on the transformed scale. Standard error of differences, degrees of freedom and p value 
indicating the difference between reference and ex-cropland sites are given. 

Variable Reference 
site 

Ex-cropland 
site  *sed Numerator degrees of 

freedom P value 

Soil bulk density 
(g/cm3) 1.19 1.01 0.035 22.4 0.001 

*Standard error of difference  
 
 

2.7.3 Discussion 

The mean value of soil bulk density at the reference site was higher than at the ex-

cropland site, with the difference being shown to be significant. These values were 1.19 

g/cm3 and 1.01 g/cm3 respectively. These results were not expected because of the 

history of agricultural activity practices at the experimental site, where heavy machinery 

was used for crop production. Usually, the soil bulk density under undisturbed native 

vegetation is less than that under cropping, but in the current study the results clearly 

demonstrate an opposite trend. However, there are several factors which effect the value 

of soil bulk density. For instance, a higher value of organic carbon can result in a smaller 

bulk density in some cases, because organic carbon has a lower particle density than 

mineral particles (Logsdon & Karlen, 2004). In our case, the measured value of organic 

matter in the experiment site soil was much higher than at the reference site. Also, soil 

bulk density usually increases with soil depth since subsurface layers are more 

compacted and have less organic matter, less aggregation, and less root penetration 

compared to surface layers. These subsurface layers therefore contain less pore space. 

In addition, soil texture is another important factor which affects the soil bulk density, and 

the effect of the presence of sand content on soil bulk density is important since clay soils 
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tend to have lower bulk densities and higher porosities than sandy soils (Chaudhari et al., 

2013). The agricultural practice such as tillage prior to planting temporarily decreases bulk 

density on the surface but increases at the depth of tillage. The soil bulk density of both 

sites were in the ideal range for plant growth in sandy clay loam and clay loam soils.  

2.8 Synthesis  

The results of the vegetation cover and current condition of soil nutrients at reference and 

ex-cropland sites suggest a strong relationship between the presenting species and levels 

of soil nutrients. In the reference site, where the phosphorus was found to be at 8.1 ppm, 

the percentage of native species was 74.4% and exotic species was 25.6%. By sharp 

contrast, in the ex-cropland the phosphorus level was 87.5 ppm, and the percentage of 

native species was 1.4% and exotic species 98.6% (Table 2.1, Table 2.3 and Table 2.9). 

Other studies have also consistently shown a negative relationship between introduced 

soil nutrients and native species, mainly with respect to phosphorous and nitrogen, with 

the result that exotic species tend to dominate altered grasslands that carry an excess of 

these minerals (Morgan, 1998; Dorrough et al., 2004; Prober et al., 2005; McIntyre & 

Lavorel, 2007). The many years of fertiliser application during the cropping history of the 

experimental site thus represents a significant problem for reestablishment of native 

species, particularly in terms of raised phosphorous and nitrogen levels. This study only 

examined the biophysical environment of one site in each condition, and hence has not 

been replicated. However, the two sites were good representatives of the condition states, 

and the study serves to highlight the broad differences between the grassland conditions, 

and the thresholds that must be overcome if an ecosystem resembling the remnant 

condition is to be restored. 

With respect to observed vegetation cover and soil seed bank germination at both 

reference and ex-cropland sites, the number of species that appeared in the vegetation 

cover assessment were 31 (reference) and 27 (ex-cropland) species, while the number of 

species from soil seed bank germination were 11 species at both sites. This low 
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correspondence between the composition of the above-ground vegetation and the seed 

bank has been commonly reported in seed bank studies (e.g. Williams, 1984; Wisheu & 

Keddy, 1991; Lunt, 1997). In addition, our results showed that only eight species were 

similar at each site, which indicates the level of influence that cropping activities have on 

the soil’s propensity to sustain vegetation growth. 

The soil bulk density found in undisturbed native vegetation conditions is less than that 

for areas which have been exposed to cropping activities. There is a negative relationship 

between organic carbon and soil bulk density values, where a higher value of organic 

carbon can cause a lower bulk density, because organic carbon has a lower particle 

density than mineral particles (Curtis, 1964; Logsdon & Karlen, 2004). This relationship 

was also demonstrated by the study of Chaudhari et al., (2013), which showed the strong 

relationship between soil bulk density and soil macro-micro nutrients. Their work also 

showed a strong negative correlation of bulk density with available total nitrogen, 

phosphorus and potassium levels.  

In conclusion, the data obtained by our investigations of the vegetation cover, soil seed 

bank germination, current soil nutrient conditions and the level of soil bulk density of the 

reference and ex-cropland sites, shows that the ex-cropland site is currently harmfully 

effected in relation to its potential to be restored to its original ecological condition. There 

is a high number of aggressive exotic weeds, a lack of native species, very high nutrient 

levels especially for phosphorus and nitrogen, and an absence of organic carbon due to 

conversion of grassland into cultivated land. Each of these conditions have been shown 

to mitigate against the introduction and sustainability of native species. 

Rectifying these issues will be addressed in the following chapters. Approaches will use 

some unique restoration techniques such as the loading of hot and cold green waste on 

to the site, and the introduction of the commercially available phosphorus sequestering 

material Phoslock®, into the soil. The effects of current methods such as soil scalping and 

sugar treatments will also be evaluated. Included in the management techniques for 
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achieving restoration of the ex-cropland site will be introduced grassland seeding of some 

native grass species, and the use of plant species such as Ptilotus and Lupin to reduce 

phosphorus levels in the soil.  
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Chapter 3. Field experiments: Investigating and evaluating alternative 
techniques for restoring abandoned crop land 
 

3.1 Introduction 

Chapters 1 and 2 have contextualised the focus of this research, and have established 

the current nature of abandoned crop land, comparing it with conditions in a native site. 

In addition, the formal research question underpinning this thesis was developed, and this 

question will be linked to (i) for restoration approaches and (ii) a number of testable 

research hypotheses as outlined in the specific project details. These hypotheses have 

been designed to address key restoration aspects arising from historical and disruptive 

disturbances to the land. This Chapter introduces and describes the series of field 

experiments which were introduced in an attempt to address these historical disturbances 

in the land, and to restore it to its original condition.  

It is noted that, in general, the ecological barriers to restoring ex-cropping land to native 

grassland conditions include having compacted soils that now contain high levels of 

nitrogen and phosphorus, together with the existence of an extensive seed bank of 

aggressive exotic weeds (Török et al., 2012). These factors, singly and together, give 

exotic species a competitive advantage over native species, an advantage which can 

seriously hinder the restoration of abandoned cropland to its original state (Brereton & 

Bakhouse, 2003). The current study area is no exception to this significant and 

widespread problem, and an underlying aim of this investigation is to both assess the 

biotic and abiotic barriers (sections 3.2 and 3.3) to grassland restoration, and investigate 

possible techniques (sections 3.4 and 3.5) for overcoming these barriers.  

The outcomes of the interventions will be assessed in section 3.6 in terms of (i) the change 

in vegetation cover observed each season after various treatments (3.6.1), and (ii) the 

change in the soil seedbank composition (3.6.2). Additionally, because effects of cropping 

have altered the physical and chemical properties of the soil, any amelioration of these 
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effects by the interventions are presented in section 3.6.3. Section 3.7 outlines the 

management implications which arise from a consideration of these interventions.   

3.2 Biotic barriers 

Exotic weeds are a significant biotic barrier to grassland restoration, affecting the habitat 

conditions for native grass species by aggressively competing for nutrients, space, light 

and water (Grice, 2004). In addition, weeds can also cause changes to soil microbial 

activity, and this can affect native grassland restoration on former agricultural land due to 

decreased organic material storage through decomposition, and will lead to interrupted 

nutrient cycling (Elser et al., 2007). Chapter 2 provided a comprehensive census of the 

overwhelming preponderance of exotic species currently existing in the land as 

germinated plants and as a seed bank, and an essential part of the restoration procedures 

will be to address this issue.    

3.3 Abiotic barriers 

There are also well known abiotic factors which also represent barriers to restoration of 

previous grassland conditions. The process of conversion of grassland into cultivated land 

causes numerous modifications to the physical properties of the soil in parallel to the 

interference with bacterial and mycorrhizae processes necessary for healthy support of 

flora and fauna. In particular, conventional cultivation harms soil horizons, increases soil 

erosion, changes nutrient accessibility, compacts soil, and decreases the formation of soil 

macro aggregates (Tisdall & Oades, 1982; Tisdall, 1994; Six et al., 2000; McLauchlan, 

2006). In addition, native Australian soils have generally been characterised as nutrient 

poor, and native species have adapted to these low nutrient conditions which are 

characterised by low phosphorus, nitrogen, minor nutrients and organic matter (Leeper, 

1970). With the advent of European farming in Australia, there was a clear need for the 

extensive use of chemical fertilisers over the period of crop farming of the land to suit 

exotic crop species. As a consequence, in these temperate Australian conditions which 

have been used for farming, exotic grasses proliferate in these heavily fertilised areas of 
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native grassland (Lunt, 1990). It has been observed, for example, that the historical 

addition of high-phosphorus fertilisers favours the emergence of cool season annual 

grasses such as Hordeum spp. (Groves et al., 2003), and thus exotic pasture grasses and 

exotic weed species tend to dominate grasslands that evidence these elevated 

phosphorous levels (Morgan,1998; Dorrough et al., 2004; Prober et al., 2005; Dorrough 

et al., 2011). It is the presence of these high mineral and nutrient levels in the soil of ex-

arable land that constitute the abiotic barriers to restoration of native species, and steps 

need to be taken to redress these levels in order to restore the land to its original condition. 

3.4 Restoration techniques 

A recent novel method of Australian grassland rehabilitation is the removal of both the 

nutrient rich topsoil and the resident seedbank by scalping off the topsoil, followed by 

direct seeding of the exposed earth with native grassland species (Gibson-Roy et al., 2010 

a). Although this method, generally termed ‘scalping’, has been shown to be effective, it 

involves high labour costs, and also creates a large amount of nutrient and mineral rich 

soil that needs to be relocated. This can, of course, be conveniently spread over other 

areas of cropping land, which is a desirable outcome due to its high nitrogen and 

phosphorus levels, but it is clear that significant transport costs are involved. Also, whilst 

scalping would seem to be a suitable management technique to facilitate native grassland 

restoration in nutrient-enriched areas, there are some practical problems such as the 

occurrence of rocky patches of soil, the need to preserve valuable remnant vegetation 

and the physical hurdle of inaccessible areas; all of which make it important to investigate 

alternative restoration methods which allow the retention of topsoil. An added advantage 

of in situ remediation is that topsoil is a potentially valuable resource, and also the cost 

and physical difficulty of soil removal are mitigated. 

Alternative restoration techniques involve focus on specific elements of concern in the 

soil. For example, the addition of carbon (in the form of sugar, wood chips or sawdust) to 

soil has been investigated as means to increase microbial populations, which will, in turn, 
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reduce soil nitrogen (Jonasson et al., 1996; Eschen et al., 2007). In particular, because 

the addition of sucrose to soil can rapidly stimulate microbial activity, probably mostly of 

gram-negative bacteria (Nottingham et al., 2009), sugar applications have frequently been 

used to effectively to decrease above-ground biomass production and reduce the 

competitive ability of invasive plants, which tend to proliferate in soils with high nutrient 

levels (Morghan & Seastedt, 1999; Eschen et al., 2007).  

Another technique to suppress weeds is the use of large amounts of plant residue and 

mulches placed on the soil surface (Hutchinson & McGriffen, 2000; Teasdale & Mohler, 

2000; Chalker-Scott, 2007). A potential source of cheap carbon substrate for this purpose 

is the large-particle material (termed ‘oversize mulch’) which remains after composting of 

urban curbside green organic waste. Mulches which are commonly applied in 

urban/natural areas provide aesthetic, economic and environmental benefits to 

landscapes, but these large scale composting mulch piles, are a little unsightly and are 

not suitable for urban use, However, in industrial applications, this mulch can reach 

temperatures exceeding 60OC (Mathur, 1998), and it is anticipated that such temperatures 

could significantly reduce the resident seedbank in abandoned crop land soil, limiting 

competition for rehabilitation of indigenous grassland when treated with direct seeding. 

A novel method which will be introduced in an attempt to reduce soil phosphorus, is using 

a commercial product called Phoslock® (Geurts et al., 2011). This product was originally 

designed to reduce the concentration of phosphorus in lake water (Douglas et al., 1999; 

Robb et al., 2003; Reitzel et al., 2013), but there are suggestions that it has potential for 

use in soils. Phoslock® is a bentonite clay that has been modified by ion exchange, with 

lanthanum (La) replacing some hydrogen atoms in the clay structure (Afsar & Groves, 

2009). The lanthanum in the clay structure binds strongly with phosphate when in solution, 

creating a highly insoluble complex which prevents phosphorous being taken up by plants.  

Informed by these previous observations, the investigations described in this chapter have 

been designed to compare four methods of overcoming biotic and abiotic barriers to 
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restoration initiatives, and to allow the re-establishment of native grassland species. 

These experiments are: (1) using urban green waste (oversize) as a compost to heat up 

and physically destroy the resident exotic seed bank; (2) the use of carbon (in the form of 

cold green waste and sugar) to stimulate microbial activity and temporarily reduce soil 

nitrogen; (3) the application of Phoslock® to the topsoil to reduce available phosphorus by 

complexing; and (4) scalping. As implied earlier, these four treatments each deal with a 

different combination of ecological barriers to restoration, and it is anticipated that:  

• Scalping will remove the exotic seed bank and reduce N and P levels;  

• The use of hot mulch will remove the available seed bank;  

• The addition of carbon (using sugar or cold mulch) will reduce N levels; 

• The use of Phoslock® will decrease P levels.  

The experimental design included a large number of treatments, and hence there were a 

large number of treatment combinations and interactions between treatments and the 

measured environmental variables. In this chapter, I focus on those interactions that are 

most pertinent to evaluating the pathways demonstrated in Figure 3.1. To streamline a 

study that is already large, I have omitted the evaluation of some treatment combinations 

that were of less ecological significance to the overarching research questions. 

Presented in this way, it is clear that these treatments allow us to separately test the four 

major approaches described in Figure 3.1 below. This approach will allow us to assess 

whether one of the barriers to restoration might be more intractable than others, and thus 

require further strategies to be introduced. To allow this level of analysis, the study will 

involve measurement and evaluation of the effect of each of the proposed management 

techniques on the above-ground vegetation cover, the composition of the soil seed bank, 

and the soil’s bulk density and microbial activity.  
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Figure 3.1 Four major approaches about the barriers to restoration of native grassland 
from former cropping land, where E = Exotic weeds, N = Nitrogen level, P = Phosphorus 
level. Approach  posits that all three barriers must be addressed to re-establish native 
grasslands, whereas approach, and  posit that either exotic weeds, nitrogen or 
phosphorus, respectively, are singly the main barrier to restoration success.  
 

3.5 Methods 

3.5.1 Preparation of the study site  

To remove weed competition before application of treatments to the study site (Figure 3.2) 

and in order to remove one possible confounding barrier to the evaluation of the efficacy 

of the restoration evaluation, a broad spectrum non-residual herbicide (glyphosate) was 

applied to the plots on 22nd May 2014. Glyphosate is absorbed by plant leaves and green 

stems, then translocated through the plant to the root system, thus removing above 

ground plants but not affecting the seed bank. The application rate was 9 mL/L water, 

which was applied using a boom sprayer. During the herbicide application, temperature 

was 17OC and the prevailing wind was 18 km/h.  
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Figure 3.2 Study site at the Victorian Volcanic Plains grassland Werribee, Victoria. The 
white squares show the replication blocks 1, 2, 3 and 4. The black dots within each square 
are the hot green waste plots that are visible from the satellite image. 
 

3.5.2 Climate 

The mean annual rainfall for the experimental site during the research (2014-2016) was 

420 mm yr-1, the mean minimum daily temperature was 6.3OC (August) and the mean 

maximum daily temperature was 26.8OC (January). There was above-average rainfall in 

2016. The highest total monthly rainfalls were recorded for September, January and July 

2016, with 80.8 mm, 66.4 mm and 66.2 mm rainfall, respectively (Figure 3.3.) 
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Figure 3.3 Total monthly rainfall, maximum, minimum daily and average temperature for 
the experimental site across three years. Latitude: 37.86°S, Longitude: 144.76°E, 
Elevation: 20 m. © Copyright Commonwealth of Australia 2017, Bureau of Meteorology. 
Prepared using Climate Data Online, Bureau of Meteorology 
http://www.bom.gov.au/climate/data 

3.5.3 Experimental design  

The experiment area was about 6082 m2
. The experimental design involved closely 

situated four blocks used for replication of treatments. Each separate block area was 1521 

m2, and contains nine experimental plots (Figure 3.4. A). These plots were 13 m x 13 m 

(169 m2), which comprised a 5 m x 5 m area at the centre for application of the treatment, 

and an 8 m buffer zone for equipment transport (Figure 3.4. B). The corners of each 5 m 

x 5 m experimental plot were labelled with metal pegs painted with permanent paint.  

The nine treatments which were applied in each experimental block, are as follows:  

1. Scalping: Approximately 10 cm of topsoil were removed. This treatment reduces 

soil nitrogen and phosphorus, and removes the seed bank which includes exotic 

weeds. Native seed mixture was then added. 

2. Sugar addition: Carbon, in the form of sugar, was added to the ground to increase 

microbial activity and to consequently decrease nitrogen level in the soil in the 

short term. Native seed addition was applied after a small period.  



Chapter 3 

59 
 

3. Hot green waste (Hot): Hot composting mulch (oversize) was used to create high 

temperatures to destroy the resident seed bank of exotic weeds. Native seed 

mixture was applied after hot composting had been completed. 

4. Hot green waste with mulch (Hot + mulch): Following the decomposition of the 

hot green waste, cold mulch was added to increase soil carbon and microbial 

activity in order to decrease nitrogen levels in the soil. This was done to potentially 

reduce competition from nitrophilous exotic weeds. Native seeds were then added 

after a period of stabilisation. 

5. Hot green waste with sugar (Hot + sugar): Post the hot green waste 

decomposition, application of sugar was used to increase soil carbon and 

decrease nitrogen levels in the soil. Native seed mix was applied after 

decomposition had completed and sugar had been applied.  

6. Cold green waste (Cold): Cold green waste was added to plots as a carbon 

source, in an attempt to increase microbial activity and decrease nitrogen levels in 

the soil over the long term prior to native grass seeding.  

7. Cold green waste with no seed addition (Cold + no seed): A second cold green 

waste treatment was implemented that had no subsequent seeding of native 

grasses. This was to test the effectiveness of native grass seeding on the 

establishment of native grasses. 

8. Phoslock®: A commercial clay product, Phoslock®, was applied to plots in an 

attempt to reduce available soil phosphorus, followed by addition of native seeds.  

9. Control: There were two control treatments related to each block. The first of 

these treatments (named ‘control’ hereafter) which was within the experimental 

area was treated with herbicide at the beginning of the experiment and broadcast 

with the mixed native seeds. The second control treatment, outside the 

experimental area, had no herbicide applied, and was not broadcast with native 

seeds – this treatment will hereafter be called ‘control + no seed’.  
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3.5.4 Native seed addition  

Four species of native seed were broadcast to all treatments except the cold + no seed 

(Figure 3.4 A) and the control + no seed areas. The seeding rate has been suggested by 

Flora Victoria in relation to the native species Themeda triandra (Kangaroo grass), 

Bothriochloa macra (Red grass), Rytidosperma spp. (Wallaby grass mix seed) and 

Austrostipa semibarbata (Bearded spear grass). The volume of seed measured out for 

the individual species was judged to be the amount required for each to fully occupy the 

experimental area. The weight of seeds calculated depended on the plot areas; this was 

800 m2, which included 32 plots, with each plot measuring 25 m2. All seeds of the native 

species were thoroughly mixed, then 0.375 kg per plot of native mixed seed was put in 

separate nylon zip bags ready for sowing. 

Table 3.1. The main experimental field treatments, and the biotic and abiotic barriers to 
restoration addressed by each.  

 Barriers 
 
Treatments Nitrogen Phosphorus Exotic 

weeds 
Lack of 

native seeds 
Low 

microbial 
activity 

Compaction 

 D I D I D I D I D I D I 
Scalping X  X  X  X    X  
Sugar addition  X    X X  X    
Hot green waste  X   X  X  X    
Hot green waste + mulch  X   X  X  X    
Hot green waste + sugar  X   X  X  X    
Cold green waste  X    X X  X    
Cold green waste + no seed  X    X   X    
Phoslock®   X    X      
Control       X      

 

All treatments involve the addition of native seed (and hence address the lack of native 

seed’ barrier) except the cold green waste + no seed treatment. D and I letters indicate 

where there were either direct or indirect effects intended by each treatment. 
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Figure 3.4 (A) Randomised block experimental design for the field study; control + no seed were included for natural vegetation cover 
assessment only. (B) Experiment plot size and dimensions.
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3.5.5 Scalping 

The scalping treatment was conducted on the site on 16th June 2014 (25 days after initial 

herbicide treatment), by removing the topsoil layer of each 5 m x 5 m plot to an average 

depth of 100 mm using a front end bulldozer. This treatment cleared the soil containing 

enriched nitrogen and phosphorus as well as removing all exotic weed seed banks (Figure 

3.5). The scalping treatments took place simultaneously with the other treatments in the 

four replication blocks. The addition of seeds was applied on 21st August 2014, where the 

maximum wind speed was 20 km/h. 

 
Figure 3.5 Topsoil removal (scalping) method. 
 

3.5.6 Sugar addition 

The application of sugar was undertaken on four replication plots (Figure 3.6) by using 

12.5 kg of white sugar for each 5 m x 5 m plot on three occasions (9th of June, the 8th of 

September and 5th of December). Seed application took place on 12th September 2014, 

with a maximum wind speed of 48 km/h. 
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Figure 3.6 The application of sugar.  
 

3.5.7 Hot green waste  

Originally, hot green waste came from green waste which was placed in urban green bins. 

The material (green waste) was then transported to urban recycling and composting 

plants such as the Melbourne Metropolitan Waster Group (MMWG) at Epping. The 

material is composted and pasteurised for 60-70 days where temperatures reach 55-65OC 

for approximately 45 days. This process significantly reduces the numbers of plant and 

animal pathogens and plant propagules in the waste material. Successful composting 

involves balancing several factors to facilitate the composting process. This includes 

having the correct carbon: nitrogen ratio (25:1-35:1), sufficient moisture (45-60%), oxygen 

availability (>10%), correct pH (6.5-8.0), correct porosity and bulk density (the material 

was piled 1.5 – 3.0 m high to minimise the effects of compression). The material used in 

this trial is referred to as ‘compost oversize material’. This is the coarse fraction which is 

left over after screening of green organic compost. Typically, the compost industry has a 

preference to screen the fines from compost at a level of 25 mm or less. This material is 

acceptable to the market as it contains a lot of fine organics as well as being attractive to 

work with, to blend with soil preparation and also for aesthetics. This material is high in 

nitrogen and is sold to nurseries and commercial composting businesses. The oversize 



Chapter 3 

64 
 

material left after screening is difficult to market as it contains bigger pieces in addition to 

plastics or contamination, and is usually not reprocessed. It has a low market value and 

is available in large volumes. There is a carbon: nitrogen ratio of 60:1, with 0.57% total N, 

0.59% organic matter and 34.3% total carbon (Farmright Technical Services). This 

material is capable of nitrogen drawdown capacity, and is not sought after commercially 

or for agricultural purposes. Throughout Metropolitan Melbourne, there is some 70,000 to 

80,000 tons of oversize mulch produced each year from the green organic composting 

program. There was approximately 700 m3 of this material delivered to the trial site. Each 

of the 12 plots of 5 m x 5 m green waste was set up with a pile of approximately 50 cubic 

metres (around 16 tonne). 

The application of hot green waste oversize treatment began on the 16th June 2014 in 

three treatments: hot green waste (Hot), hot green waste with mulch (Hot + mulch) and 

hot green waste with 100 kg sugar (Hot + sugar) in 5 m x 5 m plots with four replications 

(Figure 3.7).  

To measure the temperatures generated from the hot green waste oversize, 15 

temperature data logger buttons (DS1922L Thermochrom iButton high resolution data 

logger) were placed under the piles at three different depths: 0, 5 and 10 cm respectively 

for each of the four hot green waste treatments and control. In order to maintain biological 

activity and hence temperatures within the mulch piles, it is necessary to physically turn 

the piles approximately every 2 - 4 weeks. To achieve this, after two weeks the hot green 

waste oversize piles were turned using a front end bulldozer. This provided an opportunity 

to recover some of the data loggers and record temperature progress. It was noted that 

there was a decrease of temperature in the hot green waste oversize piles during the data 

loggers’ download. Consequently, on the 9th July 2014 (25 days after trial initiation), the 

hot green waste oversize piles were turned for second time, and water was added to all 

piles to increase the microbial activity as well as increasing the green waste piles’ 

temperature. 
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In parallel with the insertion of the temperature data loggers, seeds of three species 

(Themeda triandra, Nassella trichotoma and Galenia pubescens) were buried at the same 

depth of data loggers, the results of which will be discussed in detail at section 3.6.3 

‘Effects of hot green waste temperature on viability of seeds’. The oversize piles were 

physically removed on 15th August 2014 (62 days after initial application), and the data 

logger and seed bags were collected. The seed addition treatment was conducted on the 

same day as the pile movement, where the maximum wind speed was (24 km/h). All plots 

were sowed with seed mix which was prepared after the hot green waste piles were 

removed, and the hot + mulch treatment plots were covered by 10 cm mulch (green 

waste). 

