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Introduction 

The coolibah (Eucalyptus coolabah subsp. coolabah Blakely & Jacobs) floodplain woodlands of 

Australia are iconic, endangered and almost unstudied. Dense regeneration of coolibah trees 

occurred in the Darling Riverine Plains bioregion (ERIN 2005), which includes the floodplains of 

inland northern New South Wales (NSW), following floods in the mid 1970s (Maher 1995; 

Freudenberger 1998). These stands are still dense (~3000 stems ha-1) even though they are now 

over 40 years old, and it has been suggested that the trees are not self-thinning in a timely manner 

and may require mechanical or chemical thinning to increase groundstorey vegetation cover 

(Maher 1995; Freudenberger 1998). Landholders have expressed concern about the negative effect 

of these stands on pasture production and biodiversity since it appears that the dense coolibah trees 

have excluded almost all groundstorey vegetation (Freudenberger 1998). Yet coolibah woodlands 

in the Darling Riverine Plains bioregion (ERIN 2005) have been so heavily cleared and modified 

since European occupation that they have been listed as an endangered ecological community 

federally – as part of ‘Coolibah – Black Box Woodland of the Darling Riverine Plains and 

Brigalow Belt South bioregions’ (EPBC Act 1999) and in NSW as ‘Coolibah – Black Box 

Woodland of the northern riverine plains in the Darling Riverine Plains and Brigalow Belt South 

bioregions’ (NSW Scientific Committee 2004; 2009). The aim of my thesis is to explore these 

contrasting issues – that of woody plant encroachment and woodland decline – by investigating the 

structure of remnant coolibah woodlands and stands of dense regeneration, the population 

dynamics of coolibah, and the effects of dense coolibah regeneration on groundstorey plant 

communities. Most of the remainder of this chapter consists of a literature review of relevant 

topics, viz. woody plant encroachment, the ecology of savannas, Australian woodlands, and 

coolibah woodlands specifically. In doing so, I explore global issues such as tree–grass coexistence 

in savannas, rangeland management and biodiversity conservation in agricultural landscapes. The 

chapter concludes with a section setting out the aims of the research and the aims of each of the 

remaining five chapters in the thesis.  

 



  Chapter 1. General introduction and thesis outline 

3 
 

Woody plant encroachment 

Woody plant encroachment is an increase in the abundance or extent of woody plants in previously 

open ecosystems. This phenomenon has occurred globally in grasslands, savannas and open 

woodlands in recent decades (e.g. Brown and Carter 1998; Knapp and Soule 1998; Archer et al. 

2000; Van Auken 2000; Bowman et al. 2001; Lett and Knapp 2005; Graz 2008; Lunt et al. 2010). 

Ecosystems that are most commonly affected by encroachment include savannas and rangelands in 

North and South America, Africa and Australia (Burrell 1981; Archer et al. 2000; Van Auken 

2000; Roques et al. 2001; Lunt et al. 2010). The consequences of woody encroachment include 

changes to nutrient cycling, soil chemistry, plant species composition and richness, herbaceous 

productivity, and carbon storage (Archer et al. 2000; Costello et al. 2000; Hibbard et al. 2001; 

Norris et al. 2001; Jackson et al. 2002; Lett and Knapp 2003; Butler et al. 2006; Hughes et al. 

2006; Zarovali et al. 2007; Price and Morgan 2008; Van Els et al. 2010; Eldridge et al. 2011). 

However, these effects are not universal. A review by Eldridge et al. (2011) concluded there were 

few consistent effects of encroachment and that woody plants can have positive, neutral or negative 

effects on ecosystem attributes. The consequences of encroachment tend to be specific to the type 

of woody plant and the properties of the encroached ecosystem (Eldridge et al. 2011).  

One of the few consistent effects of woody plant encroachment is a decrease in herbaceous biomass 

or productivity (Eldridge et al. 2011). Increased woody plant abundance and decreased grass or 

forb production substantially reduces the profitability of grazing enterprises. Hence, there is 

increasing pressure on government regulators to allow selective clearance of native species that are 

thought to be encroaching even though native vegetation clearance is illegal in many developed 

nations (Briggs et al. 2005). Alternative viewpoints have been expressed regarding the value of 

woody plant encroachment. Eldridge et al. (2011) and Maestre et al. (2003; 2009a) have 

highlighted possible benefits of increased woody plant abundance, especially in previously 

degraded systems. Maestre et al. (2009a) found increased plant species richness, fungal biomass, 

soil fertility and N mineralisation rates following encroachment in degraded Mediterranean 

grasslands. Other authors (Fensham and Fairfax 2005; Fensham et al. 2005; Wiegand et al. 2005; 
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Wiegand et al. 2006; Fensham and Fairfax 2007; Fensham 2008; Fensham et al. 2009) have 

questioned the directionality of vegetation change, suggesting that over broad spatial and temporal 

scales, mortality of woody plants during sub-optimal conditions balances out increases in 

abundance under favourable conditions.  

The mechanisms responsible for increased woody plant abundance are understood to varying 

degrees in different systems, but there is no single explanation for all cases. Changes to disturbance 

regimes, above-average rainfall, changes to soil moisture availability, and increases in atmospheric 

carbon (CO2) concentration or some combination of these factors favour woody plant expansion in 

most systems (Bennett 1994; Archer et al. 1995; Knapp and Soule 1998; Van Auken 2000; 

Bowman et al. 2001; Roques et al. 2001; Heisler et al. 2003; Briggs et al. 2005; Kraaij and Ward 

2006; Morgan et al. 2007a; Graz 2008).  