 
Figure 3.7 Hot green waste oversize pile, approximately 2 m height.  

3.5.8 Cold green waste 

To determine the effect of cold green waste on increasing carbon level and microbial 

activity in the soil for rehabilitation of native grassland, the hot green waste piles were 

picked up from the hot treatments after exhausting their capacity to reach high 

temperatures, and used again as a cold green waste treatment (Figure 3.8). The cold 

green waste treatments include two fragments; cold green waste with seeding (Cold) and 

cold green waste without seeding (Cold + no seed). The treatments were conducted on 

the 8th September 2014. Seeding addition treatment was conducted in cold green waste 
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with seeding treatments, with a maximum wind speed of 69 km/h. All cold green waste 

treatments (with seeding and without seeding) were covered to a depth of 10 cm by green 

waste product. 

Figure 3.8 Cold green waste application, approximately 10 cm height. 
 

3.5.9 Phoslock® 

To investigate whether a novel method to reduce phosphorus in the soil might be effective, 

Phoslock® treatment was applied on the 13th August 2014, using 12.5 kg of this 

commercial product per plot (500 g/m2). 1 kg Phoslock® was placed in 20 litre of water in 

a watering can (Figure 3.9), which was vigorously mixed, then immediately and evenly 

applied across the plot. Thin rope was used to divide the 5 m x 5 m plot in each replication 

into five equal 1 m x 5 m sub-plots to aid even distribution of the product. Two buckets 

were applied to each 1 m x 5 m sub-plot segment then 0.5 kg Phoslock® + 10 L water 

applied across the plot. Seed application took place approximately one month later on the 

12th September 2014, when the maximum wind speed was 48 km/h. 

Soil samples for soil nutrient analysis were collected before and after the treatments were 

applied. 
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 Figure 3.9 Application of Phoslock® 

3.6 Measured variables 

The effect of these foregoing treatments on the study site were investigated by using: an 

above-ground vegetation survey (3.6.1); estimation of the composition of the soil seed 

banks (3.6.2); measurement of soil nutrient levels (3.6.3); determination of the viability of 

seeds in the seed bank (3.6.4); measurement of the soil bulk density (3.6.5); and 

estimation of the microbial activity (3.6.6). The data collection methods used for estimating 

these variables are described in the sections below.  

3.6.1 Above-ground vegetation survey 

The above-ground vegetation survey was conducted on the experimental site five times 

during spring and autumn sessions after application of the treatments to monitor the extent 

and composition of vegetation cover, and to estimate the effect of the treatments on the 

species composition during the study. The vegetation surveys were conducted on 18th 

November 2014, 22th April and 18th November 2015, 20th April and 21th November 2016, 

where plant basal cover and species composition were estimated by the step-point 

method (Barabesi & Fattorini, 1998). Within each 5 m x 5 m plot, this procedure was 

engaged to assess the plant cover and bare ground ratio, and the extent of plant diversity. 

The step-point method was carried out by marking each plot with four labelled metal 
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marker pegs. Transect lines were then set out 1 m from the marker pegs to prevent 

possible interference from edge effects. Point intercepts were made at 20 cm intervals 

along each of the 5 m transects (Figure 3.10), allowing the recording of species and bare 

ground basal intercepts (with 100 point intercepts per plot).   

 

Figure 3.10. Four 5 m lines with transect points at the sampling plot for vegetation 
assessments.  

3.6.1.1 Statistical analysis of above-ground survey 

Prior to statistical analysis, all data were angularly transformed so that the residual 

variation in the analysis did not systematically change as the mean proportions changed 

(McDonald, 2009). Data were analysed with the MINITAB 17 statistical package (Minitab, 

2014) using a one-way ANOVA. For the statistical analyses, the ground cover species 

were categorised into native species and exotic species cover. The nine treatments in 

each replication block were: control (planting seed only), control + no seed, hot green 

waste, hot + mulch, hot + sugar, cold green waste (excluding the cold + no seed 

treatment), scalping, sugar and Phoslock®. Another one-way ANOVA was run between 

cold green waste (cold) and cold green waste no seed (cold + no seed) to determine the 

effect of seeding native mix on basal cover percentage. Tukey’s test with a significance 

level of 0.05 was applied to test for significance between the all factor means and their 

combinations. The mean data were back transformed. 
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3.6.1.2 Results of above-ground survey 

Figure 3.11 shows the mean foliage cover of native and exotic species in each treatment 

during the first monitoring period (spring 2014), two months after application of the 

treatments. Native grass cover was low compared to the levels of exotic cover in all 

treatments, with only the hot + mulch and hot green waste treatments showing any signs 

of native grass cover (0.5 and 0.26 %, respectively). However, compared to the control 

treatment, the cover of exotic species in the first monitoring period was significantly 

decreased for hot + sugar, scalping, hot + mulch, hot green waste and sugar treatments, 

which had 3 ,13 ,18 , 22  and 29 % respectively, compared to 68 % cover in the control 

(Table 3.2). There was no significant effect of Phoslock® and cold green waste treatments 

on the percentage cover of exotic species when compared to the control.  
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Figure 3.11. Native and exotic species cover for each treatment directly after application 
of treatment at first assessment period (spring 2014). Vertical error bars represent ± 
standard error of the means. Letters on the vertical bars represent the significant 
differences between the treatments using Tukey’s test; treatments not sharing a letter are 
significantly different from one another. 

Native species cover in autumn 2015 was higher in all treatments except for the cold green 

waste treatment (Table 3.2, Figure 3.12). The scalping, hot + mulch, sugar and hot 
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treatments had higher mean native species cover than the other treatments (15, 14, 13 

and 12% respectively). The control + no seed and cold green waste treatment had 

significantly lower native species cover than the control treatment, while all other 

treatments did not differ significantly in native species cover from the control.  

All treatments (including the control) had significantly less exotic cover in autumn 2015 

than the control + no seed treatment. The cold and scalping treatments also had 

significantly less exotic cover than the control, while all other treatments were not 

significantly different from the control. The control + seed treatment had significantly 

greater cover of exotic species than all other treatments (p= 0.001).  
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Figure 3.12. Native and exotic species cover for each treatment at second assessment 
period (autumn 2015). Vertical bars represent ± standard error of the means, the different 
letters on the vertical bars represent the significant differences between the treatments 
using Tukey’s test; treatments not sharing a letter are significantly different from one 
another. 

After the spring 2015 assessment (Table 3.2, Figure 3.13) the hot + sugar, hot and hot + 

mulch treatments had significantly higher mean native grass cover than the control. Native 

grass cover in the scalping, sugar and Phoslock® treatments was not significantly higher 

than in the control plot, and there was no native grass cover recorded in the cold green 
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waste treatments. Exotic cover was high in spring 2015 – up to 71% in the control plots – 

and it was higher in all treatments than for the previous monitoring period (autumn 2015). 

However, the three hot treatments and the scalping treatments had significantly less 

exotic cover than the control treatment.  

Co
ve

r (
%

) 

0

20

40

60

80

100

Control 
Control + No seed 
Hot 
Hot + Mulch 
Hot + Sugar 
Cold 
Scalping 
Sugar 
Phoslock 

Native species                              Exotic species 

F= 11.03
P= 0.001

F= 8.33
P= 0.001

ab

bc
d

a

cd

ab
c

bc
d

ab
c

d

bc
d

ab
c

ab
bc

d

cd

ab

ab
c

d
a

d

 
Figure 3.13. Native and exotic species cover for each treatment at third assessment 
period (spring 2015). Vertical bars represent ± standard error of the means, the different 
letters on the vertical bars represent the significant differences between the treatments 
using Tukey’s test; treatments not sharing a letter are significantly different from one 
another. 
 

The trend of native species cover in the fourth monitoring period (autumn 2016) was 

similar to the spring 2015 monitoring period (Table 3.2, Figure 3.14). The highest mean 

cover of native species was recorded in the three hot treatments and the sugar treatment. 

However, there were no significant differences in native species cover among the 

treatments. Exotic species cover was much lower than in spring 2015, and was low in all 

treatments except the ‘control + no seed’ treatment.  
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Figure 3.14. Native and exotic species cover for each treatment at fourth assessment 
period (autumn 2016). Vertical bars represent ± standard error of the means, the different 
letters on the vertical bars represent the significant differences between the treatments 
using Tukey’s test; treatments not sharing a letter are significantly different from one 
another. 

For the last monitoring period (spring 2016), the hot + sugar treatment had significantly 

higher native species cover (19%) (p= 0.001) than the control treatment (1%). While native 

species cover in the hot, sugar, scalping and hot + mulch treatments was higher than the 

control, these differences were not significant according to the Tukey test. Native species 

cover in the Phoslock® and cold treatments did not differ significantly from the control. 

There was no significant changes between the treatments and control on the exotic 

species cover in spring 2016 assessment, and exotic cover was relatively high (ranging 

from 36–53%). This is a similar to the exotic cover in spring 2015. 
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Figure 3.15. Native and exotic species cover for each treatment at last assessment period 
(spring 2016). Vertical bars represent ± standard error of the means, the different letters 
on the vertical bars represent the significant differences between the treatments using 
Tukey’s test; treatments not sharing a letter are significantly different from one another. 
 

There were no significant differences in exotic and native species cover between the cold 

and cold + no seed treatments across the five assessment periods. However, the exotic 

species cover fluctuated for both treatments through time, and was high each spring and 

low in autumn (Figure 3.16). There was no native species cover present at the first three 

assessment periods for both treatments. There was no native species cover at cold + no 

seed treatment at the last assessment period (spring 2016) and there was only 0.3% of 

native species cover for cold green waste treatment (Figure 3.16).     
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Figure 3.16. Exotic (E) and native (N) species cover for cold and cold + no seed 
treatments, across five assessment periods. Vertical bars represent ± standard error of 
the means. 

 

Table 3.2. Native and exotic species percentage cover (%) for each treatment over the 
five monitoring assessment periods; spring 2014,autumn 2015, spring 2015, autumn 2016 
and spring 2016. The letters E and N represent exotic and native species.  

Treatments  
Spring 2014 Autumn 2015 Spring 2015 Autumn 2016 Spring 2016 

N E N E N E N E N E 

Control  0 68.1 9.2 34 1.1 71.8 7.3 10.6 1.3 48.8 

Control + no 
seed  - - 0.2 64.6 4.5 61.4 4.5 61.4 2.2 53.3 

Hot  0.3 21.6 11.7 22.6 24.6 46.2 11.4 3 17 41.5 

Hot + mulch  0.5 17.5 14.1 15.3 22.8 42.2 4.6 5.5 11.5 37.3 

Hot +  sugar  0 2.9 7.6 10.9 29.6 33.8 10.3 4.5 18.9 44.2 

Cold  0 64.5 0 0.9 0 55.8 0.3 1.9 0.3 36.3 

Scalping  0 13.3 15.2 9.2 17.2 30.9 1.3 2.4 13.7 41.6 

Sugar  0 29 12.6 28 14 46.7 19.6 9.2 16.1 37.9 

Phoslock® 0 79.8 3.8 22.2 4.6 62.5 8.1 7.4 0.4 47.7 
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3.6.1.3 Discussion of above-ground survey 

As discussed earlier, the restoration of ex-cropland to its native condition faces a number 

of biotic and abiotic barriers. Whilst it is known that for successful restoration each of these 

barriers must be suitably addressed, there is also an issue of ordering the treatments 

which are used to meet the requirements of specific restoration issues. Hence there arises 

the practical problems of (i) what constitutes an efficient remediation procedure for a 

recognised biotic or abiotic barrier? and (ii) what is the most effective and efficient order 

of application of these remediation procedures? The complexity of this undertaking cannot 

be overemphasised, and it is likely that the approach made to addressing one barrier will 

have implications for the treatment of another. In addition, because of the magnitude of 

the previous impacts made upon the land by agricultural processes, it is also likely that 

repeated treatments to address some barriers will be necessary.  

As a consequence, the statement regarding the primary objective of this study reflects the 

complexity of this situation. The investigation intends to examine the efficiency and 

effectiveness of a number of interventions, both in isolation and as a series of restorative 

actions, to restore ex-arable grassland. To systematize the study, a number of specific 

hypotheses were proffered and tested, and at the end of the trials, implications and 

management suggestions have been made. 

The restoration methods tested in the study are (i) control area with no treatment except 

addition of native seeds (control), (ii) control area with no treatment (control + no seed) 

(iii) application of hot green waste with addition of native seeds (hot), (iv) application of 

hot green waste plus mulch with addition of native seeds (hot + mulch), (v) application of 

hot green waste plus added sugar with addition of native seeds (hot + sugar), (vi) 

application of cold green waste with addition of native seeds (cold) and cold green waste 

with no native seeds (cold + no seed), (vii) scalping of topsoil with addition of native seeds 

(scalping), (viii) application of sugar with addition of native seeds (sugar), (ix) treatment 

with Phoslock® with addition of native seeds (Phoslock®). 
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To aid systematic evaluation of these treatments, nine hypotheses were posited and 

tested using field experiments or laboratory investigations, namely: 

I. The first hypothesis was that no treatment except addition of native seeds (control) 

will be sufficient to facilitate the recruitment of native species. 

II. The second hypothesis is that no treatment is necessary (control + no seed) to 

facilitate the recruitment of native species.  

III. The third hypothesis was that the high temperature created from the hot green 

waste treatment followed by seeding the area with a native mix will be sufficient to 

kill the exotic weed seeds in the soil seed bank and allow recruitment of native 

species. 

IV. The fourth hypothesis was that the high temperatures created from the application 

of hot green waste followed by the addition of mulch and of native seeds will be 

sufficient to kill the exotic weeds in the soil seed bank and provide enough nutrient 

to facilitate the recruitment of native species. 

V. The fifth hypothesis was that the high temperature created from the hot green waste 

treatment in combination with added sugar as a carbon source followed by seeding 

with a native mix would be sufficient to kill exotic weed seeds in the soil seed bank 

and provide extra nutrient to facilitate the recruitment of native species. 

VI. The sixth hypothesis was that the application of cold green waste followed by the 

addition of native seeds, and cold green waste without native seed addition will be 

enough to reduce the exotic weed species and facilitate the recruitment of native 

species. 

VII. The seventh hypothesis was that scalping the topsoil, followed by seeding the 

denuded area with native mix, is an effective treatment to control the re-emergence 

of exotic weeds and the subsequent recruitment of native species.  

VIII. The eighth hypothesis was that the application of sugar with addition of native 

seeds will be sufficient to reduce exotic weeds and facilitate the recruitment of 

native species. 
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IX. The ninth hypothesis was that treatment of the topsoil with Phoslock®, followed by 

the addition of native seeds will be sufficient to control the exotic weeds and 

facilitate the recruitment of native species. This hypothesis will be investigated in 

laboratory conditions. 

The first hypothesis was that no treatment except the addition of native seeds (control) 

will be sufficient to facilitate the recruitment of native species; the results clearly showed 

that the exotic weed cover was higher in this case than all other treated plots except the 

control + no seeds. As a consequence, this hypothesis is rejected, indicating clearly that 

some intervention other than the addition of native seeds is required for restoration. This 

is also shown with the second hypothesis which stated that no treatment is necessary (i.e. 

control + no seed) to facilitate the recruitment of native species. As indicated above, there 

was high percentage of exotic weed cover and low native species in the control + no seed 

plots, which again clearly shows that the restoration of native conditions within the VVP 

grasslands requires active management as it will not simply be restored spontaneously. 

In a similar study, Morris et al. (2016) observed that in the absence of biomass removal 

and soil nutrient manipulation, control plots remained largely as they were at the start of 

the experiment, with a dense grass canopy dominated by the same group of grass 

species.  

With regard to the third, fourth and fifth hypotheses, which all suggest that with the use of 

a novel method for restoration of ex-cropland in VVP grassland involving application of 

hot green waste (hot), there are more positive indications. The hot green waste (hot) and 

combinations of hot + mulch and hot + sugar, all led to an increase in the reestablishment 

of native species Themeda triandra, Bothriochloa macra, Rytidosperma spp. and 

Austrostipa semibarbata when seeded. In addition, the hot + sugar treatment was very 

effective in reducing the exotic species cover directly after its application, and showed 

significant establishment of native species at the end of the study period (three years). 

Hot green waste treatments raised the temperature to greater than 60OC down to 10 cm 
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into the soil for as long as 15 days, and it was clear that this temperature was sufficient to 

kill most of the seeds of weed species under the hot, hot + sugar  and hot + mulch 

treatments. It should be noted that the hot treatment also reduced the viability of the native 

grass Themeda triandra, and exotic species such as Nassella trichotoma and Galenia 

pubescens seeds that were buried under the hot treatments at three different depths 

(detailed results are given in section 3. 6.3 Effects of hot green waste temperature 

treatment on viability of seeds). The results of last monitoring assessment (Spring 2016) 

clearly showed the increased recruitment of the native species at many of these sites, 

with the greatest native species cover being recorded for the hot + sugar treatment (about 

19%) followed by hot, and hot + mulch treatments, which were 17% and 12% respectively. 

These results gave qualified support to the third, fourth and fifth hypothesis of the study. 

In this respect, I concur with the claim that stringent exotic weed control is an important 

factor in the successful restoration of highly degraded sites to grassland by native species 

seeding (Cole & Lunt, 2005), and that adding a mixture of native species seeds post-

treatment increased species richness and abundance after the exotic species cover has 

been substantially reduced (Morris & Gibson-Roy, 2018). This was certainly indicated by 

the hot + sugar treatments in these three series of experiments.   

I also agree with the observation that re-establishment of native species during restoration 

of ex-cropland significantly enhances the resistance of restored vegetation to invasion by 

exotics (Prober et al., 2005). In this respect, Paschke et al. (2000) revealed the positive 

effects of mulch and sugar addition respectively on growth rates and relative abundances 

of native species, which is in agreement with the current study. However, other studies 

reported no benefit of sawdust addition to the establishment of native species (Wilson & 

Gerry 1995; Morghan & Seastedt 1999; Alpert & Maron 2000; Madsen et al., 2016).  

Regarding the sixth hypothesis, which was that the application of cold green waste 

followed by the addition of native seeds and cold green waste without native seed addition 

will be enough to reduce the exotic weed species and facilitate the recruitment of native 
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species, some encouraging results were observed. It was found that cold treatment as a 

mulch had a positive effect in reducing the infestation of exotic weeds and inhibited 

seedling emergence, but also had a negative effect on native seed requirement. It appears 

that this treatment generally made a layer above the ground which inhibited airborne or 

dropped seeds in reaching the surface (Coleman et al., 2015; Khan et al., 2016). It was 

noticed, however, that cold treatment was not effective in reducing the exotic species 

cover as much as expected directly after application of the treatments, but the exotic 

species cover gradually began to decline, until it was lower than the all other treatments 

in the spring 2016 assessment.  

The seventh hypothesis suggested that scalping the topsoil, followed by seeding the 

denuded area with native mix, is an effective treatment to control the re-emergence of 

exotic weeds and the subsequent recruitment of native species. It has previously been 

reported that the scalping treatment is an effective tool for the restoration of degraded 

grassland on the Victorian Volcanic Plains (Gibson-Roy, 2010a; Morris & Gibson-Roy, 

2018). In this current work, the exotic species cover in the scalping plots declined very 

effectively at spring 2014 and autumn 2015, but it was seen that this rate increased during 

spring 2015 to 31% due to regrowth of exotic species in the plots. It is thought that this 

increase is largely due to wind-blown seeds from outside the plots.  

The eighth hypothesis was that the application of sugar with addition of native seeds will 

be sufficient to catalyse the reduction of exotic weeds and facilitate the recruitment of 

native species. This addition of a concentrated carbon resource such as sugar (or cold 

green waste) was expected to restrict the exotic species cover regrowth for a reasonably 

long-period, thus giving native species time to re-establish. It is noted that this also 

occurred in the hot, hot + mulch, hot + sugar and cold treatments for the duration of the 

experiment, which all added extra carbon resource to the soil. It is also thought that the 

addition of sugar to soil can rapidly stimulate microbial activity (Nottingham et al., 2009) 

which will tend to reduce nutrient levels. On the basis of this notion, sugar applications 
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have frequently been used to effectively decrease above-ground biomass production and 

reduce the competitive ability of invasive plants which tend to proliferate in soils with high 

nutrient levels (Morghan & Seastedt, 1999; Eschen et al., 2007). In the current 

investigation, the restriction of exotic species cover regrowth was very effective in the hot 

+ sugar, hot + mulch, hot and sugar treatments in spring 2014 assessment (Table 3.2). 

However, exotic species cover tended to increase over time in all treatments plots due to 

reestablishment of exotic species through air-borne seeds or from the residual seed bank 

germination under good environment conditions for germination such as available water, 

light, space and oxygen. 

Importantly, although exotic species abundance was reduced in the current investigation 

by carbon addition, as indeed was observed in other studies (Prober et al., 2005; Morris 

& De Barse, 2013; Cole et al., 2016). Prober et al.’s (2005) study showed that carbon 

addition was not effective for controlling exotic annuals for more than 12 months unless 

Themeda was established through seed addition. Paschke et al. (2000) and McLendon 

and Redente (1992) found that sugar addition to two successional shortgrass grassland 

ecosystems favoured slower growing perennial species over faster growing annual 

grasses such as Bromus tectorum (Cheat grass) and annual forbs. It is noted here that 

these findings reinforce the complexity of this restoration undertaking, in that a single 

treatment applied to significantly altered soil conditions is unlikely to be completely 

effective, and that a series of repeated treatments is likely to be necessary.   

Regarding the ninth hypothesis, which was that treatment of the topsoil with Phoslock®, 

followed by the addition of native seeds will be sufficient to control the exotic weeds and 

facilitate the recruitment of native species, it was found that this treatment did not have an 

effective influence on the exotic species cover. As earlier noted, Phoslock® was originally 

designed to reduce the concentration of phosphorus in lake water (Douglas et al., 1999; 

Robb et al., 2003; Reitzel et al., 2013). It was used here in an effort to bind the free 

phosphorus in a bentonite clay matrix which was hoped to prevent the uptake of 
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phosphorus by plants (Geurts et al., 2011). More comment on the action of Phoslock® will 

be made during Chapter 5, and reasons for the failure of this approach will be proffered.  

It was noted that there was very little establishment of native species in spring 2014 after 

six months of seeding of mixed native species in the hot + mulch and hot treatments. In 

addition, the native species cover for the hot, hot + sugar, hot + mulch and scalping plots 

declined from 30, 25, 23 and 17% at spring 2015 to 10, 11, 5 and 1.3% at autumn 2016. 

This was found to be due to grazing by kangaroos (Macropus giganteus) that were 

occupying the study site at that period time, but, encouragingly, native species cover 

increased again by spring 2016 to 19, 17, 12 and 16% respectively (Table 3.2).  

As a final note, it was clear that cover of both native and exotic species fluctuated across 

time, suggesting exogenous factors outside the control of the experiment were at play. 

For example, the native species cover fluctuated within the control and Phoslock® 

treatments from low-high-low (Table 3.2), and the trend of native species’ cover at the 

sugar addition treatment plots was increasing slightly till autumn 2016, but declined from 

20 to 16% during spring 2016. At the same time, there were fluctuations in the exotic 

species’ cover in the all treatment plots between the seasons. In this latter case, it was 

thought to be due to the regrowth of exotic species stimulated by wind-borne seeds, 

especially those of Avena sativa (Wild oats), which were found in most treatment plots 

throughout the period of sampling at spring seasons. Inspection showed that the 

experiment site area was surrounded by this dominant species. 

3.6.1.4 Management Implications of above-ground survey 

The results of vegetation assessment clearly indicated the positive effect of most 

restoration methods such as hot, hot+sugar, hot+mulch, scalping, cold and sugar 

treatments to reduce the exotic weed species cover and to facilitate recruitment of native 

species. However, it became clear that there were obstacles to restoration management 

in the VVP grassland such as: (i) the reintroduction of exotic weed species after the 

apparently successful application of weed reduction treatments. This was most likely due 
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to the wind-blown exotic seeds accessed from the untreated areas around the study site. 

This notion was supported by the observation that Avena sativa seedlings, in particular, 

were found in most treatment plots throughout the period of sampling at spring seasons, 

and that this species dominated the surrounding untreated site area; (ii) the abundance 

of free-ranging kangaroos in the study site, where they played a negative role in eating 

the mature native plants which emerged in most study plots, and therefore significantly 

reduced the count of native cover throughout the study; and (iii) there was concern about 

the chosen native mix of seeds, which may not have provided robust enough competition 

for the exotic species. In addition, the rate of seed distribution may have been too low to 

raise a critical density of native cover.  

Given that these confounding factors are relatively self-evident from the results, it is 

suggested that future restoration management methods could be applied more confidently 

on landscape scale levels if these obstacles were to be specifically addressed. For 

example, steps could be taken to: (i) decrease wind-blown species entering the 

management area by controlling the source of weed seeds within a reasonable distance 

around the management area, (ii) exclude kangaroos and any other fauna which consume 

native plants by installing fencing, and (iii) use an increased rate of seeding with a larger 

number of native species in the mix to catalyse the seeding process and to establish a 

more robust native cover community. This seeding addition could be repeated 3-4 times 

in order to cover a wider area with successfully grown native species. 

 

3.6.2 Soil seed bank germination: Investigation of the effect of hot green waste and 

scalping on soil seed bank germination  

The objective of the study was to determine the survival rate of seeds in the soil seed 

bank, (i) after composting on the soil surface using hot green waste (hot) created high 

temperatures in the ground and (ii) after the scalping treatments which physically removed 

seeds from the seedbank.   
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Soil samples were collected from plots after application of hot, hot+sugar, hot+mulch and 

scalping treatments on the 15th August 2014. A composite of five soil samples were 

collected within each 5 m x 5 m plot. Soil samples were placed in labelled plastic zip lock 

bags, kept cool, then transferred to the Federation University glasshouse, Mount Helen, 

Ballarat. The soil preparation and seed bank germination methods were described in 

detail in Chapter 2. The study commenced on the 14th October 2014. Figure 3.17 shows 

the experimental design and description of the treatments.  

.  

 

Figure 3.17 Flowchart of soil seed bank germination study design.  
 

3.6.2.1 Statistical analysis of soil seed bank germination 

Prior to statistical analysis, the counted number of germinated seeds per square metre in 

each species category (exotic species, native species) and sub treatments (water, heat 

and smoke) in each treatment (control, hot, hot+mulch, hot+sugar and scalping) were 

square-root transformed so that the residual variation in the analysis did not systematically 

change as the mean changed (McDonald, 2009). Data were analysed with the MINITAB 

17 statistical package (Minitab, 2014) using a General Linear Model (GLM). GLM with two 
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factors (two-way) ANOVA were used to assess the effect of the various factors (treatments 

and sub treatments) on seed germination per square metre of each category. To find the 

significant differences between the treatments, Tukey’s test was used for all pairwise 

comparisons of the mean response to the different treatments with a 0.05 level of 

significance. The mean data were back transformed. 

3.6.2.2 Results of soil seed bank germination 

A total 1698 seeds from 14 species were found to be present in the soil seedbank 

germination (Table 3.3.) corresponding to an average seed density of 816 seeds m-2. The 

mean total seed emergence for the control plot was 235 seed m-2, which was significantly 

higher than in the hot, hot + mulch, hot + sugar and scalping treatments (54.7, 70.3, 70.9 

and 79.3 seeds m-2, respectively; Table 3.4, Figure 3.18). Most germinated seeds were 

exotics species belonging to seven families. Only one native species germinated in the 

pots, The emergence of Einadia nutans (Climbing saltbush) was 51 seeds m-2 in the 

control plot and 3 seeds m-2 hot + mulch plot  (Table 3.3, Figure 3.19). The effects of hot, 

hot + mulch, hot + sugar and scalping treatments were evident on the seed bank 

germination of species after treatment. Mean seed emergence of Avena sativa species 

was 41.2 seed m-2 in the control plot, but this had decreased to 10.5, 4.8, 2.4 and 8.1 

seeds m-2 respectively at hot, hot + mulch, hot + sugar and scalping treatments (Table 

3.3). Similarly, mean seed emergence of Polygonum aviculare (Wire weed) species 

declined dramatically after treatment from 27.6 at control to 4.5, 5.4, 1.5 and zero seeds 

m-2 for the hot, hot + mulch, hot + sugar and scalping treatments respectively (Table 3.2). 
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Figure 3.18 Mean total seeds emergence per square metre in control, hot, hot + mulch, 
hot + sugar and scalping treatments. Vertical bars represent ± standard error of the 
means, the different letters on the vertical bars represent the significant differences 
between the treatments using Tukey’s test. 

The mean seed density of Nassella trichotoma (Serrated tussock) species was 37.6 and 

37.9 m-2 in the control and scalping plots, but this number declined dramatically in the hot, 

hot + mulch and hot + sugar treatments (respectively 5.1, 8.1 and 9.6 seeds m-2). 

Interestingly, there was some species that were not present at the control plot but were 

found at other sites. Medicago truncatula (Barrel medic) species was found at the hot, hot 

+ mulch, hot + sugar and scalping treatment sites 14.7, 17.7, 37.3 and 3.6 seeds m-2 

respectively with Psilocaulon granulicaule (Wiry noon-flower) species (0.9 seeds m-2) at 

the hot treatment, Trifolium resupinatum (Persian clover) species 4.8 seeds m-2 at the 

scalping plot and some seeds of Lactuca virosa (Wild lettuce) species 0.3 seeds m-2  at 

the hot + mulch plot (Table 3.3).  

There was strong evidence for the effect of sub-treatments (heat and smoke, and water) 

on seed bank germination. This was demonstrated clearly in the control plot, which 

revealed 321 seeds m-2 with heat and smoke, compared to 149 seeds m-2 with water only 
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(Figure 3.20). There was no evidence of an effect of sub-treatment (heat and smoke, and 

water) on seed bank germination across the other four treatments (Figure 3.20).  
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Figure 3.19 Mean native and exotics species seeds emergence per square metre in 
control, hot, hot + mulch, hot + sugar and scalping treatments. Vertical bars represent ± 
standard error of the means, the different letters on the vertical bars represent the 
significant differences between the treatments using Tukey’s test. 
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Figure 3.20 Mean total seeds emergence per square metre at different sub-treatment 
(heat and smoke, water) in control, hot, hot + mulch, hot + sugar and scalping treatments. 
Vertical bars represent ± standard error of the means, the different letters on the vertical 
bars represent the significant differences between the treatments using Tukey’s test. 
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Table 3.3. Mean number of seeds emergence per square metre of each species in control, hot, hot + mulch, hot + sugar and scalping 
treatments. The value in the brackets represent ± standard error of the means. 

Species Common names  Families Control Hot Hot+ mulch Hot+ sugar Scalping 
Avena sativa Common oat Poacaciae 41.2 (6.2) 10.5 (2.4) 4.8 (1.4) 2.4 (1.2) 8.1 (1.4) 
Conyza bonariensis Fleabane  Asteraceae. 10.5 (2.3) 1.5 (1.0) - - - 
Einadia nutans Climbing saltbush Chenopodiaceae 51.1 (14.8) - 3.0 (3.0) - - 
Hypochaeris radicata Flatweed  Asteraceae 0.3 (0.3) - - - 3.9 (1.2) 
Lactuca virosa Wild lettuce  Asteraceae. - - 0.3 (0.3) - - 
Lolium perenne Perennial ray-grass  Poacaciae 30.3 (7.5) 10.8 (2.9) 30.6 (7.6) 13.8 (5.4) 14.7 (1.9) 
Malva parviflora Mallow Malvaceae 12.3 (2.9) - - 1.2 (0.7) 0.6 (0.4) 
Medicago truncatula Barrel medic Fabaceae - 14.7 (2.6) 17.7 (3.1) 37.3 (4.9) 3.6 (1.2) 
Nassella trichotoma Serrated tussock Poacaciae 37.6 (3.9) 5.1 (1.4) 8.1 (1.9) 9.6 (2.1) 37.9 (4.8) 
Polygonum aviculare Wire weed Polygonaceae 27.6 (4.8) 4.5 (1.7) 5.4 (1.6) 1.5 (0.9) - 
Psilocaulon granulicaule Wiry noon-flower Aizoaceae - 0.9 (0.5) - - - 
Sonchus oleraceus Milk thistle  Asteraceae 0.9 (0.5) 3.0 (1.1) 2.1 (0.8) 2.1 (0.7) 5.7 (1.3) 
Taraxacum officinale Dandelion  Asteraceae 23.1 (2.8) 3.6 (1.1) 1.2 (0.6) 3.0 (1.3) - 
Trifolium resupinatum Persian clover Fabaceae - - - - 4.8 (1.4) 

 
 
 
Table 3.4. Summary of the mean abundance of emergent seeds per square metre of categories (native and exotics species) and number of 
all seeds in control, hot, hot + mulch,(hot + sugar and scalping treatments. The value in the brackets represent ± standard error of the mean. 

Categories Control Hot Hot + mulch Hot + sugar Scalping 

Native species  51.1 (14.8) 0.0 3.0 (3.0) 0.0 0.0 

Exotic species  183.9 (17.3) 54.7 (5.1) 70.0 (10.1) 70.9 (7.9) 79.3 (6.7) 

All species  235.0 (21.9) 54.7 (5.1) 70.3 (10.1) 70.9 (7.9) 79.3 (6.7) 
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3.6.2.3 Discussion of soil seed bank germination 

The restoration methods used in this study were (i) control area with no treatment 

(control), (ii) application of hot green waste (hot), (iii) application of hot green waste plus 

mulch (hot + mulch), (iv) application of hot green waste plus added sugar (hot + sugar), 

and (v) scalping of topsoil (scalping). 

For the investigation, five hypotheses were tested. These hypotheses were: 

I. The first hypothesis was that no treatment (control) will not affect the survival rate 

of exotic seeds in soil seed bank. 

II. The second hypothesis was that the high temperature created from the hot green 

waste treatment will be sufficient to kill the exotic weed seeds in the soil seed bank. 

III. The third hypothesis was that the high temperatures created from the application 

of hot green waste followed by the addition of mulch will be sufficient to kill the 

exotic weeds in the soil seed bank. 

IV. The fourth hypothesis was that the high temperature created from the hot green 

waste treatment in combination with added sugar as a carbon source would be 

sufficient to kill exotic weed seeds in the soil seed bank. 

V. The fifth hypothesis was that scalping the topsoil is an effective treatment to control 

and remove all exotic weeds and prevent their re-emergence. 

The first hypothesis, that no treatment of the control will not affect the survival rate of 

exotic weeds in the soil seed bank, was sustained. The results clearly showed that the 

exotic weed cover was higher in untreated plots than all the other treated areas. The 

possibility that, in the absence of invasive agricultural practice, native species would be 

aggressive enough to re-establish control in the area, was not evidenced. This supports 

the claim that sufficient weed control is an important factor in the successful restoration of 

highly degraded sites to their original grassland condition (Cole & Lunt, 2005; Kiss et al., 

2018). I thus concur with previous research that stated that the use of effective methods 

to control the exotic weeds in their seed bank is a significant, though not sufficient step, 

to the restoration of degraded grassland.  
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Regarding the second, third and fourth hypotheses, the notion that the high temperature 

created from the hot green waste treatment alone and in its combinations with mulch and 

added sugar as a carbon source would be sufficient to kill exotic weed seeds in the soil 

seed bank, was tested. It was found that hot treatments had a significant effect in reducing 

the exotic weed concentration in the soil seed bank, thought to be due to a raise in the 

temperature of the treated plots above 60OC to a level 10 cm below the surface of the soil 

for as long as 15 days. It was clear that this temperature was sufficient to kill most of the 

seeds of weed species under the hot, hot + mulch and hot + sugar treatments. The hot 

treatment and the combinations with mulch and sugar had measureable and positive 

effects in reducing the infestation of exotic weeds and inhibited seedling emergence. This 

mulch treatment generally left a considerable layer of organic material above the ground 

which inhibited airborne or dropped seeds in reaching the surface (Coleman et al., 2015; 

Khan et al., 2016).  

The fifth hypothesis was that scalping the topsoil alone is an effective treatment to control 

and remove all exotic weeds and to prevent their re-emergence. It has been previously 

reported that the scalping treatment is an effective tool for the restoration of degraded 

grassland on the Victorian Volcanic Plains (Gibson-Roy, 2010a; Morris & Gibson-Roy, 

2018), where their results clearly showed that the physical removal of topsoil for 10 cm is 

sufficient to remove all unwanted exotic seeds and excessive inorganic nutrients. 

The mean total seed emergence for the control plot was 235 seed m-2, which was 

significantly higher than in the hot, hot + mulch, hot + sugar and scalping treatments (54.7, 

70.3, 70.9 and 79.3 seeds m2, respectively (Table 3.4, Figure 3.18). The relevance of the 

observations summarised in Table 3.4 will be discussed in detail in Chapter 6, but it is 

immediately clear that the re-establishment of native plants is a problematic exercise, and 

that the lessening of intervention of exotic seeds is not a straightforward task. 
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3.6.2.4 Management Implications of soil seed bank germination 

The results of soil seed bank germination study clearly showed the significant effect of all 

restoration methods such as hot, hot + mulch, hot+ sugar and scalping treatments to 

control the exotic weed species seed bank. It was found that the hot green waste and its 

combination with mulch and sugar treatments had positive impact in reducing the exotic 

weed infestation and inhibiting seedling emergence. Whilst the scalping treatment also 

had positive effect in reducing the exotic weed seed bank germination, it also removes 

nutrient and microbial organisms which are important for native species’ growth, and as 

indicated earlier, accumulates a large amount of excess soil on the site. In the treatments 

of hot green waste and its combinations with mulch and sugar, adding carbon will arise 

from the sugar and the wood chips, which will increase the microbial activity in the soil 

and thus provide a suitable environment for native species regrowth.    

3.6.3 Effects of hot green waste temperature treatment on viability of seeds 

As previously noted, the existence of a soil seedbank is a significant problem for 

restoration of native grassland, because it is loaded with exotic seeds which often have 

long residence times. This work with hot green waste was carried out to determine the 

effect of the high temperatures generated from the decomposing waste piles on the 

viability of Themeda triandra (Kangaroo grass), Nassella trichotoma (Serrated tussock) 

and Galenia pubescens (Galenia) seeds. The research hypothesis for this investigation 

was that high temperatures, which are produced from the decomposition of the hot green 

waste piles, will be sufficient to kill exotic seeds to a reasonable depth in the soil, and thus 

prevent their germination. 

The trial was commenced during June 2014, and seeds of Themeda triandra, Nassella 

trichotoma and Galenia pubescens were buried in the study area south east of Werribee 

River, Victoria. Seeds of each species were placed in 3 cm x 3 cm nylon mesh bags (50 

seeds per bag), then buried at three different depths; at the surface, 5 cm and 10 cm 

under both the control and hot green waste pile treatments, with four replicate seed bags.  
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To measure the temperatures generated from the decomposition processes, in parallel 

with the buried seeds, 15 temperature data logger buttons (DS1922L Thermochrom 

iButton high resolution data logger) were placed under the piles at three different depths: 

0, 5 and 10 cm respectively for each of the four hot green waste treatments and the control 

site. The buried seed bags and temperature data loggers were collected after 62 days 

when the green waste pile were removed on 15th August 2014.  

The viability test for all seeds was conducted at Federation University laboratories with 2, 

3, 5-triphenyl tetrazolium chloride solution by using the procedure recommended for 

Solanaceae species (Peters, 2000). The seeds were soaked in water for 24 hours, then 

cut transversely with a scalpel to expose the embryo. This was then exposed to 1% TTC 

solution for 24 hours at 25OC. The seeds were removed from the tetrazolium solution, 

then washed with distilled water and the red-coloration of embryos was evaluated. Seeds 

in which the embryos exhibited a reddish colour were scored as viable, while seeds where 

the embryo showed no overall carmine red staining were counted as non-viable (Kambizi 

et al., 2006).  

3.6.3.1 Statistical analysis of seed viability 

Seed viability data of each species were analysed separately with the MINITAB 17 

statistical package (Minitab, 2014) for two treatments (hot green waste and control) under 

three different burial depths (0, 5 and 10 cm) using a General Linear Model (GLM). Seed 

viability value as a percentage were tested for normality using the Ryan-Joiner test, which 

is similar to the Shapiro–Wilk test (a = 0.05). Non-normal distributed data were angularly 

transformed. GLM with two factors (two-way) ANOVA were used to assess the effect of 

the various factors (two treatments and three depths) on seed viability of each species 

separately. Tukey’s test with a significance of 0.05 were applied to test for significance 

between the all factor means and their combinations.  
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3.6.3.2 Results of seed viability 

The composting green waste mulch reached temperatures above 60OC for as long as 15 

days in some treatments. The maximum temperature recorded was 63OC at 5 cm depth 

while, as expected, the temperatures in the control plot remained below 20OC in the 

surface, 5 cm and 10 cm soil depths (Figure 3.21). The heat generated from the hot green 

waste pile has dramatically reduced the viability of buried seeds at different soil depths.   

The mean viability percentage of Themeda triandra seeds buried at surface, 5 and 10 cm 

soil depth under hot green waste pile were 0.3, 0.3 and 2% compared to control 76, 75 

and 86% respectively (Figure 3.22 A,. Table 3.5). 

Similar results were observed for Nassella trichotoma and Galenia pubescens 

seeds;buried at surface, 5 and 10 cm soil depth under hot green waste pile were 2, 2.75 

and 6.75% compared to control 82, 71 and 82% respectively (Figure 3.22 B,. Table 3.5) 

and were 2.75, 5 and 13% compared to control plot 80, 73 and 82% respectively (Figure 

3.22 C, .Table 3.5). 

 

Figure 3.21 Matrix plot of temperature vs day, showing the value of temperature degree 
of data loggers at hot green waste and control under three different depths (0, 5 and 10 
cm), created with MINITAB 17 statistical package (Minitab, 2014).   
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Figure 3.22 The effect of hot green waste on seed viability of (A) Themeda triandra, (B) 
Nassella trichotoma and (C) Galenia pubescens under three different depths 0, 5 and 10 
cm. Vertical bars represent ± standard error of the means, the different letters on the 
vertical bars represent the significant differences between the treatments using Tukey’s 
test.  



Chapter 3 

94 
 

Table 3.5. The effect of hot green waste on seed viability of Themeda triandra, Nassella 
trichotoma and Galenia pubescens under three different depths (0, 5 and 10 cm). The 
data were angularly transformed. 

 Themeda triandra Nassella trichotoma Galenia pubescens 

Source   DF SS F-Value P-
Value SS F-Value P-

Value SS F-Value P-
Value 

Treatments     1 11.0057 2569.75 0.001 8.8469 457.52 0.001 7.83516 239.15 0.001 

Depth   2 0.1041 12.16 0.001 0.0708 1.83 0.170 0.03798 1.16 0.321 

Treatments* 
Depth     2 0.0057 0.66 0.521 0.0330 0.85 0.432 0.03828 0.58 0.561 

Error 54 0.2313   1.0442   1.76918   

Total 59 11.3635   10.0139   9.81148   

 

3.6.3.3 Discussion of seed viability 

The research hypothesis for this investigation was that high temperatures, which are 

produced from the decomposition of the hot green waste piles, will be sufficient to kill 

exotic seeds to a reasonable depth in the soil, and thus prevent their germination. Clearly, 

this has occurred at three different depths (0, 5 and 10 cm) which suggests that I can be 

confident that the seed bank will not be a source of exotic (or native) seeds. Larney and 

Blackshaw, (2003) study showed that beef feedlot manure composts reached 

temperatures as high as 68OC and that the composting process drastically reduced the 

viability of a range of weed seeds. They also showed that the temperatures required to 

achieve complete elimination of viability was weed species dependent as was the duration 

of the temperature. In this study I identified oversize green waste from kerbside collection 

as a potential source of recycled carbon that could be re-used for weed management and 

to possibly alter soil nutrients to benefit native grassland restoration. Mathur (1998) argues 

the importance of composting for preserving carbon and mineral nutrients in an 

ecosystem. In conclusion, this trial has shown that large volume oversize green waste 

compost can heat soils down to 10 cm deep to above 50-60OC temperatures for several 

days killing mature G. pubescens and N. trichotoma plants while also destroying 95% of 

their seedbanks. This has enabled direct seeding of native seed mix with little competition 

from a resident seedbank and early assessments of its establishment are promising. 
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3.6.3.4 Management Implications of seed viability 

The management implications are also clear. Treatment with hot green waste, which is 

plentiful and cheap, will give a blank slate to begin the restoration of the grassland in terms 

of the seed problem. However, there are three issues to be mentioned. The first is new 

ingress of exotic seeds from surrounding areas of land; the second is the possibility that 

seeds still reside >10cm under the surface and could be exposed by tilling or other ground 

disturbance; and the third is that the soil characteristics need to be brought back to their 

original levels. A final thought is that the application of waste could also acts as a vector 

for ingress of exotic seeds.      

3.6.4 Soil nutrients study 

The previous sections have concentrated on the change in vegetation cover and the 

change in the soil seedbank composition after various interventions. However, because 

effects of cropping have also altered the physical and chemical properties of the soil, any 

amelioration of these effects by the interventions need to be carefully examined, and this 

work is presented here. 

A total of five soil samples were collected from each plot at two times: on the 15th August 

2014 after removal of hot green waste piles, and on the 20th April 2016, to determine the 

effect of the treatments on the condition of soil nutrients at the study site, as compared to 

a control. The soil collection, transferring and preparation methods were as described in 

Chapter 2 ‘Current soil nutrient conditions’. 

3.6.4.1 Statistical analysis of soil nutrients 

Prior to statistical analysis, with the exception of pH, results of chemical analyses of soil 

were logarithmically transformed (log10) so that the residual variation in the analyses did 

not systematically change as the mean changed (McDonald, 2009). Chemical 

measurements for ammonium nitrogen, nitrate nitrogen, phosphorus, organic carbon, pH 

and potassium, were analysed with the MINITAB 17 statistical package (Minitab, 2014) 

using a General Linear Model (GLM). Tukey’s test with a significance level of 0.05 was 
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applied to test for significance differences between the means of the measured soil 

factors. The mean data were back transformed. 

3.6.4.2 Results of soil nutrients 

The results of chemical measurements on the study site soil, across two years of 

monitoring assessment, are presented in Table 3.6 and Figures 3.23, 3.24, 3.25, 3.26, 

3.27 and 3.28. Generally, it can be seen that the application of hot and cold green-waste 

treatments and their various combinations caused an increase of most nutrient levels, 

especially nitrogen and phosphorus. The scalping treatment led to a decrease of all 

nutrient levels, but unexpectedly raised the pH level, which was consequently higher than 

that seen in the control and other treatments. 
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Figure 3.23 Mean value of ammonium nitrogen (ppm) during 2015 and 2016, after 
application of treatments. Vertical bars represent ± standard error of the means; the 
different letters on the vertical bars represent the significant differences between the 
treatments using Tukey’s test.  

The ammonium nitrogen content in the various treatments across the two years, ranged 

from 5.2–146.9 and 10.1–198.6 ppm in 2015 and 2016 respectively (Figure 3.23, Table 
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3.6), and it can be seen that the amount of ammonium nitrogen was significantly higher 

at hot, hot + mulch and hot + sugar treatments, compared to the controls, for both 

sampling periods. The lowest ammonium nitrogen readings were recorded for sugar only 

and scalping treatment, which were 5.2 and 5.3 ppm respectively, but these were not 

significantly lower than the control (9.8 ppm).    

In 2016, the amount of ammonium nitrogen increased at the hot + sugar treatment site to 

198.6 ppm compared to 2015, but it declined at the hot and hot + mulch treatments to 

101.2 and 63.4 ppm, respectively. These values were still significantly higher than control, 

sugar and Phoslock® treatments in 2016. The amount of ammonium nitrogen increased 

slightly in 2016 the cold and cold + no seed. The amount of ammonium nitrogen declined 

at the Phoslock® treatment site from 12.7 ppm in 2015 to its lowest value of 4.7 ppm in 

2016 (Table 3.6). 

Figure 3.24 shows the levels of nitrate nitrogen (ppm) across the two year assessment 

periods (2015 and 2016). In 2015, the highest nitrate nitrogen amounts were recorded at 

cold + no seed, cold and Phoslock® treatments (92.6, 83.8 and 53.3 ppm respectively) 

and these were significantly higher than control (p= 0.040), scalping (p= 0.001), sugar 

(p=0.000) and hot + sugar (p= 0.011) treatments (Table 3.6). The lowest nitrate nitrogen 

amount was recorded at the scalping treatment site (5.6 ppm) which was significantly 

different to the control value (19.1 ppm).  

In 2016, the trend shows an increase in the amount of nitrate nitrogen at most treatments 

except cold green waste and Phoslock® treatment plots. After two years of treatment, hot 

green waste and its combination hot + sugar and hot + mulch led to an increase in the 

amount of nitrate nitrogen. The amount of nitrate nitrogen at the hot + sugar (p= 0.001) 

and hot green waste treatments (p= 0.001) were significantly higher than at the control 

plot. Sugar and scalping treatments had lower nitrate nitrogen value (24 and 29 ppm) 

respectively than control (41 ppm), but these differences were not significant. The 
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amounts of nitrate nitrogen at Phoslock® and cold green waste treatments were 34.1 and 

47.5 ppm correspondingly (Table 3.6). 
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Figure 3.24 Mean value of nitrate nitrogen (ppm) measured during 2015 and 2016, after 
application of treatments. Vertical bars represent ± standard error of the means; the 
different letter on the vertical bars represent the significant differences between the 
treatments using Tukey’s test. 
 