Above-average rainfall and fine-scale changes in soil moisture availability may favour woody plant 

germination and establishment. Indeed, recruitment events are often associated with high rainfall 

years (Archer et al. 1988; Schlesinger et al. 1990; Archer et al. 1995; Roques et al. 2001; Fensham 

et al. 2005). Increased grazing pressure has also been implicated as a mechanism because grazing 

can reduce fuel loads, altering fire frequency and intensity, and this may favour the establishment 

of fire-sensitive woody species (Van Auken 2000; Roques et al. 2001; Briggs et al. 2005). Grazing 

also reduces herbaceous vegetation cover, which may reduce competition and suppression of 

woody plants by grasses and lead to an increase in woody plant abundance (Van Auken 2000). 

Humans can directly change fire regimes and this affects proportions of fire-sensitive and fire-

tolerant species (Higgins et al. 2000; Roques et al. 2001; Bond et al. 2003; Heisler et al. 2003; 

Bond et al. 2005; Kraaij and Ward 2006; Bond 2008; Nano and Clarke 2010). It is thought that 

anthropogenic changes in savanna or rangeland management underlie most instances of 

encroachment, though the evidence is equivocal and a better understanding of the dynamics and 

processes underlying savanna stability is required. 
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The ecology of savannas 

Savannas consist of a continuous ground layer of herbaceous vegetation (forbs and grass, hereafter 

‘grass’), and a discontinuous cover of woody plants (shrubs or trees, hereafter ‘trees’) (Scholes and 

Archer 1997). Savannas cover about a fifth of the global land surface and occur on most continents 

(Asia, Africa, America and Australia) and across a range of climates and soil types (Sankaran et al. 

2004; Moustakas et al. 2010).  

Both the grass and tree components have important functions in the savanna biome. Grasses 

provide food for herbivores, habitat for ground dwelling animals, and carry fire in more productive 

savannas. Scattered and clumped trees provide habitat for birds, mammals, reptiles and 

invertebrates, and plants. Trees also provide coarse litter and debris which can result in the ‘fertile 

island’ effect whereby the area surrounding an isolated tree is more fertile than treeless areas 

elsewhere in the landscape (Belsky et al. 1989; Belsky et al. 1993). Thus, changes in the 

dominance of the grass or tree component can have a variety of consequences for the composition, 

structure and function of savannas. 

The tendency for savannas to occur in climatic regions that could support a much higher biomass of 

woody plants has led to a number of hypotheses about what limits trees in these systems (Bond 

2008). Top-down (e.g. fire and grazing) and bottom-up (e.g. soil and climate) explanations alone 

are often insufficient and there are complex interactions among the many factors that constrain 

woody plant recruitment, growth and reproduction in savannas (Bond 2008; Midgley et al. 2010). 

Modelling climatic variables against tree abundance rarely predicts the actual distribution of 

savannas (Jeltsch et al. 1996; Bond et al. 2005; Midgley et al. 2010; Lehmann et al. 2011). 

So, what factors limit tree abundance in savannas? Walter’s (1971) rooting niche separation theory, 

also known as the ‘two layer hypothesis’, proposes that trees are able to capture moisture in deeper 

layers whereas grasses can more efficiently obtain resources from shallow soil layers, thereby 

limiting available resources for woody plants and limiting their abundance. Some studies have 

reported an increase in woody plant abundance with increased grazing pressure (van Vegten 1983; 

Skarpe 1990), whereas others have found no effect of grass abundance on woody plant 
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establishment (Brown and Archer 1999). Given that the two layer hypothesis does not apply to all 

savanna systems, new theories have been developed, which may be broadly referred to as 

‘demographic bottleneck’ approaches to understanding savanna dynamics. 

Demographic bottleneck theories propose that savannas do not become dominated by trees due to 

factors that limit tree recruitment (Sankaran et al. 2004). Two broad processes responsible for 

limiting tree recruitment have been proposed: disturbance and environmental variability (Bond 

2008). Disturbances – for example fire – tend to destroy plants or plant tissue, thereby directly 

altering vegetation structure. Environmental variability – rainfall or temperature extremes – tends 

to limit recruitment opportunities and can also kill plants. In general, disturbances that kill trees 

before they are established are important in mesic environments (Bond et al. 2005; Sankaran et al. 

2005) where rainfall is high and does not limit tree recruitment. These savannas tend to be 

described as ‘disequilibrium’ systems, which if left undisturbed should transition toward a closed 

forest ecosystem (Jeltsch et al. 2000; Sankaran et al. 2004). Alternatively, ‘non-equilibrium’ 

systems are governed by the variability in environmental conditions, which favours grass or tree 

dominance at different spatial and temporal scales and prevents either life-form from becoming 

dominant across the landscape (Wiegand et al. 2005; Wiegand et al. 2006). This situation is most 

common in arid environments where inter-annual rainfall variability is high and droughts are 

common. These demographic bottleneck models are increasingly being studied and tested 

(Sankaran et al. 2004; Wiegand et al. 2006; Moustakas et al. 2010). 