Figure 3.25 shows the amount of phosphorus (ppm) at different treatment sites across the 

two years of assessment (2015 and 2016). In 2015, the phosphorus level in scalping plot 

17.3 ppm (p= 0.001) was significantly lower than the control and other treatments plots. 

There was an increase of phosphorus amount at all other treatments, especially the cold 

and cold + no seed treatments which were 162.8 ppm and 156.8 ppm (p= 0.001), and 

these values were significantly higher than at the control site at 87.4 ppm (Table 3.6).  

In 2016, the amounts of phosphorus at the cold and the cold + no seed treatments were 

204.4 and 218.6 ppm which suggests that the concentration of phosphorus will increase 

over time with the use of cold green waste. There was no change between 2015 and 2016 
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for phosphorus levels at the scalping treatment sites, which remained significantly lower 

than control and other treatments. Phoslock® and sugar treatments had lower amounts of 

phosphorus 78.1 and 79.9 ppm than control 82.8 ppm (p= 0.209; Table 3.6), but these 

differences were not significant. 
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Figure 3.25 Mean value of phosphorus (ppm) measured during 2015 and 2016, after 
application of treatments. Vertical bars represent ± standard error of the means; the 
different letter on the vertical bars represent the significant differences between the 
treatments using Tukey’s test.           
 
The mean percentages of organic carbon of different treatments across two assessment 

years 2015 and 2016 are presented in Figure 3.26. In 2015, the scalping treatment had a 

significantly lower percentage organic carbon 1.5 % (p= 0.001) than the control site 

(p=0.658), as well as for all other treatments. The highest organic carbon was recorded 

at the cold + no seed treatment 3.5 % as shown in Table 3.6. 

In 2016, the organic carbon (%) remained the same at the scalping treatment site, but 

there was a slightly increased organic carbon level at the control, hot green waste and hot 
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+ mulch treatments. There were significant differences of organic carbon at cold and cold 

+ no seed treatments (p= 0.001) after two years of application (4.1 and 4%) respectively 

compared to the control, and also with the hot, hot + sugar, Phoslock® and scalping 

treatments (Table 3.6).                  
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Figure 3.26 Mean value of organic carbon (%) during 2015 and 2016, after application of 
treatments. Vertical bars represent ± standard error of the means; the different letter on 
the vertical bars represent the significant differences between the treatments using 
Tukey’s test. 

Figure 3.27 records the pH levels of different treatments across the two years of 

assessment (2015 and 2016). In 2015, the pH level at the scalping treatment site was 7.1 

(neutral) which was significantly higher than the control site (p= 0.001) and other 

treatments. The pH level of cold + no seed and cold green waste treatments were 

moderately acid (5.8 and 5.9 respectively; Table 3.6). The pH level in the control plot and 

the other treatments was slightly acid. 
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In 2016, the pH level of all treatments were slightly increased except for the control site 

which remained the same at 6.1. Although this overall increase did not change the status 

of the neutral and slightly acid pH soil values, it has changed the status of cold and cold 

+ no seed treatments from moderate acid to slightly acid soils 6.6 and 6.3 (Table 3.6).

pH
 le

ve
l 

0

2

4

6

8
F= 14.55
P= 0.001 

a

b b
bbbbbb

F= 16.68
P= 0.001 

c

a

bbbc bc bc
bc bc

     2015                                              2016 

Contro
l

Hot 

Hot +
 m

ulch

Hot +
 su

gar
Cold 

Cold + no se
ed

Sca
lping 

Sugar

Phoslo
ck

Contro
l

Hot 

Hot +
 m

ulch

Hot +
 su

gar
Cold 

Cold + no se
ed

Sca
lping 

Sugar

Phoslo
ck

 

Figure 3.27 Mean value of pH level at 2015 during 2016, after application of treatments. 
Vertical bars represent ± standard error of the means; the different letter on the vertical 
bars represent the significant differences between the treatments using Tukey’s test. 

The potassium content in the different treatments across the two years 2015 and 2016, 

ranged from 526.4 to 1197.2 ppm during 2015 and from 527 to 1616.7 ppm in 2016 (Figure 

3.28). The application of the treatments all caused an increase of the amount of potassium 

especially in the case of the use of hot and cold green waste alone and their combinations 

(Table 3.6). 

In 2015, the amount of potassium at hot, cold and cold + no seed treatments (1231.9, 

1197.2 and 1146.2 ppm) were significantly higher than control, scalping, sugar and 
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Phoslock® treatments (526.4, 612.6, 631.8 and 778.7 ppm respectively) as shown in Table 

3.6.  
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Figure 3.28 Mean value of potassium (ppm) during 2015 and 2016, after application of 
treatments. Vertical bars represent ± standard error of the means; the different letter on 
the vertical bars represent the significant differences between the treatments using 
Tukey’s test. 

Similarly, in 2016, the amounts of potassium were significantly higher at cold + no seed, 

cold, hot, hot + mulch and hot + sugar treatments (1616.7, 1607.5, 1560.6, 1476 and 

1424.8 ppm respectively) as recorded in Table 3.6. In contrast, the amounts of potassium 

declined slightly at scalping, sugar and Phoslock® treatments (514.9, 528.1 and 

611.7ppm). There were significant differences between hot and cold green waste and 

their combinations with control, scalping, sugar and Phoslock® treatments.   

3.6.4.3 Discussion of soil nutrients 

To aid systematic evaluation of these treatments, seven hypotheses were suggested and 

tested using field experiments or laboratory investigations, namely: 
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I. The first hypothesis was that the hot green waste treatment, will lead to an increase 

in the carbon content and a decrease in the nitrogen level in the soil;  

II. The second hypothesis was that the application of hot green waste, followed by the 

addition of mulch, will lead to an increase in the carbon content as well as a 

decrease in the nitrogen level in the soil; 

III. The third hypothesis was that the hot green waste treatment, in combination with 

added sugar as a carbon source, will lead to an increase in the carbon content as 

well as a decrease in the nitrogen level in the soil;  

IV. The fourth hypothesis was that the application of cold green waste, will lead to an 

increase in the carbon content as well as a decrease in the nitrogen level in the 

soil;  

V. The fifth hypothesis was that scalping the topsoil, will lead to a decrease in the 

nitrogen and phosphorus levels, and the organic carbon content, in the soil;   

VI. The sixth hypothesis was that the application of sugar will lead to an increase in 

the carbon content as well as a decrease in the nitrogen level in the soil; and 

VII. The seventh hypothesis was that treatment of the topsoil with Phoslock®, will lead 

to a decrease in the phosphorus level in the soil. This latter hypothesis will be 

further investigated in laboratory conditions. 

Regarding the first three hypotheses, that application of hot green waste alone and in 

combination with sugar and mulch, would lead to an increase in the carbon content as 

well as a decrease in the nitrogen level in the soil, were rejected because the results of 

soil nutrients analysis was opposite to our expectations. The levels of ammonium nitrogen 

increased dramatically during the 2015 sampling years directly after the application of hot 

green waste, which may have been due to mobilisation of N from the green waste material 

through decomposition. Total nitrogen amount of hot green waste was 0.85% before the 

application at 2014. Water content and temperature of the green waste pile are known to 

influence the mobilization of nitrogen. In the field trials, all green waste piles were watered 

to increase the microbial activity (see section 3.5.7 Hot green waste). This led to a rise in 
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the pile temperature to 62OC (see section 3.6.3 Effects of hot green waste temperature 

treatment on viability of seeds). The increase in the nitrate nitrogen, phosphorus and 

potassium levels may be a result of the high temperatures created from hot green waste, 

or, alternatively, it might be due to the waste containing large amounts of residual N-P-K 

fertilizer which has moved to soil during the treatment. Duong et al. (2013) established 

that nutrients released during the decomposition of compost move into the adjacent soil 

resulting in increased N and P availabilities as well as increased microbial biomass and 

activity. Similarly, Gu et al. (2009) established that green waste compost application can 

increase soil total nitrogen and available phosphorus contents. Scotti et al. (2016) 

examined the impact of commercial compost from organic fraction of municipal solid 

waste and compost of plant residues (green waste) on soil quality and found that the total 

nitrogen was increased by 60 and 40%, respectively, compared to the untreated soil. 

Similarly, Keeling et al. (2003) found that the use of mature green waste compost can 

reduce reliance on conventional fertilisers. However, losses of N through leaching may be 

possible, and hence increases in N may be a short-term effect. 

The fourth hypotheses was rejected because the level of nitrate nitrogen was significantly 

higher in the cold green waste treatment compared to the control. Similarly, Miller and 

Seastedt (2009) showed that woodchips did not reduce plant-available soil nitrogen at 

ambient levels of fertility. However, the organic carbon levels were significantly higher 

than control and other treatments at second sampling year. Indeed, several studies have 

shown that addition of biologically available carbon (for example as sugar or sawdust) can 

increase microbial activity which helps to draw down the nitrogen level (Morghan & 

Seastedt, 1999; Prober et al., 2005; Faithfull et al., 2010). In another study, Blumenthal et 

al. (2003) outlined how carbon additions can promote native species cover. However, in 

my study, any promotion of microbial activity through carbon addition has not been able 

to offset the large addition of N introduced by the green waste itself. The increase of 

phosphorus and potassium levels also suggests that these have been introduced in the 
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urban green waste at high levels, and mobilized sufficiently so that they are available to 

plants. 

The fifth hypothesis was partially accepted because the scalping treatment showed 

significantly lower levels of nitrate nitrogen, 5.6 ppm, phosphorus 17.3 ppm and organic 

carbon 1.5% than the control at 2015, and this trend was similar for phosphorus and 

organic carbon levels in 2016, but the amount of nitrate nitrogen was not significantly 

lower than control in 2016. There was no significant differences in the amount of 

ammonium nitrogen and potassium at both sampling years 2015 and 2016. The pH level 

was significantly higher than control and all other treatments in both sampling years 2015 

and 2016, as scalping removed the acidic sand at the top of the soil profile, exposing the 

more calcareous clay below it. The pH level in the current study concur with the results of 

other studies (Allison & Ausden, 2004; Jaunatre et al., 2014). These results clearly 

showed that the scalping treatment is sufficient to remove all unwanted exotic species 

and excessive inorganic nutrients. This physical removal of the soil matrix is designed to 

reduce soil nitrate nitrogen, phosphorus and the exotic seed bank (Gibson-Roy, 2000; 

Allison & Ausden, 2004; Gibson-Roy et al., 2010a; Jaunatre et al., 2014), and thus it has 

been previously reported that the scalping treatment is an effective tool for the restoration 

of degraded grassland on the Victorian Volcanic Plains (Gibson-Roy, 2010a; Brown, et 

al., 2017; Morris & Gibson-Roy, 2018).  

The sixth hypothesis was rejected – the sugar treatment did not significantly reduce soil 

nitrogen or increase soil carbon. The ammonium nitrogen and nitrate nitrogen levels were 

decreased at first sampling year 2015 but these differences were not significant compared 

to the control. Whilst, Eschen et al. (2007) showed that carbon addition during grassland 

restoration is a useful management technique to reduce nitrogen availability on ex-

cropping land, and it has been shown that addition of carbon can also reduce inorganic 

nitrogen and exotic plant biomass, other studies have shown that addition of sugar with 

an application rate of 5 t/ha every 3 months, is unlikely to be practical or affordable, 
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restricting its use to small remnants or high-value conservation areas (Perry et al., 2010; 

Morris & De Barse 2013; Brown, et al., 2017). 

Finally, the seventh hypothesis was rejected – the Phoslock® did not significantly reduced 

the phosphorus level in the soil. The level of phosphorus was higher than the control in 

2015, but this level decreased slightly in the second sampling year (2016). It was predicted 

that introducing Phoslock® into the ex-cropland soil would bind the available phosphorous 

in an insoluble form, thus making it unavailable to plants (Geurts et al., 2011), but this was 

not found to be a practical or economic approach.   

3.6.4.4 Management Implications of soil nutrient 

The results of soil nutrient level analysis clearly indicated the positive effect of some of 

the restoration methods regarding the reduction of nitrogen and phosphorus levels and 

increasing the organic carbon content. However, it became clear that addressing the 

various barriers to restoration management in the VVP grassland brought a number of 

complications. For example, the scalping treatment removed the exotic weed bank and 

nitrogen and phosphorous accumulations, but decreased the organic carbon and 

increased the soil pH level. The hot, hot+sugar, hot+mulch, cold and cold+no seed 

treatments were sufficient to reduce the exotic weed species cover and to facilitate 

recruitment of native species with an increase the organic carbon content, but they led to 

an increase in nitrogen, phosphorus and potassium levels. The Phoslock® treatment was 

not an effective tool in regard to the reduction of available phosphorus levels. However, 

the use of Phoslock® will be investigated further in a controlled glasshouse experiment in 

Chapter 5. 

It was thus suggested that successful restoration management must include more than 

one restoration method, step by step or in combination, to overcome the barriers that 

accrue throughout the management process. It was also evident that the hot and cold 

green waste treatment was not an ideal restoration method in Australia due to the 

significant increase in available nitrogen, phosphorus and potassium levels in the soil. 
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This will favour the spread of exotic weeds which will outgrow any native species. That 

said, the hot and cold green waste material might be a good restoration tool in some 

African and East European countries which have poor soil nutrient levels, or possibly in 

agricultural lands as a method to improve the soil nutrients and improve the production 

yield in crops.  
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Table 3.6. Summary of mean values of ammonium nitrogen (ppm), nitrate nitrogen (ppm), phosphorus (ppm), organic carbon (%), pH and 
potassium (ppm) resulting from experimental treatments assessed in 2015 and 2016.  

Treatments Ammonium 
Nitrogen (ppm) 

Nitrate Nitrogen 
(ppm) 

Phosphorus 
(ppm) 

Organic Carbon 
(%) pH Level Potassium 

(ppm) 
2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016 

Control 9.8 10.1 19.1 41.0 87.4 82.8 2.7 2.9 6.1 6.1 526.4 527.0 

Hot 124.1 101.2 32.1 95.9 104.9 104.8 2.7 3.0 6.1 6.3 1231.9 1560.6 

Hot +  mulch 139.1 63.4 35.8 66.7 103.5 123.9 2.7 3.6 6.0 6.4 1025.0 1476.0 

Hot + sugar 146.9 198.6 17.2 105.5 115.6 91.1 2.8 2.9 6.1 6.5 1093.1 1424.8 

Cold 8.9 16.4 83.8 47.5 162.8 204.4 3.4 4.1 5.9 6.5 1197.2 1607.5 

Cold + no seed 9.9 24.8 92.6 83.5 156.8 218.6 3.5 4.0 5.8 6.3 1146.2 1616.7 

Scalping 5.3 21.6 5.6 29.0 17.3 17.8 1.5 1.5 7.1 7.2 612.6 514.9 

Sugar 5.2 20.4 13.7 24.0 95.5 79.9 3.2 3.1 6.0 6.2 631.8 528.1 

Phoslock® 12.7 4.7 53.3 34.1 103.4 78.1 3.1 2.8 6.2 6.3 778.7 611.7 
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Whilst the findings derived from Table 3.6 will be discussed in detail in Chapter 6. This 

summary Table and the previous discussion of results has been presented to allow a first 

appreciation of the effects of the separate treatment regimes on nutrient levels by simple 

comparison with the ‘Control’ values. As can be clearly seen from the spread of values, 

management of the nutrient and mineral content of soils in ex-cropland is a significant and 

complex problem, and it will require careful interpretation of the outcomes of various 

treatment methods before sensible management strategies can be offered. 

3.6.5 Soil bulk density 

To determine whether there were any significant effects of applied treatments on soil bulk 

density of the study sites, soil samples were collected on 2nd May 2016 using a cylindrical 

steel core cutter (7.5 cm long and 7.5 cm diameter). This period of two years (since 

application of treatments) was thought sufficient to indicate whether these non-invasive 

treatments would make any significant alteration to the soil bulk density. Three soil cores 

were randomly collected from each 5 m x 5 m plot and bulk density was calculated. The 

soil collections, transferral and preparation methods with the bulk density procedure were 

previously detailed in Chapter 2 ‘Soil bulk density’.    

3.6.5.1 Statistical analysis of soil bulk density 

One-way ANOVA was used to assess the effect of treatments on soil bulk density. Data 

were tested for normality using the Ryan-Joiner test (similar to the Shapiro–Wilkes test) 

(a = 0.05) before the ANOVA, then logarithmically transformed (log10) so that the residual 

variation in the analyses did not systematically change as the mean changed (McDonald, 

2009). Data were analysed with the MINITAB 17 statistical package (Minitab, 2014). 

Tukey’s significance level of 0.05 was applied in all cases to determine if there were 

significance differences between the means. The mean data were back transformed. 
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Table 3.7. One way ANOVA of effects of the treatments on the soil bulk density. The 
presented data were logarithmically (log10) transformed. 

                             
Source   DF SS F-Value P-Value 
Treatments     8 0.043 3.63 0.001 
Error 99 0.147   
Total 107 0.191   
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Figure 3. 29 The effect of treatments on soil bulk density of experiment site. Vertical bars 
represent ± standard error of the means, the different letter on the vertical bars represent 
the significant differences between the treatments using Tukey’s test. 

 

3.6.5.2 Results of soil bulk density 

Results indicated that there were significant differences in mean soil bulk density between 

treatments as shown in (Table 3.6; Figure 3.29). The highest soil bulk density recorded 

was for the scalping treatment 1.14 g/cm3 , and this was significantly higher than hot + 

mulch and Phoslock® treatments at 0.970 and 0.986 g/cm3 respectively. There was no 

significant differences between all applied treatments compared to the control plot (no 

treatment). The mean soil bulk density of the control plot was 1.058 g/cm3 (Figure 3.29). 
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3.6.5.3 Discussion of soil bulk density 

Compaction of soil presents a problem for restoration because it presents a barrier to 

water and nutrient permeability around the roots of developing plants. Soil compaction 

could occur as a result of physical stress from machinery (Soane & Van Ouwerkerk, 1994) 

or possibly from some forms of soil composition change (Chaudhari et al., 2013). The 

treatments were non-invasive, and whilst it was hoped that alleviation of soil compaction 

might be achieved by alteration in soil composition, it does not appear that this has 

occurred.  

3.6.5.4 Management Implications of soil bulk density 

These investigation into changes of soil compaction as a result of non-invasive treatments 

would suggest that further physical manipulation of the soil may be needed. This could 

lead later to a discussion of seed-bank results and soil compaction needs – there will be 

a problem if soil is disturbed below 10 cm because exotic seeds may be exposed. This 

again demonstrates the complexity of the situation, and may suggest that if soil 

compaction is a problem, tilling may need to be done first, before application of hot green 

waste, cold green waste and sugar addition treatments. 

3.6.6 Microbial activity measurement with cotton strips 

Soil micro-organisms play an important role in degradation of organic matter and in 

nutrient cycling in the soil (Bing-Ru et al., 2006). Cotton strips were used to determine the 

presence of microbial activity in the soil (Correll et al. 1997). The degradation of cotton is 

widely used as a cheap and simple index of microbial activity in a variety of environments 

(Lategan et al., 2010), and is based on the premise that the breakdown of cellulose, such 

as is found in cotton, is almost exclusively carried out by microbiological processes.  

This trial investigates the relationships between cotton tensile strength loss, abundance 

of cellulose-degrading organisms and general microbial activity. It considers the suitability 

of cotton tensile strength loss to be a convenient and reliable surrogate for general 

microbial activity in the degraded native grassland. 
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Investigations were conducted at the experimental site on 10th February 2016. Four 5 cm 

x10 cm cotton strips were buried to a 10 cm soil depth in each plot. The subsequent 

collection of strips was undertaken after 60 days on 11th April 2016. The collected cotton 

strips were placed in nylon bags, labelled, and then transported to Federation University 

laboratories. They were washed with deionized water and dried. When dry, the tensile 

strength was measured by a Stable Micro Systems Texture Analyser (Model TA-XT Plus).  

Approximately 1 cm long portions of the ends of each strip were placed in the holds of the 

apparatus, and were adjusted to be sufficiently tight to ensure that the strips did not slip 

during the pulling process, but not so tight as to tear the strips at their point of contact. 

They were lined with cotton-based tape to prevent slippage. Strips were pulled and 

maximum tensile strength was recorded for each strip.  

Tensile loss was expressed as percentage of the initial tensile-strength lost per day of 

incubation, and determined using the following formula (Tiegs et al., 2013):  

  Tensile Loss = 𝟏𝟏 − ��𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝑻𝑻𝒔𝒔𝒔𝒔𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝒔𝒔𝑻𝑻𝒕𝒕𝒔𝒔𝒕𝒕𝑻𝑻𝑻𝑻𝒔𝒔 𝑻𝑻𝒔𝒔𝒔𝒔𝑻𝑻𝒔𝒔𝑻𝑻 
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝑻𝑻𝒔𝒔𝒔𝒔𝑻𝑻𝑻𝑻𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝑻𝑻𝒓𝒓𝑻𝑻𝒔𝒔𝑻𝑻𝑻𝑻𝒓𝒓𝑻𝑻 𝑻𝑻𝒔𝒔𝒔𝒔𝑻𝑻𝒔𝒔𝑻𝑻 

 𝒙𝒙 𝟏𝟏𝟏𝟏𝟏𝟏�� / Incubation time  

where ‘tensile strength treatment strips’ is the maximum tensile strength recorded for each 

of the strips incubated in the field, and ‘tensile strength reference strips’ is the mean tensile 

strength of eight strips that were not buried in the field but were stored in a desiccator. 

The main objective of this trial was to assess the effect of each treatment on the degrading 

rate of the buried cotton strips, and to relate this to the level of microbial activity. 

3.6.6.1 Statistical analysis of microbial activity 

Data related to the cotton strips’ tensile strength loss percentage were analysed with 

MINITAB 17 statistical package (Minitab, 2014) using a one way ANOVA. All data were 

tested for normality using the Ryan-Joiner test (a = 0.05). Fisher LSD a significance level 

of 0.05 were applied to determine the significance differences between the means.  

 



Chapter 3 

113 
 

Table 3.8. One way ANOVA of effects of the treatments on the cotton strips’ tensile loss.  

Source   DF SS F-Value P-Value 
Treatments     8 1.674 2.88 0.019 
Error 27 1.962   
Total 35 3.638   
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Figure 3.30 The effect of treatments on the cotton strips tensile strength loss rate. Vertical 
bars represent ± standard error of the means, the different letter on the vertical bars 
represent the significant differences between the treatments using Fisher LSD test. 

3.6.6.2 Results of microbial activity 

As indicated, this work is predicated on the assumption that there is a positive relationship 

between tensile strength loss of the cotton strips and the level of microbial activity in the 

soil. The results of tensile strength loss of cotton strips that were buried in the treated plots 

soil and collected after 60 days, are presented in Figure 3.30. It can be seen that there 

were significant differences in mean loss in tensile strength of cotton strips (p=0.019; 

Table 3.8) between the soil treatments. The results clearly show the effect of various 

treatments, especially green waste and sugar, on the tensile strength loss of cotton strips. 

The mean tensile strength losses were 0.985, 0.977, 0.974, 0.974 and 0.966 % recorded 
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at hot+ sugar, cold, sugar, hot+ mulch and cold + no seed treatments respectively and 

these were significantly different (Figure 3.30) from scalping and control treatments 

respectively (0.382 and 0.562%). In contrast, the mean tensile strength loss of hot and 

Phoslock® treatments were 0.931 and 0.655%, but these differences were not significant 

(Figure 3.30) compared to the control treatment. 

3.6.6.3 Discussion of microbial activity 

As discussed earlier, it is understood that soil microbes can play a significant role in 

grassland restoration of former agricultural land through (i) their effects on soil porosity, 

(ii) organic material storage through decomposition, (iii) increased water holding capacity, 

and (iv) natural nutrient cycling (Jastrow et al., 1998), all of which favour the establishment 

of native plant species. In addition, microbes play a crucial role in the development and 

maintenance of soil structure by binding soil elements and organic matter and creating 

healthy aggregates (Jastrow et al., 1998; Six et al., 2000). 

In this current study, the effect of different restoration methods on cotton strip degradation 

(tensile strength loss) as well as soil microbial activity were investigated and tested in all 

treatments.  

It was anticipated that the application of different carbon sources such as hot green waste 

(Hot), cold green waste (Cold) and sugar would increase the soil microbial activity and 

produce nitrogen drawdown that should improve the soil for direct seeding of native 

grasses. Smith et al. (2010) showed that by adding biochar to the soil, microbial 

community structure and function might be shifted by changing physicochemical 

properties of the soil. Similarly, Steinbeiss et al. (2009) asserted that the addition of 

glucose-derived biochar rarely changed the composition of the soil microbial community. 

Other studies have shown that the soil organic matter and soil organic carbon are strongly 

associated with increased soil microbial biomass (Allison et al., 2005; Williamson et al., 

2005). However, changes in soil conditions such as pH, soil moisture, temperature, 

oxygen supply, and available substrate affect the fluidity of bacterial cell membranes, 
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which is important for molecular transport of substrate and waste between a bacterium 

and the environment and ultimately, cell growth. Also, ecological stress may reduce 

overall microbial activity and affect nutrient cycling and energy flow for an entire 

ecosystem (Schimel et al., 2007). 

3.6.6.4 Management Implications of microbial activity 

The results of soil microbial activity clearly showed the significant effect of most carbon 

sources hot+ sugar, hot+ mulch, cold, cold+ no seed and sugar on percentage of tensile 

strength loss of cotton strips as well as the increase in the soil microbial activity. It was 

found that the scalping of topsoil has the lowest effect on the cotton strips’ tensile strength, 

and this is thought to be due to the removal of most of the microorganisms from the soil. 

It is implied that an additional carbon source will arise from the sugar and wood chips, 

which will increase microbial activity in the soil and thus provide a suitable environment 

for native species regrowth. 

3.7 Conclusion 

In an attempt to contribute to a more detailed understanding of the biotic and abiotic 

barriers to restoration of grasslands in the VVP, in addition to evaluation of traditional 

techniques such as adding sugar and scalping, some novel restoration approaches such 

as the loading of hot and cold green waste onto the site, and the introduction of the 

commercially available phosphorus sequestering material Phoslock® into the soil, have 

been used. A native species seed mix has been broadcast with most restoration 

techniques in order to stimulate the establishment of native cover and assisting in the 

competition with invasive exotic weeds. The results of each of the management 

techniques on the above-ground vegetation cover, the composition of the soil seed bank, 

the soil bulk density and the level of microbial activity have been presented. It was found 

that the use of hot green waste alone, a combination of hot green waste plus mulch), and 

a mixture of hot green waste plus sugar, all led to a reestablishment of native species: 

Austrostipa semibarbata, Bothriochloa macra, Rytidosperma spp. and Themeda triandra, 
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when the topsoil was deliberately seeded. There was also a significant increase in the 

level of organic matter in the soil, and this was especially so for the cold green waste 

treatment which was increased in the second assessment year (2016). This approach has 

had a positive effect on the microbial activity within the soil, and has also reduced the 

amount of ammonium nitrogen in the first assessment year (2015). 

There was little effect of Phoslock treatment on reduction of the amount of phosphorus 

amount in the soil, but it did appear to reduce ammonium nitrogen levels during the second 

assessment year (2016). Scalping has a positive effect in removing all the exotic weeds 

in the soil seed bank, thus preventing their re-emergence; whilst this treatment is an 

effective tool to reduce or remove the unwanted high levels of nitrogen and phosphorus 

levels required for native species reestablishment in the soil. A detailed discussion on the 

findings and outcomes of this work, and the implications for restoration management, will 

be given in Chapter 6. 

Prior to this discussion, in the next chapter an examination of techniques to break the 

seed dormancy of Ptilotus macrocephalus and Ptilotus polystachyus species will be 

presented. The practical problem of seed dormancy, which needs to be addressed before 

using these species for glasshouse experiments, will involve a determination of their 

response to a number of seed pre-treatments: (i) smoke water, (ii) heating shock, (iii) cold 

stratification and (iv) gibberellic acid. These results will be required in order to use these 

species in a study aimed to reduce phosphorus level in the soil using plant species. In this 

latter study, the effect of phosphorous diminution in soil by the use of Phoslock® will be 

compared with the effect of harvesting plant species such as Ptilotus and Lupin. 
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Chapter 4. Overcoming seed dormancy in Ptilotus macrocephalus and 
Ptilotus polystachyus: an investigation of treatments to stimulate 
germination rates  
 

4.1 Introduction 

The aim of this thesis is to investigate and test approaches to the restoration of old fields. 

This thesis has systematically introduced a range of strategies to help understand the best 

way to overcome abiotic and biotic challenges that prevent native seeds from re-

establishing in an ex-cropping area. 

To restore old fields, successful reseeding with native seeds is essential. However, the 

germination requirements of species targeted for restoration are often unknown, and as a 

result, restoration efforts using native seed have often had poor success rates (Carr et al., 

1992). Native seeds in quantities required for restoration are expensive, and as such high 

germination rates are important to the success and economic viability of restoration 

efforts. Native seeds exhibit significant dormancy properties that require specific 

conditions for stimulating germination (Dixon et al., 1995; Plummer et al., 1995; Roche et 

al., 1997a, b; Morris, 2000; Merritt et al., 2007). The high level of seed dormancy in the 

Australian flora is related to hostile and arid environments in which many of these plants 

have evolved; seed dormancy helps prevent germination until a time at which the 

environmental conditions are suitable for seedling establishment and survival 

(Commander et al., 2009). 

Another barrier to restoration of old fields is high residual phosphorus content in the soil, 

which is a severe abiotic barrier to native species re-establishment (Ryan et al., 2009). 

One possible method to address this barrier is to use phosphorus-accumulating plants to 

help decrease soil phosphorus levels. Two species known to concentrate phosphorous in 

their tissues as they grow are Ptilotus macrocephalus and Ptilotus polystachyus (Islam et 

al., 1999; Ryan et al., 2009). Including these species in early-stage restoration efforts in 

high-phosphorus soils has potential to be a convenient and economical way of reducing 
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phosphorus levels and preparing the way for further native plant restoration possibilities. 

The phosphorus-accumulating properties of Ptilotus spp. will be further introduced and 

tested in Chapter 5.   

This chapter addresses aspects of both the barriers to restoration discussed above: 

unknown germination requirements of native species and high residual phosphorus in old 

field’s soil. This chapter describes experimental work to determine the optimum conditions 

for seed germination of P. macrocephalus and P. polystachyus. The chapter firstly 

provides a brief review of seed dormancy and then describes the trials and results. The 

chapter ends with a recommendation for the most effective germination treatment, which 

was then used in the glasshouse trials of Chapter 5. 

4.2 A review of the nature of seed dormancy 

Seed dormancy is an innate seed survival feature that determines the most suitable 

environmental conditions in which a seed is able to germinate and flourish (Baskin & 

Baskin, 2004). It can be usefully defined as a mechanism to prevent seed germination 

during unsuitable ecological conditions when the probability of seedling survival is low, 

thus conserving the available seed bank resources for more suitable conditions (Bewley 

et al., 2006). There are three types of dormancy categorised on the basis of their mode of 

action: these are physical, physiological and morphological dormancy (Baskin & Baskin, 

2004; 2014). Physical dormancy is dormancy that is facilitated by the protection of the 

embryo by an impermeable seed coat, which is an impenetratable layer or layers of 

material that develops during the maturation and drying of the seed or fruit (Offord & 

Meagher, 2009). Seeds showing physiological dormancy are, in contrast, water-

permeable, but to ensure dormancy they have an internal physiological germination-

inhibiting mechanism within the embryo that prevents radicle emergence during 

unsuitable conditions (Nikolaeva,1977; Baskin & Baskin, 2014). Finally, morphological 

dormancy prevents germination when the embryo is still underdeveloped, and where 

seeds need to mature further before germination. If seeds germinate too early, the embryo 
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tissues will not be differentiated at the time of fruit ripening (Nikolaeva, 1977; Baskin & 

Baskin, 2004; 2014). 

There are several environmental and physiological factors which play a key role in seed 

dormancy mechanisms, including temperature, light, moisture, fire (both temperature and 

smoke effects), and the nature of the seed coat (Eira & Caldas, 2000; Geneve, 2005; 

Martinkova et al., 2006; Sweedman & Merritt, 2006). In this respect, seed dormancy is a 

complex phenomenon, and may be caused by one or more dormancy type. For example, 

some seed coats limit movement of moisture and or oxygen into the seed (Offord & 

Meagher, 2009), having inhibitors that specifically block germination because of external 

environmental cues (Baskin & Baskin, 2014). Similarly, ‘after-ripening’ refers to further 

development of immature seeds once they have left the parent plant, and dormancy can 

serve to delay germination until after this has happened (Baskin & Baskin, 2004; Erickson 

et al., 2016). The specific nature of the cues that either prevent or facilitate germination 

are often difficult to determine.  

The wide variety of dormancy mechanisms have been developed because there are many 

environmental situations encountered by a seed which are not conducive to both 

germination and seedling health; (i) the seed needs to survive passage through the 

digestive tract of animals (Copeland & McDonald, 2012), (ii) in colder areas the seed 

needs to survive for long periods (over a severe winter, or for several years when 

conditions are not suitable for germination and growth (Copeland & McDonald, 2012), or 

(iii) seeds in temperate areas need to be exposed to the effects of fire before germination, 

which is important because the plant needs to have competing species cleared to facilitate 

development of the seedlings (Copeland & McDonald, 2012). Further, there is an adaptive 

advantage in delaying germination for at least a portion of the seeds in a population, even 

when conditions are conducive to growth, as it prevents the commitment of the total 

seedbank and spreads the risk of germination failure across multiple sets of environmental 

conditions (Finch-Savage & Leubner-Metzger, 2006). This adaptation is known as ‘bet-
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hedging’. Despite these insights, the germination cues of many species are unknown, and 

this is the focus of this current work with the Ptilotus genus. 

The genus Ptilotus (family Amaranthaceae) includes approximately 100 species that are 

mostly endemic to Australia (Benl, 1971; Commander et al., 2009). Of these 100 species, 

a significant number occur in arid and semi-arid regions. They range in growth from 

prostrate to erect herbs, while some may form small, woody shrubs (Commander et al., 

2009). Ptilotus polystachyus has long been thought a promising candidate for 

domestication as a short-lived perennial forage herb for acid soils in the cropping zones 

of southern Australia (Gardner, 1934). In the context of this thesis, it is thought that some 

members of the Ptilotus family may be suitable as native species to assist in the 

reclamation of former cropland. As such, this study seeks to understand the optimum 

germination characteristics of Ptilotus seeds to provide the best opportunity for 

reestablishment of these native species during the reseeding experiments detailed in the 

previous chapter.   

There are some generally accepted observations rising from this previous work: (i) 

temperature and light both play a part in the control of dormancy and germination, whilst 

it appears that light alone regulates the rate of germination (Benech-Arnold et al., 2000; 

Batlla et al., 2004), and (ii) temperature plays a major role in determining the periodicity 

of seed germination and the distribution of species (Baskin & Baskin, 2014). There are 

exceptions to these general observations – for example, some species are insensitive to 

changes in light levels such as Aristida contorta (Bunched kerosene grass) and 

Helipterum craspedioides (Yellow billy buttons), while others are inhibited by any 

exposure to light during germination such as Helichrysum cassinianum (Pink everlasting) 

(Mott, 1974a; Carta et al., 2014). Furthermore, the response of seeds to light also can 

control the timing of germination (Pons, 2000), and previous studies have demonstrated 

that combined light and gibberellic acid can both break physical dormancy and promote 
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germination (Sanchez & Mella, 2004; Kucera et al., 2005; Finch‐Savage & Leubner‐

Metzger, 2006). 

The labyrinthine nature of seed dormancy is further illustrated by the following 

observations: (i) the seed dormancy of many seeds can be released by low temperature 

and hormonal treatments (Schneider & Gifford, 1994; Clarke et al., 2000); (ii) seeds of 

many species such as Lupinus sulphureus (Sulphur lupin), Marianthus bicolor (Painted 

marianthus) and Xyris lanata (Yellow eyed grass), require cold treatment before they are 

able to germinate (Taylor et al., 1993; Nicolas et al., 1996; Walck et al., 2000; Kaye & 

Kuykendall, 2001; Merritt et al., 2007), (iii) high temperatures (up to 80OC) have been used 

to release seed dormancy of many species from arid zones such as Actinotus 

leucocephalus (Flannel flower), Anigozanthos manglesii (Red and green kangaroo paw), 

Gompholobium knightianum (Glory peas) and Stylidium affine (Queen trigger plant) (Mott, 

1974b; Hagon, 1976; Tieu et al., 2001); (iv) heat shock (up to 80OC) was found to 

encourage germination of some legume shrub species such as Acacia pulchella (Western 

prickly moses) (Portlock et al., 1990); and (v) smoke water is widely agreed to be a key 

agent for the release of seed dormancy in a range of native Australian species (Dixon et 

al., 1995; Roche et al., 1997a, b; Smith et al., 1999).   

There is a paucity of information on the seed ecology of the Ptilotus genus. However, 

Williams et al. (1989) studied methods to overcome the seed dormancy of Ptilotus 

exaltatus (Pink mula mula), and showed that scarification of the seed husk and application 

of gibberellic acid will stimulate effective germination. The study of Roche et al. (1997a) 

on the effect of seed ageing and smoke on seed germination of 75 Australian native plant 

species has also included information on eight species of Ptilotus include P. polystachyus 

and demonstrate that the smoke treatments was not effective to increase the seed viability 

of Ptilotus species. 

The purpose of this study is to examine the response of P. macrocephalus and P. 

polystachyus seeds to the following seed pre-treatments: (a) smoke water, (b) shock 
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heating, (c) cold stratification and (d) gibberellic acid. The study also investigates the 

interaction of these three pre-treatments with different temperature and light exposure 

periods to help determine the optimum germination conditions for these species. 

4.3 The Target Species Biology 

Ptilotus macrocephalus (R. Br.) Poir (family Amaranthaceae), commonly known as 

Featherheads or Tall mulla mulla, is an annual or perennial herb and that can reach a 

height of up to 50 cm (Walsh & Entwisle, 1996). It is found across all Australian mainland 

states, but mainly in the drier inland areas, though it is heavily depleted through much of 

its former range due to its primary occurrence on land suitable for agriculture (Walsh & 

Entwisle, 1996). Leaves are narrowly obovate to linear, crowded toward the base. The 

plant flowers throughout the year, especially between July and December, and usually 

commences seven to eight weeks after germination (Walsh & Entwisle, 1996). The fruit is 

globular to cylindrical, with a head containing numerous long papery and hairy fruits, each 

containing one seed. The seeds are light brown, 2 mm long and 1.5 mm wide, and the 

embryo type is peripheral (Walsh & Entwisle, 1996).  

Ptilotus polystachyus (Gaudich) F.Muell (family Amaranthaceae), is commonly known as 

Long tails, and is an annual or short-lived perennial herb. This species can grow up to one 

metre in height (Walsh & Entwisle, 1996). The stems are finely pubescent in the upper 

part, and are sparsely to densely hairy, while leaves are linear to oblanceolate, sparsely 

or densely hairy with crisp, nodose or verticillate hairs. Flowering usually commences four 

to six weeks after germination, mainly between May and November (Walsh & Entwisle, 

1996). Fruit is white to pale brown, with a cylindrical head containing numerous long 

papery and hairy fruits, each containing one seed. The seeds are generally brown 

reinform seeds, 2 mm long and 1.2 mm wide, and the embryo type is peripheral. Ryan et 

al. (2003) reported the approximate temperature range required for growing for Ptilotus 

species has been reported to be 27/19OC (Ryan et al,. 2003). 
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4.4 Materials and Methods  

4.4.1 Seed collection and storage 

Seeds of P. macrocephalus and P. polystachyus were purchased from Nindethana 

Australia Seeds Company. It was confirmed by the company that the seeds were collected 

from Newbridge, Victoria (36°46'02.7"S, 143°54'25.8"E) and Payne’s Find, Western 

Australia (29°08'54.4"S, 117°30'30.1"E) respectively, during December 2009. The 

cleaned seeds, which were prepared by removing any residual seed husks or other 

extraneous material, were stored in a labelled air tight container and kept in a dark room 

at approximately 10OC and 50% humidity at Federation University Australia, Mount Helen 

Campus, Seed Ecology Lab, until use.   

4.4.2 General seed germination protocol pertaining to all treatments 

Seeds were surface-sterilized by rinsing in 1% sodium hypochlorite for two minutes to 

destroy or remove surface fungi and bacteria, then washed clean with double-distilled 

water before the start of each germination trial. Three replicates of 20 seeds each were 

used in all treatments. Seeds were consistently positioned in 9-cm diameter Petri dishes 

lined with Whatman® No. 11 filter paper, and moistened with approximately 8 mL sterile 

distilled water or the appropriate treatment solution to ensure adequate moisture for the 

seeds. The Petri dishes containing the seeds were then placed in incubators (Thermoline 

Scientific and Humidity Cabinet, TRISLH- 495-1-SD, Vol. 240, Australia) fitted with cool-

white fluorescent lamps (Philips 18 W/840 at 60 µ mol m-2) that provided a photosynthetic 

photon flux of 40 µ mol m-2 s-1 to provide the 12 hr light/12 hr dark conditions. To simulate 

24 hr of dark conditions, Petri dishes were wrapped with double layer of aluminium foil. 

Seeds were monitored regularly under green safe light for a period of 50 days from the 

date they were placed into the incubator, and the matrix was moistened when necessary. 

Seeds were considered germinated when the radicle was approximately 2 mm long and 

cotyledons had emerged from the seed coat (Ferrari & Parera, 2015). At the conclusion 

of the germination test, non-germinated seeds were checked for viability using the 2, 3, 
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5-triphenyltetrazolium chloride (TTC) test (Van Waes & Debergh, 1986; Saatkamp et al., 

2011) to estimate the Viability Adjusted Germination (VAG), which gives the proportion of 

germinated seeds, expressed as a percentage of the total viable seeds, as follows: 

𝐕𝐕𝐕𝐕𝐕𝐕 =
𝑵𝑵𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬_𝐠𝐠𝐬𝐬𝐠𝐠𝐠𝐠

𝑵𝑵𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬_𝐠𝐠𝐬𝐬𝐠𝐠𝐠𝐠 + 𝑵𝑵𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐬𝐬_𝐧𝐧𝐧𝐧𝐧𝐧_𝐠𝐠𝐬𝐬𝐠𝐠𝐠𝐠
 

Where 𝑁𝑁seed_germ = number of seeds germinated, and 𝑁𝑁viable_seed_germ = number of seeds 

that did not germinate, but were viable. VAG corrects for the number of seeds used in the 

experiment that were non-viable, to provide a better comparison of treatment effects. 

4.4.3 Treatments and specific experiments 

Seeds of each species were subjected to five general treatments, the experimental 

conditions of which are detailed below and summarised in Table 4.1. The five treatments 

and experiments were as follows: 

Treatment 1 (Control) 
To establish control conditions, the seeds were not treated with any pre-germination 

external temperature or any added chemical stimuli, and only RO water was used to begin 

the germination process.  

Treatment 2 (Smoke water) 
The smoke water treatment was conducted using commercially available aqueous smoke 

water (Regen 2000, SMOKEWATER) by adding 1 mL of 1% smoke water at three-week 

periods to the germinating seeds.  

Treatment 3 (Heat shock) 
To examine the effects of pre-heat on seed germination, groups of seeds were exposed 

to two sub-treatment levels of heat-shock; (a) 60OC and (b) 80OC. To apply heat shock, 

dry seeds were placed in an aluminium foil punnet (19 cm x 8 cm x 5 cm) then placed in 

a preheated convection oven (Memmert, Model. ULE 500) for two minutes (Scott, 2006) 

at which point the temperature reached the required 60OC or 80OC.  
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Treatment 4 (Cold) 

For the cold stratification treatment, seeds were placed in separately labelled containers 

at 5OC in a refrigerator for eight days (Kaye & Kuykendall, 2001; Walck et al., 2000) before 

germination trials. There were two sub-treatments within treatment 4: (a) seeds with floral 

bracts, and (b) seed with floral bracts removed.   

Treatment 5 (GA) 
In the GA treatment, the effect of three sub-treatment concentrations of gibberellic acid 

(gibberellic acid 99%, ACROS ORGANICS) on the germination of the seeds were 

investigated. Cleaned seeds were soaked in 100 mL of the following concentrations: (a) 

350 ppm, (b) 500 ppm and (c) 750 ppm gibberellic acid for 24 hr (Commander et al., 2009; 

Kirmizi et al., 2010).  

As detailed in Figure 4.1, all treatments (and sub-treatments) were investigated under two 

diurnal temperature ranges (a) 25/10OC and (b) 20/18OC for at least 50 days, since these 

were the most likely temperature ranges to be experienced in the VVP area. Treatments 

1, 2 and 3 were tested under two different photoperiods, where seeds were held (a) in the 

dark for 24 hr and (b) in a 12 hr light/12 hr dark regime, to test for light-induced reactions 

on germination. Treatments 4 and 5 were tested under the 12 hr light/12 hr dark 

photoperiod only, as the previous treatments had shown no significant difference between 

the photoperiods. 
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Figure 4.1 Flow chart of breaking seed dormancy study of both species, RO water, smoke 
water and heating (60OC and 80OC) treatments under two temperature ranges (25/10OC 
and 20/18OC) at two light periods (24h dark and 12h dark /12h light). 
 

4.4.4 Statistical analysis 

Data were analysed with MINITAB 17 statistical package (Minitab, 2014) using a General 

Linear Model (GLM). VAG of P. macrocephalus and P. polystachyus were tested for 

normality using the Ryan-Joiner similar to Shapiro–Wilk test (a = 0.05). To assist in the 

statistical treatments, non-normally distributed data were square root transformed, to 

normalise the data. 

For the control experiment, I needed to establish whether there was any significant 

difference in the germination rates of the two species under two light conditions in the dark 

for 24h and in a 12h light/ 12hdark regime, and under two temperature ranges (25/10OC 
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and 20/18OC). For this purpose, a GLM (General linear model) with two fixed factors (i) 

temperature (25/10OC and 20/18OC) and (ii) light periods (24h dark and 12h dark/12h light 

periods, was used to test the VAG of both species for RO water (control) treatment.  

To test the effect of smoke water and heat treatment, each required a GLM with three 

fixed factors (i) water treatments (RO water and smoke water), (ii) temperature (25/10OC 

and 20/18OC) and (iii) light periods (24h dark and 12h dark/12h light periods).These GLMs 

tested the effect of each factor and their combination on VAG of both species. 

To test the effect of cold stratification and gibberellic acid, each required a GLM with two 

fixed factors (i) water treatments (RO water, smoke water), heat shock (60OC and 80OC) 

and cold stratification treatments (with bracts and without bracts) and (ii) temperature 

(25/10OC and 20/18OC). The GLMs were used to examine the effect of each of the factors 

and their combination on VAG of both species at one light period (12h dark/12h light). 

Tukey’s a significance level of 0.05 were applied to test for significance between the all 

factor means and their combinations. Back-transformed data are presented in the results 

section.   

4.5 Results and discussion  

The VAG achieved for all experiments are presented in Table 4.1. The research questions 

posed were: (i) do untreated seeds, under various light and temperature conditions, 

provide a reasonable germination? (ii) will prior smoke water treatment increase the 

VAG% compared to the best control result? (iii) can heat shock treatment give a better 

VAG% than the best control or smoke water treatment? (iv) can a period of cold treatment 

stimulate germination to a greater extent than control, smoke water or heat shock 

treatments?, and (v) finally, does the use of pre-treatment with gibberellic acid provide a 

better return than the control, smoke water, heat shock or cold treatments? 
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To help to systematise the investigation, five hypotheses were tested.  

I. There is no significant difference between the four variants of light and 

temperature on the VAG of both species of seeds when treated with RO water 

only. 

II. There is no difference between the four variants of light and temperature on the 

VAG of both species of seeds when treated with RO water and smoke water. 

III. There is no difference between the four variants of light and temperature on the 

VAG of both species of seeds when treated with RO water, smoke water and 

heating (60OC and 80OC).  

IV. There is no difference between the all variants of treatments and temperature on 

the VAG of both species of seeds when treated with RO water, smoke water, 

heating (60OC and 80OC) and cold stratification treatments (with bracts and without 

bracts). 

V. There is no difference between the all variants of treatments and temperature on 

the VAG of both species of seeds when treated with RO water, smoke water, 

heating (60OC and 80OC),cold stratification treatments (with bracts and without 

bracts) and gibberellic acid treatments (GA375, GA500 and GA750). 
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Table 4.1. A complete listing of all experiments, with recorded raw mean ± standard error 
VAG%, for P. microcephalus and P. polystachyus. The highlighted results indicated the 
highest germination% for each species within a treatment. 