Australian woodland and savanna dynamics  

Woodlands and savannas dominated by eucalypts (Angophora, Corymbia and Eucalyptus) are 

extensive in Australia, covering 30% of the continent (Fig. 1; Benson 1991; Yates and Hobbs 

1997a; Johnson 2003). Since European occupation and subsequent development of agriculture, 

especially in the wheat–sheep belt, eucalypt woodlands have been substantially modified with 

those occurring in the most productive lowlands now only remaining as small degraded fragments 

(Fig. 2; Benson 1991; Yates and Hobbs 1997a; Cox et al. 2001).  
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Figure 1. The distribution of broad woodland types in Australia with 250 mm and 750 mm isohyets. 

Source: (Johnson 2003). 

 

Figure 2. Land clearance map showing areas of cleared forest and woodland. The wheat-sheep belt 

through eastern and south-western Australia has been most heavily cleared and clearing continues, albeit 

at a reduced rate since the introduction of more stringent laws. My study region in eastern Australia is 

circled in black. Source: Australian Government Department of the Environment, Water, Heritage and the 

Arts (2011). 

Study region
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The historical tree density in Australia’s woodlands and savannas is the source of ongoing debate 

among ecologists and land managers in Australia. In particular, the importance of fire in structuring 

pre-European vegetation is controversial (Benson and Redpath 1997; Bowman 2001; Griffiths 

2002; Jurskis 2002; Fensham 2008; Jurskis 2009). In coastal areas of southern Australia, empirical 

studies have demonstrated a directional increase in shrub abundance due to changes in disturbance 

regimes (Burrell 1981; Gleadow and Ashton 1981; Bennett 1994; Lunt 1998; Costello et al. 2000; 

Gent and Morgan 2007; Lunt et al. 2010). In eastern and northern Australia, dense woodland 

regeneration tends to occur in times of above-average rainfall, but this process is thought to be 

balanced over time by widespread tree mortality in times of low rainfall (Fensham and Holman 

1999; Sharp and Bowman 2004; Fensham et al. 2009). Areas of dense scrub are mentioned in early 

explorers records from eastern Australia prior to European occupation, indicating that changed 

management is not a prerequisite for dense woody cover (Fensham 2008).  

Woody plant increases have also been reported in the rangelands of western NSW (Noble 1997). In 

these regions, changes in disturbance regimes (grazing and fire) are implicated (Noble 1997),  but 

widespread clearing is likely to have preceded shrub encroachment (Harrington et al. 1979; Benson 

1999;  but see Ross et al. 2012). In Australia’s semi-arid rangelands, concerns about woody 

encroachment are centred on the negative effects of woody plants on pasture production and 

profitability of grazing enterprises (Harrington and Johns 1990; Harris et al. 2003). In these 

regions, the processes driving woody encroachment, the natural dynamics of the vegetation and the 

effect of encroachment on biodiversity are poorly understood and require further investigation.  

Understanding the conditions required for woodland tree recruitment may provide insight into the 

mechanisms responsible for changes in woody plant abundance in Australia. The biology of some 

eucalypts is well understood, especially those that are economically important (forestry) species, 

which generally occur in higher rainfall zones of Australia (Florence 1996). Eucalypts occurring in 

woodlands and open woodlands in lower rainfall zones are less well understood. However, the need 

to restore heavily cleared landscapes and ensure replacement of remnant woodlands has led to 

some advancement in this area (Yates and Hobbs 1997a; Vesk and Mac Nally 2006). For most 
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eucalypt species, seed supply and favourable seedbed conditions are required for successful 

germination and resources such as light and soil moisture determine seedling success (Facelli and 

Ladd 1996; Florence 1996; Yates et al. 1996; Clarke and Davison 2001). Eucalypt recruitment in 

temperate woodlands and cleared agricultural land is thought to be limited by seed dispersal, 

competition from introduced species, overgrazing and changes to fire regimes (Semple and Koen 

2003; Vesk and Dorrough 2006; Standish et al. 2007). Recruitment in semi-arid woodlands tends to 

be driven by rare events such as fire and floods as well as periods of above-average rainfall 

(Wellington and Noble 1985a; 1985b; Yates et al. 1996; Yates et al. 2000). Therefore, changes in 

land management, such as the addition of fertilisers that favour exotic species, the introduction of 

livestock and continued grazing pressure, changes to fire and flooding regimes and clearing and 

fragmentation of woodlands may contribute to changes in tree abundance in Australia – either by 

increasing or decreasing opportunities for tree recruitment. 

Changes in woody plant abundance in Australia – through clearing or woody encroachment – are 

likely to affect ecosystem structure, function and composition. Plant composition beneath woody 

plant canopies can be quite distinct from the composition of inter-canopy areas (Scanlan and 

Burrows 1990; Vetaas 1992; Belsky et al. 1993; Gibbs et al. 1999; Prober et al. 2002), thus 

changes in woody plant abundance may alter understorey composition. Shrubs that form a dense 

thicket can significantly reduce light availability such that just a few species can persist in the 

understorey (Costello et al. 2000; Price and Morgan 2008). Alternatively, shading may provide 

benefits in arid environments, such as reduced evapotranspiration, which might have facilitative 

effects on some species (Maestre et al. 2003). Indeed, the net effects of woody plant cover on 

herbaceous plants is likely to depend on climate and edaphic factors (Belsky et al. 1993; Scholes 

and Archer 1997). Trees have been associated with elevated soil fertility relative to treeless areas, 

most likely due to litter accumulation beneath canopies (Belsky et al. 1989; Vetaas 1992; Jackson 

and Ash 2001; Ludwig et al. 2004). Increased eucalypt cover will most likely have different effects 

on ecosystem properties compared to other woody species. Possibly the most important aspect of 

eucalypt woodland trees is their continuous litter deposition, which can alter soil chemistry and 
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microbial communities and also physically impede seed germination (Facelli and Pickett 1991; 