 Experiments  Mean VAG (%) 
P. macrocephalus P. polystachyus 

 
Treatment 1 (‘Control’)  
 
Experiment 1a: 24h dark; 25/10OC 3.33 ± 3.33 12.50 ± 12.50 
Experiment 1b: 24h dark; 20/18OC 10.83 ± 5.83 6.94 ± 3.67 
Experiment 1c: 12h dark/12h light; 25/10OC 9.52 ± 9.52 0 
Experiment 1d: 12h dark/12h light; 20/18OC 0 2.78 ± 2.78 

Treatment 2 (‘Smoke water’) 

Experiment 2a: 24h dark; 25/10OC 10.07 ± 0.58 0 
Experiment 2b: 24h dark; 20/18OC 19.39 ± 0.61 0 
Experiment 2c: 12h dark/12h light; 25/10OC 45.92 ± 0.23 0 
Experiment 2d: 12h dark/12h light; 20/18OC 19.63 ± 1.61 0 
 
Treatment 3 (Heat shock’) 
 
Experiment 3a: 60OC; 24h dark; 25/10OC 0 0 
Experiment 3b: 60OC; 24h dark; 20/18OC 0 0 
Experiment 3c: 60OC; 12h dark/12h light; 25/10OC 8.19 ± 0.57 0 
Experiment 3d: 60OC; 12h dark/12h light; 20/18OC 3.03 ± 3.03 0 
Experiment 3e: 80OC; 24h dark; 25/10OC 0 0 
Experiment 3f:  80OC; 24h dark; 20/18OC 0 0 
Experiment 3g: 80OC; 12h dark/12h light; 25/10OC 0 0 
Experiment 3h: 80OC; 12h dark/12h light; 20/18OC 0 0 
 
Treatment 4 (‘Cold’) 
 
Experiment 4a: with bracts; 12h dark/12h light; 25/10OC 5.81± 2.91 0 
Experiment 4b: with bracts; 12h dark/12h light; 20/18OC 0 15.93 ± 2.59 
Experiment 4c: without bracts; 12h dark/12h light; 

25/10OC                0 0 
Experiment 4d: without bracts; 12h dark/12h light; 

20/18OC 0 32.22 ± 1.11 
 
Treatment 5 (‘GA’) 
 
Experiment 5a: 350 ppm; 12h dark/12h light; 25/10OC 10.32 ± 5.20 16.67 ± 16.67 
Experiment 5b: 350 ppm; 12h dark/12h light; 20/18OC 30.00 ± 15.28 35.35 ± 21.02 
Experiment 5c: 500 ppm; 12h dark/12h light; 25/10OC 24.54 ± 7.62 23.50 ± 15.92 
Experiment 5d: 500 ppm; 12h dark/12h light; 20/18OC 64.68 ± 15.98 39.44 ± 10.56 
Experiment 5e: 750 ppm; 12h dark/12h light; 25/10OC 36.90 ± 25.45 14.76 ± 8.66 
Experiment 5f:  750 ppm; 12h dark/12h light; 20/18OC 44.44 ± 24.22 34.43 ± 17.51 
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Treatment 1 

Table 4.2 presents the ANOVA table of VAG of each species separately treated with RO 

water only under two temperature ranges (25/10OC and 20/18OC) at two light periods (24h 

dark and 12h dark/12h light). 

Table 4.2. ANOVA results showing the effects of temperature, light periods, and their 
interaction on VAG. These tests included treatment with RO water only under two 
temperature (25/10OC and 20/18OC) at two light periods (24h dark and 12h dark/12h light).   
 

 

Ho: there is no significant difference between the four variants of light and temperature on 

the VAG of both species of seeds when treated with RO water only.  

Treating the seeds with water only, under both conditions of light stimulus, was not 

sufficient to break the seed dormancy significantly in either species (Table 4.4). As a 

consequence, this null hypothesis was accepted. The highest VAG for P. macrocephalus 

was 10.83% and 9.52% at 25/10OC temperature under 24h dark and 25/10OC under 12h 

dark/12h light period respectively, while, the highest VAG for P. polystachyus was 12.50% 

at the 25/10OC temperature range under 24h dark (Table 4.1). Other studies have also 

found low germination of Ptilotus species (Williams et al., 1989; Roche et al., 1997a, b; 

Peters, 2000; Commander et al., 2009). 

This experiment implies that the use of untreated seeds of P. macrocephalus and P. 

polystachyus in restoration will achieve low germination percentages; thus a suitable pre-

treatment of seeds is recommended prior to reseeding attempts. 

  

  P. macrocephalus P. polystachyus 
Source DF SS F P SS F P 

Temperature 1 0.021 0 0.948 0.85 0.18 0.683 

Light periods 1 2.83 0.61 0.456 7.78 1.65 0.235 

Temperature* light periods 1 8.65 1.88 0.208 0.56 0.12 0.739 

Error 8 36.84   37.64   

Total 11 48.34   46.82   
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Treatment 2 

Table 4.3 shows the ANOVA table of VAG of each species, separately treated with RO 

water and smoke water under two temperature ranges (25/10OC and 20/18OC) at two light 

periods (24h dark and 12h dark/12h light). 

Table 4.3. ANOVA results showing effects of smoke water (compared to RO water only), 
temperature and light periods, and the interactions among them. These tests include 
treatments with RO water and smoke water under two temperature (25/10OC and 
20/18OC) at two light periods (24h dark and 12h dark/12h light). 

 

Ho: there is no difference between the four variants of light and temperature on the VAG% 

of both species of seeds when treated with RO water and smoke water.  

This hypothesis was rejected, because there were significant differences (p= 0.001) 

between the VAG of P. macrocephalus measured for each treatment; the VAG was 

22.05% for smoke water and 1.83% for RO water (Figure 4.2). However, it was found that 

there were no significant differences between the temperature, light periods, interaction 

of treatment-temperature and interaction of treatment-temperature-light periods. There 

were significant differences on VAG in term of interaction of treatment-light periods, where 

the highest VAG was 31.35% for smoke water at 12h dark/12h light period, 14.33% smoke 

water at 24h dark, 3.46% RO water at 24h dark and 0.79% for RO water 12h dark/12h 

light period, respectively (Figure 4.3). However, the study of Roche et al. (1997b) showed 

no positive effect of smoke treatment on germination of seven Ptilotus species. In contrast, 

our study showed significant effect of smoke treatment on P. macrocephalus seed 

  P. macrocephalus P. polystachyus 
Source DF SS F P SS F P 

Smoke 1 66.09 28.45 0.000 9.92 4.22 0.057 
Temperature  1 0.62 0.27 0.612 0.42 0.18 0.677 
Light periods  1 1.06 0.46 0.508 3.89 1.65 0.217 
Smoke * Temperature  1 0.34 0.15 0.706 0.42 0.18 0.677 
Smoke * Light periods  1 11.63 5.01 0.040 3.89 1.65 0.217 
Temperature* Light periods  1 18.29 7.88 0.013 0.28 0.12 0.735 
Smoke* Temperature*  Light periods   1 0.013 0.01 0.940 0.28 0.12 0.735 
Error 16 37.12   37.64   
Total 23 135.09   56.74   
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germination. This may be related to an evolutionary history of burning in the primary 

habitat of P. macrocephalus – i.e. regular burning in the VVP may have resulted in an 

adaptation to germinate in response to smoke. 

In regard to VAG% of P. polystachyus species, there were no significant differences, 

between treatments, temperature, light periods and their interactions because all results 

were zero. This means that treatment with smoke water did not have any effect on the 

germination rate of the P. polystachyus species. This was similar to Roche et al. (1997b). 

The highest measured VAG for P. macrocephalus was 45.92% at a temperature range of 

25/10OC under 12h dark/12h light periods, while the VAG of P. polystachyus, as noted 

above, was zero (Table 4.1). 

This experiment shows that the VAG of P. macrocephalus species seeds was increased 

significantly when treated with smoke water treatment, while the P. polystachyus seeds 

VAG percentage remained at zero. However, notwithstanding the positive effect in the 

first instance, it is clear that more influential treatments are needed to increase the 

germination rate of both species if an economical solution is to be found.  
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Figure 4.2 Effects of RO water, smoke water, and heating 60OC and 80OC treatments on 
VAG% of P. macrocephalus. Vertical bars represent ± standard error of the means, the 
different letters on the vertical bars represent the significant differences between the 
treatments using Tukey’s test. 
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Treatment 3 

Table 4.4 shows the ANOVA table of VAG of each species separately treated with RO 

water, smoke water and heat shock (60OC and 80OC) under two temperature ranges 

(25/10OC and 20/18OC) at two light periods (24h dark/12h dark/12h light). 

 
Table 4.4. The ANOVA table of VAG of each species separately treated with RO water, 
smoke water and heat shock (60OC and 80OC) under two temperature (25/10OC and 
20/18OC) at two light periods (24h dark and 12h dark/12h light). 

 

Ho: there is no difference between the four variants of light and temperature on the VAG% 

of both species of seeds when treated with RO water, smoke water and heating (60OC 

and 80OC).  

This hypothesis was rejected, since there were significant differences on VAG of P. 

macrocephalus between treatments; the VAG was 22.05, 1.83, 0.93 and 0% for smoke 

water, RO water, heat 60OC and heat 80OC, respectively (Figure 4.3). There were 

significant differences on VAG between different light periods, where the VAG was 4.43% 

and 1.99% (p= 0.047) at 12h dark/12h light and 24h dark.  

  P. macrocephalus P. polystachyus 
Source DF SS F P SS F P 

Treatments 3 149.74 36.94 0.000 14.89 4.22 0.013 
Temperature  1 1.85 1.37 0.251 0.21 0.18 0.675 
Light periods  1 5.77 4.27 0.047 1.94 1.65 0.208 
Treatments* Temperature  3 1.69 0.42 0.742 0.63 0.18 0.909 
Treatments *Light periods  3 18.11 4.47 0.010 5.83 1.65 0.197 
Temperature* Light periods  1 14.64 10.83 0.002 0.14 0.12 0.733 
Treatments* Temperature* Light 
periods   

3 6.24 1.54 0.224 0.42 0.12 0.948 

Error 32 43.25   37.64   
Total 47 241.29   61.70   
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Figure 4.3 The effect of interaction between RO water, smoke water, and heating 60OC 
and 80OC treatments and different light periods on VAG% of P. macrocephalus. The letter 
D represent 24h dark and LD represents the 12h dark/12h light period, the different letters 
on the vertical bars represent the significant differences between the treatments using 
Tukey’s test. 

There were significant differences in VAG between the interaction of treatments and light 

periods; the VAG was 31.35, 14.33, 3.73, 3.46 and 0.79% for smoke water 12h dark/12h 

light, smoke water 24h dark, heat 60OC 12h dark/12h light, RO water 24h dark, and RO 

water 12h dark/12h light, respectively (Figure 4.3). There were also significant differences 

between the interactions of temperature and light periods, the highest VAGs being 

recorded were 8.14% at 25/10OC under 12h dark/12h light, 3.12% at 20/18 OC under 24h 

dark, 1.84% at 20/18OC under 12h dark/12h light and 1.11% at 25/10OC under a 24h dark 

period (Figure 4.4).  
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Figure 4.4 The effect of interaction between different light periods and different 
temperature 25/10OC and 20/18OC on VAG% of P. macrocephalus. The different letters 
on the vertical bars represent the significant differences between the treatments using 
Tukey’s test. 

In regards to VAG of P. polystachyus species, there were no significant differences, 

between treatments, temperature, light periods and their interactions because the 

germination rate was still zero. This means that a combination of smoke water and heat 

shocks (60OC and 80OC) also did not increase the VAG% of P. polystachyus. 

The best VAG for P. macrocephalus was 8.19% after heating at 60OC and germination at 

a temperature range of 25/10OC under a 12h dark/ 12h light period; the VAG of P. 

polystachyus was zero (Table 4.1). 

This experiment indicates that the VAG of P. macrocephalus seeds were only slightly 

increased when treated with (60OC) heat shock treatment with a 12h dark/12h light photo 

period. This was not a useful increase in germination rate. In addition, the P. polystachyus 

seeds VAG percentage germination was zero under all temperature and both light 

periods. The VAG percentage was very low to zero for both species under 24h dark light 
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period. In a study of 65 Australian native understorey species from grasslands and grassy 

woodlands, Clarke et al. (2000) also found that very few species had a germination 

requirement for darkness, and most showed either no effect of darkness, or an inhibitory 

effect. As such, the 24h dark/ light photoperiod option was omitted in the subsequent 

experiments.   

Treatment 4    

Table 4.5 show the ANOVA table of VAG of each species separately treated with RO 

water, smoke water, heating (60OC and 80OC) and cold stratification treatments (with 

bracts and without bracts) under two temperature (25/10OC and 20/18OC) at 12h dark/ 

12h light periods.  

Table 4.5. The ANOVA table of VAG of each species separately treated with RO water, 
smoke water, heating (60OC and 80OC) and cold stratification treatments (with bracts and 
without bracts) under two temperature (25/10OC and 20/18OC) at 12h dark/ 12h light 
periods 

 

Ho: there is no difference between all variants of treatments and temperature on the 

VAG% of both species of seeds when treated with RO water, smoke water, heating (60OC 

and 80OC) and cold stratification treatments (with bracts and without bracts).  

For this combination of treatments, this hypothesis was rejected since there were 

differences between the VAG of both species. There were significant differences 

(p=0.001) on VAG of P. macrocephalus between the treatments; the VAG was 31.35, 

3.73, 0.96 and 0.79% with smoke water, heat 60OC, cold stratification with bracts 

treatments and RO water respectively, and zero for heat 80OC and cold stratification 

without bracts (Figure 4.5). There were significant differences between the temperature 

  P. macrocephalus P. polystachyus 

Source DF SS F P SS F P 

Treatments 5 132.62 20.41 0.001 45.16 34.49 0.001 
Temperature 1 15.82 12.18 0.002 28.09 107.27 0.001 
Treatments* Temperature 5 8.20 1.26 0.312 45.16 34.49 0.001 

Error 24 31.19   6.28   
Total 35 187.84   124.69   
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ranges (p= 0.002), where the highest VAG was 4.97% recorded at 20/18OC temperature. 

There was no significant difference between the interaction of treatments-temperature 

(p=0.312).   
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Figure 4.5 Effects of various treatments on VAG% of P. macrocephalus. Vertical bars 
represent ± standard error of the means, the different letters on the vertical bars represent 
the significant differences between the treatments using Tukey’s test. 
 

In regard to VAG of P. polystachyus species, there were significant differences between 

treatments, temperature and interaction of treatments-temperature. The VAG recorded 

was 8.05, 3.09, 0.23 and 0% at cold stratification without bracts, cold stratification with 

bracts, RO water and heat shock 60OC and 80OC respectively (Figure 4.6). There were 

significant differences between the temperature ranges, the highest VAG was 3.12% 

recorded at 20/18OC. There were no significant differences between the interactions of 

treatments-temperature.   

The best VAG for P. macrocephalus was 5.8% for cold stratification with bracts at 

temperature 25/10OC, while the best VAG of P. polystachyus was 32.22% for cold 
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stratification without bracts at 20/18OC (Table 4.1 & 4.7). Removing the bracts increased 

VAG for P. polystachyus in our study, and this result was similar to studies of other Ptilotus 

species; Williams et al. (1989) study of P. exaltatus found that removing the bracts 

increased germination rate dramatically. Cold stratification also had a small positive 

influence on VAG for each species, a result that was also found by Tsuyuzaki & Miyoshi 

(2009), who demonstrated that the cold stratification for 1 month was effective for 

increasing seed germination for 11 species of the non-deep physiological dormancy 

group.  

Overall, cold stratification with or without bracts was zero to very low in both temperature 

regimes. Thus, treatments to increase the germination rate of both species of seeds are 

needed to achieve an economical and practical management strategy rate.    
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Figure 4.6 Effects of various treatments on VAG% of P. polystachyus. Vertical bars 
represent ± standard error of the means, the different letters on the vertical bars represent 
the significant differences between the treatments using Tukey’s test. 

Treatment 5 
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Table 4.6 shows the ANOVA table of VAG of each species separately treated with RO 

water, smoke water, heat shock (60OC and 80OC), cold stratification treatments (with 

bracts and without bracts) and gibberellic acid treatments (GA375, GA500 and GA750) 

under two temperature ranges (25/10OC and 20/18OC) at 12h dark/ 12h light periods. 

Table 4.6. The ANOVA table of VAG of each species separately treated with RO water, 
smoke water, heat shock (60OC and 80OC), cold stratification treatments (with bracts and 
without bracts) and gibberellic acid treatments (GA375, GA500 and GA750) under two 
temperature (25/10OC and 20/18OC) at 12h dark/ 12h light periods. 

  
 

P. macrocephalus P. polystachyus 

Source DF SS F P SS F P 

Treatments 8 297.22 7.80 0.001 180.77 5.12 0.001 
Temperature 1 0.95 0.20 0.658 48.59 11.01 0.002 
Treatments* 
Temperature 

8 43.02 1.13 0.368 46.10 1.31 0.272 

Error 36 171.41   158.90   
Total 53 512.60   434.35   

 

Ho: there is no difference between the all variants of treatments and temperature on the 

VAG% of both species of seeds when treated with RO water, smoke water, heating (60OC 

and 80OC), cold stratification treatments (with bracts and without bracts) and gibberellic 

acid treatments (GA375, GA500 and GA750). 

This hypothesis was rejected, since it was clear that there were differences between the 

VAG of both species. There were significant differences on VAG of P. macrocephalus 

between the treatments, where the VAG was 40.42, 31.4, 25.76, 12.55, 3.73, 0.96 and 

0.79% for GA500, smoke water, GA750, GA375, heat 60OC, cold stratification with bracts 

treatments and RO water respectively, while the VAG was zero at heat 80OC and cold 

stratification without bracts treatments (Figure 4.5). There was no significant difference 

between the temperature and interaction of treatments- temperature. 

In regards to VAG of P. polystachyus species, there were significant differences between 

treatments and temperature while there were no significant differences between the 

interactions of treatments- temperature. The VAG was 24.90, 15.48, 12.68, 8.05, 3.92 and 

0.23 at GA500, GA375, GA750, cold stratification without bracts, cold stratification with 
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bracts and RO water respectively, while the VAG was zero at heat 60OC and 80OC (Figure 

4.6). There were significant differences between the temperatures, with the best 

temperature range being 20/18OC where the VAG was 8.55%. There was no significant 

difference between the interactions of treatments-temperature. 

Gibberellic acid was very effective at overcoming dormancy in both P. macrocephalus and 

P. polystachyus, and for both, the most effective concentration was GA500 at 20/18OC. 

The highest VAG for P. macrocephalus was 64.68% at GA500, and the highest VAG of 

P. polystachyus was 39.44% at GA500 at 20/18OC (Table 4.1). My results are similar to 

those of Williams et al. (1989), who found that the use of gibberellic acid treatment under 

a low rate will overcome the seed dormancy of P. exaltatus. 

Table 4.7. Showing back transformed VAG mean ± standard error of P. macrocephalus 
and P. polystachyus at two different temperature (25/10OC and 20/18OC) at one light 
period 12h dark/12h light. 
 

Treatments 
P. macrocephalus P. polystachyus 

25/10OC 20/18OC 25/10OC 20/18OC 

RO water 3.17 ± 3.17 0 0 0.93 ± 0.93 

Smoke water 45.92 ± 0.001 19.56 ± 0.03 0 0 

Heating 60OC 8.17 ± 0.01 1.01 ± 1.01  0 

Heating 80OC 0 0 0 0 

Cold stratification with bracts 3.87 ± 0.97 0 0 15.70 ± 0.11 

Cold stratification without bracts 0 0 0 32.20 ± 0.01 

GA 375 6.87 ± 1.72 19.94 ± 5.03 5.56 ±5.56 22.73 ± 6.31 

GA 500 23.22 ± 0.66 62.37 ± 1.16 14.49 ± 4.51 38.11 ± 0.67 

GA 750 22.59 ± 7.16 29.16 ± 7.64 9.52± 2.62 22.89 ± 5.77 
 

4.6 Conclusion  

This current chapter has tested for the optimum germination conditions of P. 

macrocephalus and P. polystachyus. The practical problems of seed dormancy, which 

needs to be addressed before using these species for glasshouse experiments, involved 

a determination of their response to a number of seed pre-treatments. These were the 

use of (i) smoke water, (ii) heating shock, (iii) cold stratification and (iv) gibberellic acid, 
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and results were compared with those observed with RO water (no pre- treatment). These 

two species of seeds have been chosen for this investigation because it is known that one 

of the outcomes of use of land for crops is that there is a high residual phosphorus content 

in the soil, and this is a severe abiotic barrier to native species re-establishment. It is 

known that both these species (P. macrocephalus and P. polystachyus) have the ability 

to concentrate phosphorous as they grow (Ryan et al., 2009; Islam et al., 1999), and this 

suggests that use of these plants may provide a convenient and economical way of 

reducing phosphorus levels and preparing the way for further native plant restoration 

possibilities. 

This study noted that the use of untreated seeds of both P. macrocephalus and P. 

polystachyus in restoration programs will achieve low germination percentages. In 

summary, the use of smoke water and heat shock (60OC) did increase the germination 

rate of P. macrocephalus species while the germination rate of P. polystachyus seeds 

remained at zero (Table 4.7). The cold stratification without bracts increased the 

germination rate of P. polystachyus significantly, but the germination rate of P. 

macrocephalus was still very low. However, the use of gibberellic acid with a concentration 

of 500 ppm was sufficient to increase the germination rate of both species significantly 

(Table 4.7). 

The highest germination values were observed when the seeds of P. macrocephalus and 

P. polystachyus were exposed to temperatures (20/18OC) and 12h dark/ 12h light 

regimes. From these results, it is recommended that the best pre-treatment, optimum 

temperature and light period for both species is GA 500 (20/18OC) and 12h dark/ 12h light 

regimes. As a consequence, this system will be used in the work described in Chapter 5, 

which will investigate the use of these species to reduce the phosphorus level in the soil 

using plant species. In the next chapter, details of this investigation of effective methods 

to reduce the proportion of phosphorus in ex-cropping land to facilitate native grassland 

restoration will be carried out.
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Chapter 5. Investigation of effective methods to reduce the proportion of 
phosphorus in ex-cropping land to facilitate native grassland restoration 
 

5.1 Introduction  

Intense agricultural activity on previous grassland sites, including the addition of 

considerable amounts of inorganic fertiliser, has significantly effected the original soil’s 

chemical structure (Dorrough et al., 2004). Superphosphate, for example, has been a 

common agricultural fertilizer, and has been used to increase both phosphorus and 

nitrogen levels in the soil to stimulate the production of exotic crops. As a consequence, 

efforts to restore native grassland have failed due to exotic species regenerating better 

than native species in the high nutrient status soils, and this investigation is designed to 

redress this situation. The high phosphorus availability in post-agricultural soil has been 

widely recognized as a barrier to restoration of semi-natural vegetation (Pywell et al., 

2007).  

Ii has been observed that, in general, Australian native species prefer low nutrient levels, 

and thus the substantial and regular historical application of phosphorus fertilizers to 

cropland soil in temperate Australia will have had significant negative effects on the 

germination and growth of native plant species (Yates & Hobbs, 2000; Kirkpatrick et al., 

2005). A number of studies have shown that the species richness of native forbs declines 

with increasing phosphorus levels (Huenneke et al., 1990. McIntyre & Lavorel, 1994; 

Dorrough et al., 2006), and this implies that any management strategy which aims to re-

establish native grassland must address the problem of high phosphorous soil content.  

One remedy to this problem is topsoil removal (scalping), which physically removes soil 

with elevated nutrient status, as well as removing the exotic seed bank. This exposes a 

relatively poor under-layer of soil which is more suited to the establishment of native 

species. However, this technique is often not economically viable, or indeed not possible 

in some areas where natural obstacles may occur. In particular, in the VVP grasslands, a 
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considerable area of the soil is dominated by rocks, making scalping challenging, so 

alternative methods for mineral reduction should be investigated.  

There are a number of innovative studies that have investigated the use of plants to 

reduce soil phosphorus concentration (Trinick, 1977; Bates, 1990; Saito & Kato, 1994; 

Brennan et al., 2000; Veneklaas et al., 2003; Watt & Evans, 2003; Le Bayon et al., 2006; 

Gilbert et al,. 2009;  Lelei & Onwonga, 2014a;). The approach used in this investigation is 

partly based on the known biology of legume species, which indicates that they are 

adaptable to a wide range of phosphorus levels, where a special root structure, called 

cluster (proteoid) roots, are formed in response to phosphorus deficiency in the plant 

(Shane et al., 2005). This allows the plant to concentrate phosphorus into the plant’s 

structure. In this respect, Lupinus albus (Fabaceae) has been studied widely with respect 

to cluster-root growth and carboxylate release (Gardner et al., 1983; Dinkelaker et al., 

1989; Neumann et al., 2000; Shane et al., 2003), and has showed significant ability to 

absorb phosphorous from the soil. A number of plant species native to Australia possess 

a range of adaptations to maintain adequate phosphorus nutrition when growing in soil 

with low availability of labile inorganic phosphorus (Handreck, 1997) – for example, 

species that are adapted to soils with very low P-status in south-west Western Australia. 

These root-system adaptations enhance phosphorus uptake, and their function includes 

symbiosis with mycorrhizal fungi (Johnston & Ryan, 2000). 

In this respect, Islam et al. (1999) examined the phosphorus uptake by Ptilotus exaltatus, 

P. microcephalus, P. aerovoides (Amaranthaceae), Dysphania kalpari (Chenopodiaceae) 

and Abutilon oxycarpum (Malvaceae) on soil with low phosphorus concentration in 

subtropical, semi-arid Australian grasslands. That study found that the concentration of 

phosphorus in shoots was greatest in the Ptilotus species, ranging up to 1.75 mg/ plant. 

Similarly, Ryan et al. (2009) investigated the growth response of P. polystachyus and 

Cichorium intybus (Asteraceae) to phosphorus and nitrogen addition in a sandy soil of 

extremely low bicarbonate-extractable phosphorus and mineral nitrogen. It was shown 
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that the Ptilotus species grew much better, and produce more biomass, than the chicory 

in soil with low bicarbonate-extractable phosphorus or mineral nitrogen. In addition, the 

concentration of phosphorus in plant shoots kept steadily increasing in Ptilotus when there 

was an increase in the concentration of phosphorus in the soil. These observations 

suggest that phosphorous levels in ex-agricultural soil might be managed by sowing and 

subsequently harvesting these phosphorous-tolerant and phosphorous-concentrating 

plants over the course of a number of seasons.   

 

Another possible strategy for the lowering of available phosphorous in ex-arable cropland 

soil is by the addition of a chelating agent. Such a compound is ‘Phoslock’, a natural 

product produced from modified bentonite clay which was initially developed by the Land 

and Water Division of Australia’s CSIRO (Commonwealth Scientific and Industrial 

Research Organisation). It was formulated in an attempt to reduce the amount of Filterable 

Reactive Phosphorus (FRP) present in the water column and in the sediment pore water 

of a water body. FRP was seen to be an important growth factor for blue green algae and 

other algae (Douglas, 2002) which was a particular problem in phosphorous-effected 

water bodies. It was also thought at the time that the addition of Phoslock® could be 

expected to be especially effective in flooded soils, because it can form an active layer on 

top of the soil and thereby reduce phosphate mobilization into the mobile water layer 

(Geurts et al., 2011). 

In this current study, the aim is to lower the level of available phosphorous in the soil in 

order to give a range of native plants a better chance of germinating and competing with 

the exotic flora. It was postulated that introducing Phoslock® into the ex-cropland soil 

would bind the available phosphorous in an insoluble form, thus making it unavailable to 

plants.       

This work investigates the effectiveness of reducing available soil phosphorus by either 

binding it within the soil as an insoluble matrix, or by biologically extracting the phosphorus 

using suitable native plants. These two approaches have been evaluated in a glasshouse 
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trial which was designed to investigate the following research question: How does 

Phoslock® compare to a range of high-phosphorus binding plant species in lowering the 

level of available phosphorous in ex-arable grassland soil?  

Two null hypotheses were tested. The first (null) hypothesis is that the addition of 

Phoslock® to soils high in P will not appreciably lower the available P, and thus not 

facilitate native plant establishment. The second (null) hypothesis is that seeding and 

harvesting areas high in phosphorous will not appreciable lower the available P content 

in the soil, and thus not facilitate native plant establishment. 

5.2 Material and methods 

5.2.1 Glasshouse experimental design  

Approximately 200 kg of soil from the top 10 cm of ex-cropping land was collected 

randomly from two different locations, Half of this amount was collected from the field 

experiment site northwest of Werribee, Victoria (37° 49' 20" S, 144° 34' 23" E) and the 

other half was taken from adjacent fence line (37° 49' 21.5" S, 144° 34' 42.3" E). In the 

field, soil samples were placed in labelled plastic bags and transported to Federation 

University Australia and stored in the glasshouse (27OC) until use. Air-dried soil was 

sieved through a 4 mm diameter sieve, and mixed thoroughly, and four sub-samples from 

each site were chosen randomly from the collection. These sub-samples were sent to 

CSBP laboratories (Soil and Plant Analysis Laboratory; NATA accredited) for chemical 

analysis. In addition, samples from each site were placed in labelled polyethylene bags 

and sterilized in an autoclave (Atherton Cyber Series Jerboa 2011, Melbourne). The 

experiment was carried out in a temperature-controlled glasshouse; the temperature 

range during the day was 22–30OC and during the night the range was 16–22OC.  

Pre-chemical analysis of soil subsamples showed that the experimental site soil was 21 

ppm and at the fence line was 8 ppm (Olsen, 1954). For this experiment, I required three 

different levels of phosphorus. The fence line soil was thus accepted as ‘low P level’ and 

the experiment site soil as ‘medium P level’. To prepare ‘high level soil P’, phosphorus 

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjR0cyxteHQAhUN82MKHX4HCakQFggbMAA&url=https%3A%2F%2Fcsbp-fertilisers.com.au%2Fcsbp-lab&usg=AFQjCNGtk-s8Bdgoc7ivmU7Ln9DDBG06_g
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was applied as finely powdered Ca (H2PO4)2.H2O to the experiment site soil to give a level 

of 40 ppm (Brennan et al., 2000). 

The experimental design used was randomised block design with six treatments and a 

control. Three of the treatments were plant species (Lupinus albus, Ptilotus polystachyus 

and Ptilotus macrocephalus), and three treatments were only soil subjected to different 

levels of Phoslock® addition (100, 500 and 1500 gm/m2) (see Figure 5.1). Each treatment 

was applied at each of three levels of phosphorus-containing soil (low, medium and high), 

and there was six replicates of each treatment at each P level, resulting in a total of 126 

pots   

The experiment was commenced on the 18th December 2015, in the Federation University 

Australia glasshouse. Pots with 16 cm height and 13.5 cm diameter were used. These 

pots were lined with plastic bags to prevent nutrient leaching, and filled with 5 cm of river 

sand soil (~ 550-650 g) and completed with 10 cm of soil which was about 1350 g of air-

dried soil. To prepare three different concentrations of Phoslock® treatments (14.5, 71.5 

and 214.5 gm/pot) were mixed with soil top layer of each Phoslock® treatment, 

respectively. The replicate pots were placed randomly on the glasshouse benches. Seeds 

of Lupinus albus were directly placed in the pots, but P. polystachyus and P. 

macrocephalus seeds were germinated in the seed germination cabinets with 500 ppm 

gibberellic acid at 20/18°C prior to sewing into pots, which were the ideal conditions for 

germination determined in Chapter 4. On the 4th January 2016, the transplants were 

thinned to two plants per pot. All the pots were watered automatically for three minutes, 

once a day using a top sprayer to maintain soil moisture at approximately field capacity 

throughout the growing period. After approximately 40 days post planting, aphids were 

noticed on some plants, hence all plants were sprayed with a soil pesticide (active 

concentration 20g/L) to control aphids and insects. 
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5.2.2 Sampling and chemical analysis 

Forty-five days after the experiment commenced, plant heights were measured using a 

100-mm ruler from soil surface to the apical meristem of the plants, and the numbers of 

leaves and branches were counted for each plant. Sixty three days after planting, plants 

were harvested by cutting at the root collar with a pair of secateurs. Roots were carefully 

removed from the soil and washed on top of a mesh sieve to avoid the loss of fine roots. 

The fresh weight of shoots and roots was then recorded separately. All the leaves were 

removed and leaf areas were measured with a PATON Electronic Plano-meter. All shoots 

and roots were then placed in separate labelled bags and placed in an oven at 70OC for 

48 hrs and shoots and roots dry weights were then taken. The dried shoot and root 

samples were subsequently ground to 450 μm, subsampled, then placed in labelled 5 mL 

plastic vials. These were sent to the University of Melbourne Creswick Campus 

laboratories for chemical analysis by inductively-coupled plasma weight spectrometry 

(ICP). 

The whole soil profile in pots sampled for P analysis was placed separately in labelled 

plastic bags, then transferred to another glasshouse (temperature 17-22OC) to be air-dried 

after opening the bag seals. The dried samples were then ground through a 2 mm sieve 

and sent to CSBP Laboratories to determine the phosphorus content using the Olsen 

analysis method (Olsen, 1954).    
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Figure 5.1 Flow chart of glasshouse study, showing three level of soil (low, medium and high). The treatments are three concentration of 
Phoslock® (100, 500 and 1500 g/m2), control and planting with three species (L. albus, P. polyptychs and P. macrocephalus). 
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5.3 Statistical analysis  

Data were analysed with the MINITAB 17 statistical package (Minitab, 2014). All data were 

tested for normality using the Ryan-Joiner test which is similar to the Shapiro–Wilk test 

(at a significance level of 0.05). Non-normal distributed data were square root transformed 

by a Box-Cox transformation.  

In regards to determining the effect of different soil phosphorus level (three) and different 

planted species (three) on plant growth measurements (Shoots dry weight, roots dry 

weight, leaf area, plant heights and shoot-root), a GLM analysis of variance with fixed 

factors (species) three levels, and three levels of soil phosphorous concentration was 

used for analysis of each measurement separately.   

To determine the effect of different soil phosphorus level (three) and different planted 

species (three) on plant shoot and root phosphorus uptake, another GLM analysis of 

variance with fixed factors (species) three levels, and three levels of soil phosphorous 

concentration was used for analysis.  

Final GLM analysis of variance with fixed factors (treatments) of seven levels, and three 

levels of soil phosphorous concentration, was used for analysis. The GLMs were used to 

determine the effect of the treatments (three concentrations of Phoslock®, three planted 

species and the control) by determining the change of soil phosphorus value (ppm).  

Tukey’s test, using a significance level of 0.05, was applied to test the significance 

between the all the factor means (species, soil P level and treatments) and their 

combinations (species- soil P level and Treatments-soil P level). Back-transformed data 

are presented in the results section.    
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5.4 Results 

5.4.1 Plant measurements  

Shoot dry weight of both Ptilotus species and L. albus were recorded in different soil P 

levels (Figure 5.2; Table 5.1). P. polystachyus had greater shoot dry weight than L. albus 

and P. macrocephalus in the medium and high P level of soils. P. polystachyus and L. 

albus shoot dry weight increased with increasing soil P level. However, the shoot dry 

weight of P. macrocephalus was lower at high soil P level than at low and medium soil P 

level, suggesting P-inhibition in P. macrocephalus.  
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Figure 5.2 Mean shoot dry weght of L. albus, P. polystachyus and P. macrocephalus 
grown at three different P levels (low, medium and high). Vertical bars represent ± 
standard error of the means. The different letters on the vertical bars represent the results 
of Tukey’s test; treatments that do not share a letter are significantly different from one 
another. 
 

The root dry weight in L. albus roots at high P level soil was 0.85 g (p= 0.013), which was 

significantly higher than P. macrocephalus 0.31 g and P. polystachyus 0.35 g (Figure 5.3; 

Table 5.1). Indeed, L. albus had approximately three times the root dry weight compared 

to both Ptilotus species at high soil P. While the root dry weight of P. macrocephalus in 

the low and medium level of soil P was higher than L. albus and P. polystachyus species, 

these differences were not significant (Figure 5.3; Table 5.1). 
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Figure 5.3 Mean root dry weight of L. albus, P. polystachyus and P. macrocephalus grown 
at three different P levels (low, medium and high). Vertical bars represent ± standard error 
of the means. The different letters on the vertical bars represent the results of Tukey’s 
test; treatments that do not share a letter are significantly different from one another. 
 

The highest shoot-root ratio was recorded in P. polystachyus (Figure 5.4; Table 5.1). The 

shoot-root ratio of L. albus increased with increasing of soil P level, while the shoot-root 

ratio of P. polystachyus and P. macrocephalus was highest in medium P level soils. 

The leaf area of L. albus was significantly higher than P. polystachyus and P. 

macrocephalus at high and low soil P levels (Figure 5.5; Table 5.1). However, the leaf 

area of P. polystachyus and P. macrocephalus was slightly higher than L. albus at medium 

soil P. 
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Table 5.1. Mean ± standard error and p value of plants growth measurements of three species L. albus, P. polystachyus and P. 
macrocephalus that planted at three different phosphorous level soils (low, medium and high).  
 L. albus P. polystachyus P. macrocephalus 
Plant measurements Low Medium High Low Medium High Low Medium High 

Shoots dry weight (g) 3.45 ± 0.50 3.61 ± 0.52 5.03 ± 0.68 2.48 ± 0.29 6.68 ± 2.28 6.22 ± 1.55 2.69 ± 0.92 3.47 ± 0.52 1.16 ± 0.26 

Roots dry weight (g) 0.49 ± 0.14 0.49 ± 0.05 0.85 ± 0.14 0.21 ± 0.05 0.30 ± 0.08 0.31 ± 0.09 0.62 ± 0.13 0.63 ± 0.18 0.35 ± 0.09 

Leaf area (mm2) 45.90 ± 7.80 41.59 ± 9.23 54.07 ± 5.99 22.33 ± 1.85 43.93 ± 5.31 34.66 ± 5.34 33.51 ± 8.84 43.22 ± 6.88 20.51 ± 4.05 

Plant heights (cm) 39.08 ± 3.58 42.00 ± 2.78 47.17 ± 2.19 26.25 ± 4.64 33.17 ± 4.92 48.67 ± 6.62 19.25 ± 7.38 19.33 ± 5.52 6.42 ± 1.13 

Shoot-Root (%) 8.23 ± 0.90 7.43 ± 0.70 6.60 ± 1.28 17.95 ± 7.31 31.91 ± 16.40 22.92 ± 4.63 5.82 ± 2.26 7.23 ± 1.34 4.94 ± 2.29 
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Figure 5.4 Mean shoot-root ratio of L. albus, P. polystachyus and P. macrocephalus 
grown at three different P levels (low, medium and high). Vertical bars represent ± 
standard error of the means. The different letters on the vertical bars represent the results 
of Tukey’s test; treatments that do not share a letter are significantly different from one 
another. 
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Figure 5.5 Mean plant leaf area of L. albus, P. polystachyus and P. macrocephalus grown 
at three different P levels (low, medium and high). Vertical bars represent ± standard error 
of the means. The different letters on the vertical bars represent the results of Tukey’s 
test; treatments that do not share a letter are significantly different from one another. 
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Plant heights followed a similar trend of shoot dry weights (Figure 5.6; Table 5.1). P. 

polystachyus had greater plant height than L. albus and P. macrocephalus at the high soil 

P level. The plant heights were increased by increasing in soil P level for P. polystachyus 

and L. albus. However the opposite trend was shown for P. macrocephalus. 
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Figure 5.6 Mean plant height of L. albus, P. polystachyus and P. macrocephalus grown 
at three different P levels (low, medium and high). Vertical bars represent ± standard error 
of the means. The different letters on the vertical bars represent the results of Tukey’s 
test; treatments that do not share a letter are significantly different from one another. 

5.4.2 Phosphorous concentrations in plant matter 

Shoots and root P uptake of all three species were effected by different soil P levels. The 

concentration of phosphorous within shoots of P. macrocephalus at high soil P levels was 

significantly higher than P. polystachyus and L. albus (Figure 5.7; Table 5.2). There were 

no significant differences in shoot P concentration at low P level soils. 

 

 

 



Chapter 5 

155 
 

Table 5.2. Results of General Linear Model (GLM) to test the effects of soil phosphorus 
level and plant species on shoot phosphorus uptake.  
 
Source DF SS F-value P- Value 
Soil phosphorus level 2  20127 34.41 0.001 
Species 2  27062 46.26 0.001 
Soil phosphorus level* Species  4       11004 9.41 0.001 
Error 44       12869   
Total 52  68744   
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Figure 5.7 Mean phosphorus shoot-uptake of L. albus, P. polystachyus and P. 
macrocephalus grown at three different P levels (low, medium and high). Vertical bars 
represent ± standard error of the means. The different letters on the vertical bars represent 
the results of Tukey’s test; treatments that do not share a letter are significantly different 
from one another. 

The highest root P concentration was recorded at high soil P level for P. macrocephalus, 

whilst the lowest root concentration was 1201 ppm for L. albus at the medium soil P level 

(Figure 5.8; Table 5.3).  

Table 5.3. Results of General Linear Model (GLM) to test the effects of soil phosphorus 
level and plant species on root phosphorus uptake.  

Source DF SS F-value P- Value 
Soil phosphorus level 2 1552 6.26 0.020 
Species 2 5289 21.33 0.001 
Phosphorus level* Species  4 1822 3.67 0.049 
Error 9 1116   
Total 17 9779   
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Figure 5.8 Mean phosphorus root-uptake of L. albus, P. polystachyus and P. 
macrocephalus grown at three different P levels (low, medium and high). Vertical bars 
represent ± standard error of the means. The different letters on the vertical bars represent 
the results of Tukey’s test; treatments that do not share a letter are significantly different 
from one another. 
 
5.4.3 Concentrations of phosphorous within the soil 

Figure 5.9 shows the change in mean soil-available phosphorous levels between the 

beginning and end of the experiments. It shows that the greatest reduction in soil P was 

achieved by the two Ptilotus species at each of the three soil P levels. At low P levels, the 

highest P reduction recorded was -2.58 and -2.55 ppm for P. macrocephalus and P. 

polystachyus species respectively, and these differences were significant different 

compared to the control and other treatments (p= 0.001). There were similar trends at 

medium and high P level soils; for instance, the P reduction of P. macrocephalus and P. 

polystachyus was -4.75 and -4.10 ppm at medium soil P, respectively, and -5.20 and -

9.13 ppm at high level P soils, respectively.  

The two Phoslock® treatments (Phoslock 100 and Phoslock 500) and L. albus did not 

result in significant reductions in soil P level at either low, medium or high P levels. 
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However, the P reduction of Phoslock 1500 treatments was -4.15 ppm at high P level soil 

and was significantly different (p=0.001) from the control and other treatments (L. albus, 

Phoslock 100 and Phoslock 500).  

Table 5.4. Results of General Linear Model (GLM) to test the effects of soil phosphorus 
level and all treatments on phosphorus reduction rate in the soil.  
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Figure 5.9 Mean change in soil phosphorus levels that were treated with three 
concentration of Phoslock® (100, 500 and 1500g/m2) and planted with three species  (L. 
albus, P. polystachyus and P. macrocephalus)  at three different P level (low, medium and 
high). Vertical bars represent ± standard error of the means. The different letters on the 
vertical bars represent the results of Tukey’s test; treatments that do not share a letter are 
significantly different from one another. 

Source DF SS F-value P- Value 
Soil phosphorus level 2 210.3 63.77 0.001 
Treatments 6 433.3 43.79 0.001 
Phosphorus level* Treatments    12 103.1 5.21 0.001 
Error 105 173.2   
Total 125 920.0   
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5.5 Discussion 

As expected, the shoot dry weights increased in P among the three species at all soil P 

levels. The lowest shoot dry weight was found in P. macrocephalus which occurred at 

high soil P levels. This was because native species require significantly less N, P, and K 

fertiliser than agricultural crops and pastures (Figure 5.2; Table 5.1). This reflects the 

observation that the greater the dry weight of the shoots that a species produced, the 

greater is the amount of P taken up from the soil (Ryan et al., 2009; Pang et al., 2010b). 

The highest shoot dry weight amongst the species was 6.68 g and 6.22 g for P. 

polystachyus at medium and high soil P levels. The study by Ryan et al. (2009) shows 

that the P. polystachyus species grew much better and produced more biomass than 

chicory in soil with low bicarbonate-extractable phosphorus or mineral nitrogen. The study 

of Lelei and Onwonga, (2014b) showed that the L. albus shoot dry weight and seed yield 

were significantly higher in the high-available phosphorus soil. 

In regard to root dry weight, L. albus had approximately three times the root dry weight 

than both Ptilotus species at high soil P. That is because the root system of L. albus 

consists of a prominent tap root, and at irregular intervals along the lateral roots there are 

dense clusters of rootlets of limited growth (Gardner et al.,1983). The higher root dry 

weight obtained at higher P level soil can be attributed to higher P uptake due to higher 

available P in soil. Kisetu and Teveli (2013), in a screen house pot study designed to 

assess the response of Vigna radiata L. (Fabaceae) to application of phosphorus fertilizer 

on a neutral Olasiti soil, showed that the number of pods and seeds increased from 3-6 

and 7-9, respectively, in treatments 40 to 160 mg per 4 kg soil of phosphorus fertilizer 

applied. Overall, Ptilotus species have low root dry weight at the high P level while the 

root dry weight of P. macrocephalus in the low and medium level of soil P was higher than 

L. albus and P. polystachyus species (Figure 5.3; Table 5.1; p˂0.05). The Ryan et al. 

(2009) study showed that P. polystachyus had a greater root dry weight than chicory at 

the lowest level of P addition. 
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L. albus species responded to increasing P by increasing individual leaf size, while P. 

macrocephalus and P. polystachyus species responded by increasing leaf number. This 

study clearly showed that the growth response of L. albus species to high P levels is 

greater than the response of P. macrocephalus and P. polystachyus species (Figure 5.5; 

Table 5.1). This may be due to the shape and form of the leaves’ size in P. macrocephalus 

and P. polystachyus, which is smaller than in L. albus.   

There was sufficient response by the species to increased soil P levels, and shoots and 

root P uptake of all three species were all subsequently effected. The highest shoot P 

concentration was found at P. macrocephalus at high soil P levels, which was significantly 

higher than P. polystachyus and L. albus (p˂0.05; Figure 5.7; Table 5.3). In the medium 

P level soil, the highest shoot P concentration was in P. macrocephalus but this was not 

significantly different from P. polystachyus. This trend declined at lower P levels in the soil 

where there was no significant differences between all three species in regard to shoot P 

uptake. 

There was little difference in root P concentration among species at low levels of soil P 

application, while root P concentration increased at the medium and high soil P in all three 

species. It reached very high values at the highest soil P level. Many Australian native 

plants have evolved in severely P-impoverished environments (Handreck, 1997) and 

efficient P acquisition mechanisms appear to be poorly regulated at high P availability in 

some of these species (Lambers et al., 2008; Ryan et al., 2009; Shane et al., 2004). The 

ability to accumulate high concentrations of P in roots and shoots might be related to a 

low capacity to down-regulate P uptake as found in Hakea prostrata (Shane et al., 2004; 

Pang et al., 2010a). 

In regards to soil P concentration, two main hypotheses were posited and tested. The first 

(null) hypothesis is that the addition of Phoslock® to soils high in P will not appreciably 

lower the available P, thus facilitating native plant growth. This null hypothesis was 

accepted. The results obtained showed that all Phoslock treatments (Phoslock 100, 
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Phoslock 500 and Phoslock 1500) had no significant effects on the soil P reduction at low 

and medium soil P levels. Similarly, there was no effect of Phoslock 100 and Phoslock 

500 treatments on P reduction in high P level soils (Figure 5.9). However, Geurts et al. 

(2011) showed that the addition of Phoslock® to flooded soils could be expected to be 

effective due to it forming an active layer on top of the soil and thus reducing phosphate 

mobilization into the mobile water. But in this current study, the addition of Phoslock® to 

the soil was not effective in low and medium soil P levels. Haghseresht (2005) showed 

that the Phoslock® binds various forms of phosphorus and precipitates as stable mineral 

rhabdophane which is characterized by a very low solubility product. 

In contrast, the effect of Phoslock 1500 treatment was about 50% more than Phoslock 

100 and Phoslock 500 treatments at high P level soil (Figure 5.9). It is thus clear that the 

Phoslock® treatments only reduced the P level in high P level soil when the treatment 

concentration is at the highest level (1500 kg/m2). The reduction of soil P by this method 

may not be economically satisfactory because the cost effect of this treatment is 

prohibitive, and thus it does not provide an ideal management method for soil P reduction 

in the terrestrial ecosystem.         

The second hypothesis was that seeding and harvesting areas high in P with P-absorbing 

plants will not appreciably lower the available P content in the soil. This hypothesis was 

rejected in the case of the two native species P. macrocephalus and P. polystachyus. This 

was due to the demonstrated effective phosphorus absorption from the three levels of soil 

P, and consequently there was reduction of the phosphorus in the soil at all P levels.  

The response of L. albus and P. polystachyus species to high phosphorus soil levels was 

significant, with the highest shoot dry weight, plant height and shoot: root ratio being 

recorded on P. polystachyus species at medium and high P level soils. The highest root 

dry weight and leaf area were recorded on L. albus species at high and low P level soils. 

Several studies have shown the positive relationship between plant growth and P uptake; 

for instance Brennan et al. (2000) showed significant results with P. exaltatus species 
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growth by increasing the phosphorus level in the soil. Similar results were showed by 

Ryan et al. (2009) for P. polystachyus, where there was an increasing shoot dry weight 

and root dry weight at low and high phosphorus level soils. Lelei and Onwonga (2014b) 

showed an increase of growth response as well as phosphorus uptake of L. albus species 

at high phosphorus level soils. However, in this current study, this relationship was not 

positive in regards to L. albus species, since mean shoot and root P uptake was very low 

at all three levels of soil P (Figures 5.7 and 5.8). It could be argued that whilst L. albus 

species had access to the P at all P level soils, it did not take it up but rather maintained 

a constant homeostasis and P concentration in the tissues (Watt & Evans, 2003).  

In contrast, the growth measurement of P. macrocephalus (shoot dry weight, root dry 

weight, leaf area, plant height and shoot: root ratio) was lower than L. albus and P. 

polystachyus. The phosphorus shoot and root uptake was higher than P. polystachyus 

and L. albus respectively (Figures 5.7 and 5.8). The lack of response of P. macrocephalus 

to the P levels can be explained in terms of the inherent genetic differences in the 

development, and the root construction of the species.  