Prober et al. 2002). Eucalypts have been shown to reduce herbaceous productivity but can increase 

nutrient value of herbaceous vegetation (Harrington and Johns 1990; Scanlan and Burrows 1990; 

Jackson and Ash 1998). Eucalypt trees also increase microsite heterogeneity and reduce 

competitive exclusion from dominant herbaceous species, resulting in increased groundstorey 

species richness (Price and Morgan 2010). Thus, changes in woody plant abundance can have 

varying effects on ecosystem properties. 

Coolibah woodlands 

Coolibah woodlands occur throughout seasonally inundated alluvial plains of northern New South 

Wales, southern Queensland and southern Northern Territory (Fig. 3). They occur as woodlands or 

open woodlands and have a predominantly grassy understorey with chenopods becoming more 

abundant with increasing aridity (Fig. 4a). Due to their occurrence on fertile floodplains, most 

coolibah woodlands have been cleared for food and fibre production in NSW and are an 

endangered ecological community listed under the Threatened Species Conservation Act 1995 

(NSW Scientific Committee 2004; 2009) as the ‘Coolibah – Black Box Woodland of the northern 

riverine plains in the Darling Riverine Plains and Brigalow Belt South bioregions’. Coolibah 

woodland is also listed as endangered under federal legislation (Environmental Protection and 

Biodiversity Conservation Act 1999) as the ‘Coolibah – Black Box Woodland of the Darling 

Riverine Plains and the Brigalow Belt South bioregions’. Clearing, weed invasion and livestock 

grazing continue to threaten this community (Benson 1999; Keith et al. 2009).  
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Figure 3. Distribution of Eucalyptus coolabah subsp. coolabah in Australia. Source: Australia's Virtual 

Herbarium (2012). 

 

Little is known of the biology or population dynamics of coolibah though the species is likely to 

have similarities with other floodplain eucalypts such as E. camaldulensis and E. largiflorens 

(Dexter 1968; Bren 1992). The few studies of coolibah and closely related floodplain coolibah 

species – E. coolabah subsp. arida and E. victrix – suggest that recruitment is dense, episodic and 

rare in space and time (Roberts 1993; Sharp and Whittaker 2003; Fox et al. 2004). Fox et al. (2004) 

found that the seedlings of E. victrix (a floodplain eucalypt from the Pilbara, Western Australia) 

rarely survive to become saplings even if germination is widespread, but they could not predict the 

conditions required for successful recruitment of this species. It is widely accepted that coolibah 

germinates following floods (Roberts 1993; Pettit 2000; Roberts and Marston 2000), but 

recruitment events are much less common than flooding so it is likely that other factors determine 

Study region
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recruitment establishment. Optimal germination of coolibah seed occurs at 30–35°C (Doran and 

Boland 1984), which suggests that floods in warmer months are more likely to stimulate 

recruitment. Based on studies of many other Eucalyptus species it is unlikely that coolibah forms a 

persistent soil seed bank and is likely to store seed in the canopy (Boland et al. 1980; Doran and 

Boland 1984). There are few phenological studies of coolibah but they are thought to flower 

between December and February and set seed from January to March (Boland et al. 1980). The 

importance of environmental cues for seed rain is not known.  

Coolibah regenerated densely following floods in the mid 1970s and patches of dense coolibah 

woodland occur throughout the Darling Riverine Plains of NSW (Fig. 4b; Maher 1995; 

Freudenberger 1998). Dense regeneration of coolibah in the mid 1970s was also reported on the 

Victoria River floodplains in the Northern Territory where overgrazing was proposed as the reason 

for the high density of trees (Sharp and Whittaker 2003). The effect of these dense stands on the 

biomass and cover of groundstorey vegetation has raised concerns about the effect of dense 

regeneration on plant diversity and ecosystem function (Maher 1995; Freudenberger 1998; Sharp 

and Whittaker 2003). However, there are no studies assessing the effects of dense regeneration on 

groundstorey vegetation composition or richness. Dense regeneration occurs on productive grazing 

land and is said to reduce the amount of feed available for stock, which reduces the profitability 

and value of the land (Maher 1995). The perception that dense regeneration is a degrading process 

– as most studies of woody plant encroachment suggest – which is a threat to biodiversity has led to 

the listing of coolibah as an invasive native species under the NSW Government’s Native 

Vegetation Regulation 2005 (Environmental Outcomes Assessment Methodology, DECCW 2011). 

As such, stands of coolibah which are deemed to be ‘acting invasively’ may be cleared with the 

only requirement being that all trees with stems over 20 cm diameter and 20 additional stems per 

hectare be retained in any configuration (i.e. if a 100-ha area is cleared, 2000 stems must be 

retained in a patch and need not be distributed throughout the 100-ha). We know very little about 

the population biology of coolibah, the effects of dense regeneration on associated plant 

communities, where dense regeneration occurs and what conditions are necessary for coolibah 
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recruitment. Management decisions, such as tree clearing or thinning, should be based on a sound 

understanding of these aspects of dense regeneration. 

 

 

Figure 4. (a) Remnant coolibah woodlands and (b) dense coolibah regeneration on the northern riverine 

plains of New South Wales. 

 

(a) 

(b) 
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Thesis outline  

This thesis investigates aspects of the community and population dynamics of coolibah woodlands 

in the semi-arid floodplains of the Darling Riverine Plains bioregion of New South Wales. I 

examine patterns of groundstorey community composition, biomass and soil properties in relation 

to coolibah stand structure as well as the processes governing the coexistence of the woody and 

herbaceous components of floodplain savannas. In particular, I aim to determine whether or not 

dense coolibah regeneration is associated with a reduction in plant biodiversity and changes in 

community composition relative to alternative woodland and derived grassland states. I also 

investigate landscape scale woodland dynamics and the stability of tree–grass coexistence by 

measuring differences in stand structure between dense regeneration and remnant woodlands and 

by experimentally examining the recruitment requirements of coolibah and the ability of grasses to 

limit recruitment. Together, these studies aim to assess the role of dense regeneration for 

biodiversity conservation and woodland persistence in this cleared and modified landscape. The 

following provides a brief outline of the thesis structure, which includes four chapters describing 

the results of field surveys and experiments and a final synthesis chapter that summarises the 

findings of the thesis.  

In chapter 2, I compare areas of dense coolibah regeneration with adjacent open vegetation in order 

to determine if there are consistent differences between the two vegetation states in terms of soil 

properties and groundstorey vegetation richness and composition. The aim of this chapter was to 

determine if areas of dense regeneration were less species rich than surrounding vegetation. This 

chapter has been published in the Australian Journal of Botany. 

Chapter 3 investigates differences in plant community composition in different vegetation states: 

remnant woodlands, derived grasslands and dense regeneration. This chapter provides insight into 

the relationship, or lack thereof, between tree density and herbaceous community dynamics and 

considers the importance of environmental and management variables for groundstorey plant 

community composition. This chapter has been published in The Rangeland Journal. 
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Chapter 4 focuses on the population dynamics of coolibah woodlands. In particular, I investigate 

the potential stability of the floodplain savanna system and the importance of dense regeneration 

for the persistence of coolibah woodlands in the landscape.  

In chapter 5, the ability of coolibah seedlings to establish among native perennial grasses was 

investigated experimentally. The study involved three experiments where grass density was 

manipulated to investigate competition and facilitation between grasses and coolibah seedlings in 

various seasonal conditions. The aim of this chapter was to identify factors (abiotic and biotic) that 

may limit tree establishment in grasslands. 

The findings of the previous four data chapters are summarised in chapter 6, and I discuss their 

implications for woody plant encroachment and savanna management. I present a state and 

transition model to describe common vegetation states in the study region and transitions between 

these states based on the findings from my thesis. Finally, I make management recommendations 

and suggest future research directions. 
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Chapter Two.  Densely regenerating coolibah (Eucalyptus coolabah) 

woodlands are more species-rich than surrounding derived grasslands in 

floodplains of eastern Australia 
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Introduction 

This thesis explores the population and community dynamics of coolibah woodlands in semi-arid 

floodplains of eastern Australia. In the first part of the thesis I compared soil and groundstorey 

species composition and richness among vegetation states to determine what effects dense 

regeneration has on plant biodiversity and soil function and to investigate the potential trajectory of 

dense regeneration towards the remnant woodland state. In the second part of the thesis I 

investigated landscape scale woodland dynamics and the stability of tree–grass coexistence by 

measuring differences in stand structure between dense regeneration and remnant woodlands and 

by measuring the recruitment requirements of coolibah and the ability of grasses to limit 

recruitment. 

In Australia, there is a lack of empirical data about the structural and community dynamics of 

eucalypt woodlands in general and coolibah woodlands in particular (Yates and Hobbs 1997a; 

Freudenberger 1998; Fox et al. 2004; Dorrough and Moxham 2005; George et al. 2005; Clarke et 

al. 2010; Colloff and Baldwin 2010). Coolibah woodlands are protected under state and federal 

law, yet dense regeneration of coolibah is listed as an ‘invasive native species’ and can be legally 

cleared under certain conditions. The listing of coolibah as invasive native scrub was based the 

assumption that dense regeneration of coolibah reduces groundstorey plant diversity and on the 

perception that dense regeneration poses a threat to the endangered coolibah woodland community 

(NSW DNR 2006). These assumptions are largely based on studies of woody plant encroachment 

in other systems. There have been no attempts to test these assumptions in coolibah woodlands or 

to understand the processes governing woody plant abundance in these systems. This thesis aimed 

to fill these knowledge gaps to inform management and policy decisions pertaining to coolibah 

woodlands and potentially other floodplain woodlands dominated by eucalypt species with similar 

recruitment patterns (such as E. camaldulensis and E. largiflorens) throughout the Murray–Darling 

Basin. 

In this chapter, I discuss the key findings of my thesis in the context of ecological theory. I then 

integrate these findings into a state and transition framework describing key characteristics of 



                                                                                                Chapter 6. Conclusions and synthesis 
 

113 
 

vegetation states in the study region along with potential processes leading to transitions between 

states. Finally, I discuss the management and policy implications of my study and suggest future 

research questions and tests of the hypotheses proposed in the thesis.  