In this study, it is implied that the use of low and medium concentrations of Phoslock® 

does not affect the reduction of available soil P at different soil P levels. However, the high 

concentration of Phoslock® (1500 kg/m2) could reduce the available phosphorus in the soil 

by binding it without removing it from the soil. It is also implied by these results that L. 

albus is not an effective management tool for phosphorus reduction for ex-arable cropping 

land in the VVP grassland even though L. albus has long been predicted as a species 

with strong, specialized P-responsive physiological adaptations such as producing cluster 

roots that release large quantities of citrate and malate (Gardner et al., 1983; Gerke, 1994; 

Sas et al., 2001). Finally, it is implied that the P. macrocephalus and P. polystachyus 

species have the capability to accumulate high concentrations of P in the shoot and root 

tissues whilst maintaining biomass production, which makes it eminently suitable for such 

a phytoremediation role (Ryan et al., 2009). It is thus an eminently suitable native species 
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for restoration management of ex-arable cropping area within the VVP grasslands. This 

is especially so when abundant P in soil raises an environmental threat to native species 

and needs to be removed from the system (Novak & Chan, 2002; Tibbett & Diaz, 2005; 

Sharma et al., 2007). 

5.6 Conclusion 

This chapter has covered an investigation of the effectiveness of reducing available soil 

phosphorus by either binding it within the soil as an insoluble matrix, or by biologically 

extracting the phosphorus using suitable native plants. These two methods have been 

assessed during a glasshouse trial which was designed to investigate two main (null) 

hypotheses. 

The first hypothesis is that the addition of Phoslock® to soils high in P will not appreciably 

lower the available P, thus being unable to facilitate native plant growth. The second 

hypothesis is that seeding and harvesting areas high in P with P-absorbing species will 

not appreciably lower the available P content in the soil.  

The results indicated that whilst the use of Phoslock® treatments in high concentration 

could reduce the available P level at very high soil P levels, it is not practically useful in 

low and medium concentrations. However, both Ptilotus species are useful management 

tools for phosphorus reduction in the soil due to their ability to absorb high amounts of soil 

P during growth period at different soil P levels (low, medium and high). 
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Chapter 6. Synthesis of key findings, management implications, and future 
research directions 
 

6.1 Introduction 

This thesis has been carried out in the domain of grassland research, understanding that 

grasslands occupy and constitute approximately 70% of the world’s agricultural areas 

(Suttie et al., 2005). As a consequence, grasslands are an integral and central part of the 

global ecosphere, and thus it is essential that any remaining native grasslands need to be 

protected, and further, degraded grasslands should be, wherever possible, restored to be 

fully functioning ecosystems.  

It was noted earlier that in Victoria, native grasslands are one of the most endangered 

ecosystems in the country. Approximately 99% of these grasslands have been disturbed 

in the last 150 years (Scarlett et al., 1992), and, as a result, the VVP grasslands, which 

are an integral ecological element in this region, are one of the most endangered 

vegetation formations in Australia (Muir, 1994). A detailed review of the national and 

international literature found that several studies have examined the effectiveness of 

grassland restoration (Lunt & Morgan, 2002; Prober et al., 2009; Cole et al., 2016; Kendal 

et al., 2017; Van Daele et al., 2017) in Australia and other parts of the world. However, 

very few studies have investigated the approaches to overcome biotic and abiotic barriers 

in ex-cropland environments. Understanding that there are two broad classes of barriers 

which prevent the recovery of degraded grassland—biotic and abiotic issues—this thesis 

has addressed a significant knowledge gap by addressing biotic and abiotic barriers 

individually, and hence observing the relative importance of each barrier to grassland 

restoration. In doing so, I investigated the efficacy of various techniques for overcoming 

these observed barriers.  

This final chapter synthesises the key findings, summarises and explores the implications 

of the research findings presented in this thesis and also provides some future research 

directions in this critical area of research. Its objectives are to: (i) summarise the main 



Chapter 6 

164 
 

findings of the research; (ii) highlight the major theoretical advances of the work; (iii) 

summarise the main implications and management recommendations, and (iii) highlight 

and discuss future research implications.  

 

6.2 Synthesis of key findings 

In the following section all the key findings as reported in Chapter 2 to 5 of this thesis are 

presented. The main research question of this study was: What are the relative influences 

of nitrogen, phosphorus and exotic weeds as barriers to grassland restoration from former 

cropland? In order to address this question, which by its nature is multifaceted, a series 

of inter-related experiments were conducted to answer the overarching research question. 

It was anticipated that successfully addressing this question will advance our theoretical 

understandings of the barriers to grassland restoration, which will prove crucial to the 

development of new and viable landscape scale restoration approaches. In designing this 

work, it was understood that grasslands are a complex system, and they have been 

historically disturbed in such a way that they are far from their natural equilibrium state. 

As a consequence, the restoration work carried out in this thesis has been done in a series 

of steps in an attempt to move the system toward the equilibrium state thorough abiotic 

and biotic barriers.  

Establishing a baseline condition 

In Chapter 2, I measured various environmental parameters to evaluate the current state 

of the ex-cropland areas to provide a clear baseline for the study. First, the difference in 

vegetation cover between the effected land and a nearby undisturbed site was carried 

out, and this showed that (i) there were few native species present in the experimental 

site, but there were many aggressive exotic species, and (ii) whilst there were more native 

species in the reference site, there was evidence of invasion of exotic species, possibly 

by wind-borne seeds or through animal or human intervention.  
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Next, I examined the current soil seed bank species composition in the reference and 

experimental sites. This study shows that the soil stored seed bank in the experimental 

site is dominated by exotic species, and this again supported the observation that few, if 

any, native species remained in the seedbank. This demonstrated that any restoration 

attempts will need to introduce new propagules of native species, either by seed or tube 

stock, particularly given natural dispersal of native species to isolated grassland patches 

is expected to be very low. 

Examination of the current level of soil nutrients and soil bulk density variables in the 

reference and ex-cropland site grasslands also showed considerable differences. In 

particular, it was found that the ex-cropland site was very high in nutrient content.  

Overall, this initial work showed that there was a high number of exotic weeds, a lack of 

native species, very high nutrient levels (especially phosphorus and nitrogen), and an 

absence of organic carbon, all due to conversion of grassland into cultivated land. Each 

of these conditions have been shown by previous studies to mitigate against the 

introduction and sustainability of native species. 

Evaluation of grassland restoration techniques 

In Chapter 3, the investigations moved to the design and comparative evaluation of four 

methods of overcoming biotic and abiotic barriers to begin the restoration initiatives. 

These experiments were: (i) the use of urban green waste (oversize) as a cheap and 

readily available source of compost, which was applied to heat up and physically destroy 

the resident exotic seed bank; (ii) the use of carbon (in the form of cold green waste and 

sugar) to stimulate essential microbial activity in the soil and to temporarily reduce the soil 

nitrogen levels; (3) the application of Phoslock® to the topsoil in an attempt to reduce the 

levels of available phosphorus by chemical complexing; and (4) scalping the area of 

affected topsoil (top 10 cm).  
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It was found that the use of hot green waste alone, a combination of hot green waste plus 

mulch), and a mixture of hot green waste plus sugar, all led to a re-establishment of native 

species (Austrostipa semibarbata, Bothriochloa macra, Rytidosperma spp. and Themeda 

triandra) when the topsoil was deliberately seeded. In addition, the hot green waste + 

sugar treatment was seen to be more effective in reducing the exotic species cover directly 

after its application, and observations indicated significant establishment of native species 

at the end of the three year study period. This treatment also has a significant effect on 

the topsoil by increasing the organic matter level, which had a positive effect on the 

desirable microbial activity. However, the treatment had a negative effect on soil nitrogen, 

phosphorus and potassium levels which were seen to increase dramatically. As such, one 

of the main barriers to restoration of Australian grasslands (i.e. high nutrient status) is 

exacerbated by this treatment, despite the other positive effects of the treatment. This 

may, in time, facilitate the re-invasion of exotic plant species. However, there were no 

negative effects of this treatment on soil pH levels and soil bulk density during sampling 

period. 

In regards to the use of other added carbon resources, it was found that cold green waste 

and sugar treatments have reduced the vegetation cover of exotic weeds and have 

facilitated the recruitment of broadcasted native species. There was also a significant 

increase in the level of organic matter in the soil, and this was especially so for the cold 

green waste treatment which was dramatically increased in the second assessment year 

(2016). This approach has had a positive effect on the microbial activity within the soil, 

and has also reduced the amount of ammonium nitrogen in the first assessment year 

(2015). This was especially so for the sugar addition treatment, which led to the lowest 

ammonium nitrogen level recorded (5.2 ppm). However, it was noted that the amount of 

ammonium nitrogen increased in the second year (2016), but nevertheless was still 

smaller than levels achieved by the use of hot green waste alone.  
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In contrast, the amount of nitrate nitrogen was shown to be highest for the cold green 

waste treatments, while the lowest nitrate nitrogen levels were recorded for the sugar 

treatment after the first assessment year (2015). Both phosphorus and potassium levels 

were increased dramatically by the cold green waste treatments, but again there was no 

effect of these treatments on soil pH or soil bulk density levels. 

In regard to the use of Phoslock® addition to the topsoil in an effort to reduce available 

phosphorus by binding the free phosphorus in a bentonite clay matrix to prevent the 

uptake of phosphorus by plants, it was found that this treatment did not have an effective 

influence on the exotic species cover or recruitment of seeded native mix. There was little 

effect on reduction of the amount of phosphorus amount in the soil, but it did appear to 

reduce ammonium nitrogen levels during the second assessment year (2016). The lowest 

ammonium nitrogen amount (4.7 ppm) was recorded in this treatment. There were no 

observable effects of this treatment on nitrate nitrogen, organic matter, potassium amount 

and pH level in the soil, nor was there an effect on soil bulk density level and soil microbial 

activity. 

In regards to the scalping treatment, it was found that the exotic species cover in scalped 

plots declined substantially during spring 2014 and autumn 2015, but it was seen that this 

rate increased during spring 2015, with 31% regrowth of exotic species in the plots. It is 

thought that this unexpected increase is largely due to wind-blown seeds from outside the 

study area. Clearly, scalping has a positive effect in removing all the exotic weeds in the 

soil seed bank, thus preventing their re-emergence, however, whilst this treatment is an 

effective tool to reduce or remove the unwanted high levels of nitrogen and phosphorus 

levels required for native species re-establishment in the soil, it also dramatically 

decreases the organic matter level and removes all microsites for microbial activity. As a 

consequence, it reduces the microbial activity as well as increasing the soil pH level. It 

has also a negative effect on soil bulk density, since the remaining subsoil had a much 

higher density than the removed material that likely due to the heavy clay soil. 



Chapter 6 

168 
 

Breaking seed dormancy in two Ptilotus species 

In Chapter 4, pre-treatments were conducted in order to examine a series of methods and 

techniques to break the seed dormancy, and to find the optimum germination condition of 

selected species (Ptilotus macrocephalus and Ptilotus polystachyus), which were required 

in the next investigation of phosphorous mitigation. This practical problem of dealing with 

seed dormancy needed to be addressed before using these species for the later 

glasshouse experiments, and also to prepare seeds in restoration trials to make reseeding 

more financially viable. The investigation involved a determination of these seeds’ 

response to a number of seed pre-treatments, which were exposing those target species 

seed to (i) smoke water, (ii) heating shock, (iii) cold stratification and (iv) gibberellic acid 

solution. Results were compared with RO water (which represents a control with no pre-

treatment). It was found that the use of untreated seed of both P. machrocephalus and P. 

polystachyus to reseed cleared land would not be an economical possibility because the 

germination percentages are low. The use of smoke water and heat shock (60OC) 

somewhat increased the germination rate of P. machrocephalus species, while the 

germination rate of P. polystachyus seeds remained at zero. The cold stratification without 

bracts increased the germination rate of P. polystachyus species significantly, but the 

germination rate of P. machrocephalus was very low. Finally, the use of gibberellic acid 

with a concentration of 500ppm was sufficient to increase the germination rate of both 

species significantly. It is found that the highest germination values were observed when 

the seeds of P. macrocephalus (62.37 ± 1.16) and P. polystachyus (38.11 ± 0.67) were 

pre-treated with GA500 and exposed to a temperature range of (20/18OC) and a 12h 

dark/12h light regime, so this combination, with the gibberellic acid, was used in the 

following glasshouse study. 

Methods for reducing soil phosphorus 

Chapter 5 describes the glasshouse study, which was designed as an investigation of the 

effectiveness of reducing available soil phosphorus by either (i) binding it within the soil 
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as an insoluble matrix with Phoslock®, or (ii) by biologically extracting the phosphorus 

using suitable Lupin albus, Ptilotus macrocephalus and Ptilotus polystachyus. It was found 

that whereas the use of Phoslock® treatments in high concentration could reduce the 

available P level at very high soil P concentrations, it is not practically useful in low and 

medium concentrations in terms of phosphorous reduction or economic viability. However, 

it is found that both Ptilotus species (P. macrocephalus and P. polystachyus) are useful 

management tools for phosphorus reduction in the soil, due to their ability to absorb high 

amounts of soil P during growth period at different soil P levels (low, medium and high), 

and thus several years of seeding and harvesting of these plants is anticipated to provide 

a useful phosphorous reduction mechanism. 

6.3 The theoretical contribution of this work 

6.3.1 A summary of contributions  

The main theoretical contribution of this thesis was in the identification of possible 

treatments to deal with the biotic and abiotic barriers which currently prevent the 

spontaneous restoration of ex-cropland native grassland.   

First, the initial observation of the differences in vegetation cover, soil seed bank 

composition, current soil nutrient condition and soil bulk density between the ex-cropland 

and native grassland showed conclusively that the likelihood of grassland revering to its 

natural state without intervention is very low.  

Second, the comparison between four methods of overcoming biotic and abiotic barriers 

to restoration initiatives in order to allow the re-establishment of native grassland species, 

has indicated that a careful and sequential application of treatments is required to develop 

the appropriate levels of mineral and nutrients in damaged soil. One application of any 

particular treatment, whilst contributing to part of the restoration process, is not able to 

achieve the overcoming of both biotic and abiotic barriers. 

Third, the examination of methods and techniques to break the seed dormancy to find the 

optimum germination condition of P. macrocephalus and P. polystachyus species have 
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provided an important guide to reseeding technology. The biology of native seeds 

indicates that they are resistant to mass germination, and pre-treatment is essential to 

support economically feasible restoration attempts. 

Finally, the investigation of the effectiveness of reducing available soil phosphorus by 

either binding it within the soil as an insoluble matrix with Phoslock®, or by biologically 

extracting the phosphorus using suitable native plants, has indicated that chemical 

chelation is less than useful in phosphorous reduction and is expensive, but cropping the 

effected areas with P. macrocephalus and P. polystachyus, seems to be a very practical, 

and possibly profitable approach to this problem. 

6.3.2 Some reflective comments 

The analysis of vegetation cover, soil seed bank, soil nutrients and soil bulk density 

knowledge described in Chapter 2, were useful contributions to the main study area. Other 

authors (Tisdall & Oades, 1982; Tisdall, 1994; Six et al., 2000; McLauchlan, 2006; 

Coleman et al.,  2017; Nunes et al., 2018), based on their investigations, have emphasized 

that conventional cultivation has been shown to harm soil horizons, increase soil erosion, 

change nutrient accessibility and mineral compositions, compact soil, and decrease the 

percentage and formation of soil macro aggregates. The current study has supported 

these authors’ findings, highlighting (i) the main differences between the native grassland 

and ex-cropland in regards to vegetation cover, soil seed bank composition, soil bulk 

density and the negative relationship between introduced soil nutrients and native 

species, mainly with respect to phosphorous and nitrogen, with the result that exotic 

species tend to dominate altered grasslands that carry an excess of these minerals 

(Morgan, 1998; Dorrough et al., 2004; Prober et al., 2005; McIntyre & Lavorel, 2007), and 

(ii) there is a surprisingly low correspondence between the composition of the above-

ground vegetation and the seed bank (Williams, 1984; Wisheu & Keddy, 1991; Lunt, 1997; 

Pardo et al., 2018). 
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The correspondence of this current project and published knowledge of aspects of ex-

agricultural land contributed by the study of other authors was addressed in Chapter 3. 

Here, this current work based treatment techniques on previous studies that investigated 

(i) the effect of soil nutrients on species-richness (Janssens et al., 1998), (ii) methods of 

reducing the nutrient status of soils to improve success in natural grassland establishment 

(McCrea et al., 2001) and (iii) multisite experiments comparing soil pre-treatments, natural 

regeneration, nurse crops, and seed mixes (Pywell et al., 2002). Whilst due recognition is 

given to these authors, the restoration management techniques used in this current work 

have added to our knowledge regarding the use of a novel method for restoration of ex-

cropland in VVP grassland, which involved application of hot green waste, which reduced 

the exotic weed cover and the related soil seed bank.  

Previous studies conducted in grassland restoration have shown that using carbon 

resources to reduce the exotic weed infestation in above ground and below ground cover 

has been demonstrated (Dalenberg & Jager, 1981; Morghan, & Seastedt, 1999; Magill & 

Abel, 2000; Blumenthal et al., 2003; Prober et al., 2005; Eschen et al., 2006; Prober et 

al., 2009; Faithfull et al., 2010), where they indicted that addition of biologically available 

carbon as sugar or sawdust can increase microbial activity which helps to draw down the 

nitrogen level. It has been shown that addition of carbon can also reduce inorganic 

nitrogen and exotic plant biomass, whilst other studies have shown that addition of sugar 

has a significant impact on reducing the germination of exotic weed seeds within the soil 

seed bank. It has also been shown that the particular source of carbon added to the soil 

is important as its influence on soil condition and plant growth is governed by the rate at 

which the carbon becomes available to microorganisms (Eschen et al., 2006). For 

instance, a readily available carbon source, such as sugar, may stimulate microbial 

activity within hours (Dalenberg & Jager, 1981), however other sources, such as more 

complex molecules, have structures that need more time to decay (Magill & Abel, 2000). 

Eschen et al. (2007) showed that carbon addition during grassland restoration is a useful 
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management technique to reduce nitrogen availability on ex-cropping land. The results of 

this current investigation have concurred with these comments, and indicate that addition 

of carbon resource to ex-arable cropland to redress its condition, is an essential 

consideration. 

Using Phoslock® treatments as a useful management tool to reduce the available soil 

phosphorus for terrestrial purposes, was demonstrated by the previous studies of Geurts 

et al. (2011) which implied that the addition of Phoslock® is expected to be especially 

effective in flooded soils, because it can form an active layer on top of the soil that reduces 

phosphate mobilization to the water layer. However, the findings of the current 

investigation are that the use of Phoslock® as a phosphorous removal agent have not 

been encouraging. Both the small reductions in phosphorous level and the cost of the 

material are factors which might suggest that its use in restoration management is 

marginal.  

Finally, in this respect, I concur with the claim that stringent exotic weed control is an 

important factor in the successful restoration of highly degraded sites to grassland which 

requires native species seeding (Cole & Lunt, 2005), and that adding a mixture of native 

species seeds, post ground treatment, increased species richness and abundance after 

the exotic species cover has been substantially reduced (Morris & Gibson-Roy, 2018). It 

has been previously reported that the scalping treatment is an effective tool for the 

restoration of degraded grassland on the VVP (Gibson-Roy, 2010a; Morris & Gibson-Roy, 

2018), where their results clearly showed that the physical removal of topsoil for 10 cm is 

sufficient to remove all unwanted exotic seeds and excessive inorganic nutrients. 

However, I have commented that this path introduces its own problems, with the expense 

of removal of the soil, the location of a suitable collection site, and the interference to 

scalping by rocks and other matter. This suggests that other treatments investigated by 

this work may be more likely to provide practical management options, both in terms of 

expense and efficiency of work. 
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Breaking the seed dormancy (Chapter 4) has been the subject of many other studies, and 

a range of techniques have been used. These include (i) low temperature (cold) and 

hormonal treatments (gibberellic acid) (Taylor et al., 1993; Schneider & Gifford, 1994;  

Nicolas et al., 1996; Clarke et al., 2000; Walck et al., 2000; Kaye & Kuykendall, 2001; 

Merritt et al., 2007); (ii) high temperatures up to 80OC, (Mott, 1974b; Hagon, 1976; Tieu 

et al., 2001); and (iii) smoke water, which is widely agreed to be a key agent for the release 

of seed dormancy in a range of native Australian species (Dixon et al., 1995; Roche et al., 

1997a, b; Smith et al., 1999). This current study has supported the findings of the studies 

by identifying the best methods and techniques to break seed dormancy and finding the 

optimum germination condition of P. macrocephalus and P. polystachyus. Other authors 

have demonstrated that temperature and light both play a part in the control of dormancy 

and germination rate (Benech-Arnold et al., 2000; Batlla et al., 2004). Williams et al. (1989) 

studied methods to overcome the seed dormancy of P. exaltatus, and asserted that 

scarification of the seed husk and application of gibberellic acid will stimulate effective 

germination. In the current investigation, I am confident that the recommended approach 

using gibberellic acid is the most effective treatment to ensure maximum germination 

rates.  

The two approaches used (Chapter 5) to reduce the individual effect of phosphorus, using 

either Phoslock® or using native species to reduce the available soil phosphorus, have 

been drawn from the work of many authors (Trinick, 1977; Bates, 1990; Saito & Kato, 

1994; Islam et al., 1999; Brennan et al., 2000; Veneklaas et al., 2003; Watt & Evans, 2003; 

Le Bayon et al., 2006; Gilbert et al,. 2009; Ryan et al., 2009; Geurts et al., 2011; Lelei & 

Onwonga, 2014a). The contribution of the current study was to demonstrate that the use 

of native species such as P. machrocephalus and P. polystachyus were useful 

management tools for phosphorus reduction in the soil. This finding was in agreement 

with the general findings of authors (Islam et al., 1999; Ryan et al., 2009), whilst the idea 

of using L. albus as a tool for reducing available soil phosphorus (Gardner et al.,1983; 
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Veneklaas et al., 2003; Lelei & Onwonga, 2014a, b) was rejected because there was not 

significant differences of phosphorus level in soil planted with this species. The use of 

Phoslock® in terrestrial ecosystem (Haghseresht, 2005; Geurts et al., 2011) also was not 

supported due to the Phoslock® treatments poor ability to reduce the phosphorous level, 

even in high P level soils. As a consequence, this approach to reduction of soil P is not 

economically useful, because the cost effect of this treatments is negative, and thus it 

does not provide an ideal management method for soil P reduction in terrestrial 

ecosystems. 

6.4 Implications and management recommendations  

The main implications and management recommendations of this thesis for restoration of 

grasslands are as follows: 

(i)  Clearly, restoration needs to initially address abiotic barriers, followed by biotic barriers, 

and then be managed to allow the area to come to a natural equilibrium; 

 (ii)  Scalping is costly to be a useful management tool for large areas; 

(iii)  Windborne and animal carried exotic seeds will always be a problem, and must be 

addressed, possibly by decreasing these exotic species entering the management area 

through controlling the source of weed seeds within a reasonable distance around the 

management area; 

(iv)  Ingress of fauna will need to be factored into the restoration of area, being restricted 

until native plants are robust enough to survive grazing by the installation of fencing; 

(v) Interim cropping with those two species (P. machrocephalus and P. polystachyus) and 

sale as fodder of the interim phosphorous-absorbing plants could be used to offset 

restoration costs as well as removing phosphorous from the area; and  

(vi) In the longer-term, added native plants will have to be seeded, particularly with more 

early and fast growing native species. It is also recommended to use an increased rate of 

seeding with a larger number of native species in the mix to catalyse the seeding process 
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and to establish a more healthy and representative native cover community. This seeding 

addition could be repeated 3-4 times in order to cover a wider area with successfully grown 

native species. 

Regarding the breaking of the seed dormancy and germination of both Ptilotus species 

(P. machrocephalus and P. polystachyus), it is recommended that the best pre-treatment, 

optimum temperature and light period for both species is GA 500 (20/18OC) and 12h dark/ 

12h light regimes. 

Finally, regarding the management implications of phosphorus reduction in the soil, It is 

implied that the both Ptilotus species (P. machrocephalus and P. polystachyus) are useful 

management tools for phosphorus reduction due to absorbing high amount of soil P at 

growth period in different soil P levels (low, medium and high) either by harvesting the 

plants after growing or by grazing of cattle. 

6.5 Future research implications 

I. Restoration cannot be achieved all at once; thus a systematic long-term strategy 

needs to be applied;  

II. There may be several years needed to bring the land back to an abiotic 

equilibrium;  

III. Finer attention needs to be given to the mix of native plants for seeding;  

IV. Care must be taken with the gradual introduction of native animals;  

V. Exotic seed ingress will always be a problem, which demands that action will be 

needed in the future to control local outbreaks. 

6.6 Conclusion  

The findings of this thesis have significantly advanced our current knowledge of the 

restoration of ex-cropland. It has determined the impacts of biotic and abiotic barriers to 

the Victorian Volcanic Plains grassland, and has demonstrated some practical 

approaches to begin the restoration process. I suggest that many of the methods and 
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techniques used in this study could be useful techniques across broad areas of grassland 

within Australia as well as in similar situations in temperate climate conditions around the 

world. 
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