Key findings 

In chapters 2 and 3, I investigated the effects of dense regeneration of coolibah on groundstorey 

plant community richness, composition, groundstorey biomass and soil properties in relation to 

alternative vegetation states. A review by Eldridge et al. (2011) demonstrated that increased woody 

plant abundance does not always result in loss of biodiversity or ecosystem function and these two 

chapters were aimed at measuring potential impacts of dense regeneration as well as investigating 

the relative contributions of different vegetation states to biodiversity conservation and restoration 

in the study region.  

These two chapters described some key aspects of plant community dynamics in the study system. 

My findings indicated that dense regeneration is not associated with a loss of plant biodiversity, 

and that dense regeneration is compositionally and functionally similar to remnant woodlands and 

could be important for biodiversity conservation and landscape restoration in the study region. I 

found that: 

1. Dense regeneration patches contain more groundstorey plant species (per 400 m2) than 

adjacent open areas (chapter 2);  

2. Groundstorey plant communities are not strongly linked to overstorey tree density and 

most species are common in open grasslands and wooded states irrespective of tree 

density (chapter 3);  

3. Dense regeneration contains a few woodland associated species that are not common in 

open vegetation (chapter 3), and  

4. Soil C:N is similar in dense regeneration and remnant woodlands and higher than in 

grasslands, indicating that some aspects of nutrient cycling processes in the wooded states 

are functionally similar compared with open grasslands where litter accumulation is low 

and decomposition occurs rapidly (chapter 3). 
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In chapter 4, I investigated the population biology of coolibah trees by comparing tree size 

frequency distributions and tree spacing in dense regeneration and remnant woodlands. I described 

the patterns observed in the current structure of remnant woodlands and dense regeneration patches 

and inferred potential processes responsible for these patterns. I hypothesised that dense patches of 

coolibah may replace remnant stands, consistent with the patch-dynamics model, that is thought to 

explain woody plant dynamics in the Kalahari desert (Wiegand et al. 2006). 

Four lines of evidence in chapter 4 suggest that dense regeneration could occur as part of a patch-

dynamic system: 

1. Remnant woodlands tend to be dominated by just one or two size-classes of trees 

indicating that they may be the result of episodic regeneration in the past; 

2. Remnant woodlands do not contain trees in smaller size-classes indicating that they are an 

aging population with few or no young trees to replace them in the future; 

3. When the mean biomass of all stands of trees, remnant woodlands and dense regeneration, 

were plotted against tree density, the slope of the relationship was close to –1.5 indicating 

that self-thinning of even-aged stands may have led to the current structure of both 

remnants and dense stands, and 

4. Tree size was positively correlated with distance between trees. Hence, the spacing of 

trees within stands may be due to competitive interactions and self-thinning. 

This was the evidence presented in chapter 4, but there may be alternative explanations for each. 

For example, the lack of recruitment in remnant woodlands does not mean that there will be no 

recruitment in the future. These woodlands may not require frequent recruitment to ensure their 

persistence in the landscape. The same pattern may also be explained by grazing by livestock, 

which has been shown to prevent eucalypt recruitment in other woodlands, or perhaps by a lack of 

fire, which might stimulate recruitment (Dorrough and Moxham 2005; Vesk and Dorrough 2006). 

However, dense regeneration of coolibah occurred on both set-stocked and intermittently grazed 

land (chapter 3) and fire did not precede the 1970s recruitment event, which suggests that these are 

not factors limiting recruitment. Dense regeneration did occur where large tree density was low, so 
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I hypothesise that recruitment does not occur within woodlands due to competition from mature 

trees or microsite requirements. These hypotheses require further testing. 

Despite the inferential nature of this study, the evidence, when considered together, provides some 

support for the hypothesis that coolibah woodlands are a patch-dynamic system in which dense 

regeneration occurs as patches in the landscape, eventually replacing aging remnant woodland 

stands. Therefore, clearing patches of dense regeneration, effectively the only regeneration in the 

landscape, may jeopardise the persistence of coolibah in this floodplain environment. 

Chapter 5 described a series of experiments testing the effects of grass competition and season on 

coolibah recruitment success. This study was developed to investigate some of the climatic and 

competitive factors that might limit coolibah establishment in grasslands and to investigate changes 

in plant–plant interactions along a temporal stress gradient. In some savanna and semi-arid 

woodlands grasses are thought to limit woody plant establishment by outcompeting tree seedlings 

and this has been cited as a possible mechanism for tree–grass coexistence in savannas (van Vegten 

1983; Scholes and Archer 1997; Van Auken 2000; Briggs et al. 2005).  

Contrary to these studies, I found that hot and dry conditions following germination were more 

limiting to seedling survival and growth than grass competition. In cooler months, when seedling 

survival was not completely prevented by abiotic stress, grasses tended to facilitate seedling 

survival by ameliorating abiotic stressors and protecting seedlings from herbivory. These results 

indicate that coolibah establishment in grassy, open areas of the landscape is reliant on favourable 

climatic conditions as well as facilitation from grasses, and not release from herbaceous 

competition. Grass competition with woody seedlings and increased grazing pressure that reduces 

grass biomass is often cited as a potential explanation for woody encroachment in savannas (van 

Vegten 1983; Bennett 1994; Van Auken 2000; Briggs et al. 2005). I found that facilitation from 

grass may be vital for tree seedling establishment in this semi-arid floodplain system. Competition 

may still be important for regulating tree seedling recruitment in more mesic environments.  
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A state and transition model for coolibah floodplain savannas 

State and transition models were designed as an alternative to Clementsian and other specific 

succession models as a framework for describing the dynamic nature of rangeland vegetation, 

particularly systems characterised by multiple stable states (Westoby et al. 1989; Bestelmeyer et al. 

2003; Stringham et al. 2003). They have become a popular tool among land managers and 

government agencies because they specify the conditions necessary for a shift from one vegetation 

state to an alternative state, which means that management opportunities and hazards can be 

identified. There are many different approaches to state and transition modelling (e.g. Westoby et 

al. 1989; Yates and Hobbs 1997b; Beisner et al. 2003; Bestelmeyer et al. 2003; Briske et al. 2005; 

Bashari et al. 2009). Here, I simply use the framework to organise my findings in a logical manner. 

I am not suggesting that any of the states below are stable (i.e. they are not sustained by feedbacks 

and need not cross a threshold in order to transition between states) and a continuum of 

intermediate states may exist between the three mentioned below. In floodplains in the study region 

dominated or formerly dominated by coolibah woodlands, the three states, along with the 

transitions between them, are of primary concern because they are the most common in the 

landscape, are distinct from one another structurally, and transitions between the states are abrupt 

and irreversible (without significant intervention) at management time scales. 

 

Figure 34. A state and transition (T) model of coolibah woodland dynamics in the northern riverine plains 

of New South Wales. States and transitions are expanded in the text.  
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Description of states: 

State 0: Intact woodland 

This state does not exist anymore, within the study area, but I have included it because it is 

important to note that significant alterations have occurred to the whole of the landscape and what 

is left is a series of altered vegetation states. There is no way to know what the structure or 

composition of coolibah woodlands might have been prior to widespread ringbarking, clearing and 

sheep and cattle grazing. It has been suggested that there might have been a higher abundance of 

palatable chenopods, which have been replaced by grasses and unpalatable chenopods due to 

overgrazing of NSW floodplains (Moore 1953; Benson 1991). 

 

State 1: Remnant woodland 

Structure: Woodlands dominated by mature coolibah trees (DBH ≥ 20 cm). Tree density is 

generally around 20 trees ha–1 to a maximum of 45 trees ha–1, but most stands have been ringbarked 

to some extent in the past. There are very few, if any, trees below 20 cm DBH indicating that 

recruitment in woodlands is rare (chapter 4).  

Composition: Groundstorey vegetation is dominated by grasses, forbs and low shrubs. The 

dominant grasses are Paspalidium jubiflorum, Sporobolus mitchellii and Enteropogon acicularis. 

The dominant forbs are Einadia nutans subsp. nutans and Sida trichopoda (chapter 3).  

Status: Remnant coolibah woodlands are rare in the landscape as most have been thinned or 

cleared. Most woodlands are grazed by livestock either continuously or intermittently. Due to 

ongoing threats to the groundstorey (grazing) and overstorey (clearing), coolibah woodlands are 

listed as an endangered ecological community both in NSW and federally (NSW Scientific 

Committee 2004;2009; EPBC Act 1999).  
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State 2. Grassland (derived or natural) 

Structure: Grasslands dominated by native perennial C4 grasses with scattered large coolibah trees 

(0 – 5 ha–1). Standing biomass of herbaceous vegetation can be high (>400 g m–2), when rainfall is 

high and grazing intensity is low (as in the grasslands used in the competition experiment in 

chapter 5). During droughts, biomass can be low, especially when grazing pressure is high (as in 

some of the degraded grasslands sampled in chapter 3). 

Composition: Depending on grazing regime and rainfall, these grasslands are usually dominated by 

grasses such as Panicum spp., Enteropogon acicularis, Astrebla spp., Eriochloa pseudoacrotricha, 

along with forbs such as Oxalis perenans and Solanum esuriale (chapter 3). Grasslands can become 

dominated by Sclerolaena muricata if overgrazed or cultivated (Orr 1975). 

Status: Native grasslands, especially those dominated by Astrebla spp., are relatively uncommon 

due to their conversion to cropping land and as such these grasslands are a listed endangered 

ecological community (EPBC Act 1999). Other, more common grasslands in the region are 

dominated by Panicum spp. and Enteropogon spp. and may be derived from the woodland state 

through tree removal (chapters 3 and 4).  

 

State 3: Dense regeneration 

Structure: Dense regeneration patches consist of woodlands dominated by small coolibah trees 

(<20 cm DBH). The density of trees may depend on the age of the stand, but most stands in the 

northern riverine plains of NSW regenerated following 1970s flooding (Freudenberger 1998) and 

contain between 1000 and 4000 trees ha–1 (chapters 3 and 4). Groundstorey vegetation is sparse, 

generally lower than 20% cover, but litter cover is high, usually more than 50% (chapters 2 and 3).  

Composition: Dense regeneration patches contain groundstorey vegetation the composition of 

which is similar to remnant woodlands, but this may depend on grazing intensity and rainfall. 

Paspalidium jubiflorum is the most common groundstorey species along with other native grasses 

and forbs which make up the bulk of species richness. Species richness is variable and depends on 
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the scale of sampling and rainfall: in chapter 2 we recorded between 20 and 30 groundstorey 

species per 400 m2 whereas in chapter 3 we found around ten species per 16 m2 and around 20 

species per site (when all quadrats were pooled). Field sampling for chapter 2 followed above-

average rainfall whereas field sampling for chapter 3 followed a low rainfall spring/summer. 

Status: Dense regeneration of coolibah can be cleared under certain circumstances in NSW 

(DECCW 2011). Areas of coolibah regeneration are not common or widespread throughout the 

Darling Riverine Plains region (from my extensive observations) and will become rarer if clearing 

of dense regeneration is permitted.  

Description of transitions: 

Transition 1 (Woodland → Grassland) 

This transition involves the death of trees either gradually (through self-thinning; chapter 4) but 

most likely episodically (due to drought or mechanical clearing; Fensham and Fairfax 2007; Keith 

et al. 2009). Episodic tree death due to drought is thought to be common among semi-arid 

eucalypts and has been reported in similar systems in Qld (Fensham and Fairfax 2007; Fensham et 

al. 2009). This may have resulted in open grassy patches throughout the landscape. The most 

common cause of tree death in recent years is clearing to increase pasture production or for 

cropping, so the area of remnant woodlands in the study region has decreased markedly (Keith et 

al. 2009).  

 

Transition 2 (Grassland → Dense regeneration) 

This transition requires the germination and establishment of coolibah trees at high density in areas 

of low tree abundance (grassland; chapter 4). Several conditions must be met for this to happen and 

this is potentially why dense regeneration is not widespread in the landscape (personal observation) 

and has only occurred a few times in the past century (Maher 1995; Roberts and Marston 2000). 

The following is a list of conditions required for successful establishment of coolibah trees: 

1. A flood or local inundation (Freudenberger 1998); 
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2. Viable seed which is most likely stored in the canopy and is not long-lived once shed from 

fruit (Doran and Boland 1984); 

3. Soil surface temperatures around 35°C for optimal germination (Doran and Boland 1984); 

4. Mild temperatures in the months following germination (<30°C; chapter 5); 

5. Regular rainfall in the first few months following germination (however, saturated soil 

following flood recession may be adequate; chapter 5); 

6. Protection from direct sunlight and amelioration of temperature extremes, either from 

grasses or some other source of shade (chapter 5), and 

7. Protection from herbivory, for example, grasses shielding seedlings from herbivores 

(chapter 5). 

Transition 3 (Dense regeneration → Woodland) 

I propose that the transition from dense regeneration to more open woodland dominated by larger 

trees is possible through self-thinning. Thinning occurs due to competition between neighbouring 

trees which leads to the death of competitively inferior trees. I cannot be sure that self-thinning of 

dense regeneration leads to a state that is similar to the remnant woodland structure, but there is 

some evidence that the structure of remnant woodlands today is the result of episodic recruitment 

and subsequent self-thinning in the past (chapter 4). This suggests that dense regeneration patches 

could become much less dense, given adequate time to self-thin. Therefore, all that may be required 

for this transition to occur is time, but drought might speed up the process.  

Management implications  

My findings should initiate a reassessment of the current selective clearing laws in NSW since I 

have found no evidence that dense regeneration of coolibah has negative effects on biodiversity 

other than a reduction in groundstorey biomass and the same could be true of other species on the 

invasive native species list. Indeed, dense regeneration patches are not compositionally different to 

surrounding vegetation and can be more species-rich than adjacent open areas. Further, evidence 

presented in this thesis suggests that dense episodic regeneration could be an important part of 
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landscape-scale woodland dynamics and may replace and resemble remnant woodlands in the 

future. Dense regeneration is rare in space and time and is valuable habitat for native flora and 

fauna in a heavily cleared landscape. In conclusion, I recommend that dense regeneration should be 

completely protected from clearing and delisted as an invasive native species to ensure the 

persistence of coolibah woodlands in the Darling Riverine Plains of NSW. 

Future research questions 

This thesis is one of the first attempts to understand the dynamics of coolibah woodlands so there 

are still many questions that need to be answered. My state and transition model can be used as a 

hypothesis-generating framework. For example, experimental testing of the patch-dynamics model 

is needed. The patch-dynamics model predicts that recruitment will not occur within woodland 

patches due to inhibition from mature trees and as such patchy dense recruitment in open areas is 

required for woodland persistence in the landscape. This could be tested by transplanting seedlings 

at different distances from mature trees and following their success over a number of years. 

Alternatively, eucalypt litter could be a physical barrier preventing seed germination (Facelli and 

Ladd 1996) and this could be tested in controlled glasshouse germination experiments. Landscape-

scale assessment of woodland distribution, as well as determination of the spatial arrangement of 

trees in the landscape (clumped, random or regular) could help to further understand the dynamics 

of coolibah woodlands. The effects of fire and flooding on woodland dynamics should also be 

considered since is it probable that both have been substantially altered since European occupation.  

 



   
 

122 
 

References 

 

Australia's Virtual Herbarium (2012) Specimen records. Available at: 

http://avh.ala.org.au/occurrences/search?taxa=Eucalyptus+coolabah+subsp+coolaba

h#mapView. Accessed July 2012. 

Bureau of Meteorology (2012) Climate data online, http://www.bom.gov.au/climate/data/ 

Bureau of Meteorology (2011) Climate data online. 

http://www.bom.gov.au/climate/data/index.shtml?bookmark=200 

Aguiar M. R., Paruelo J. M., Sala O. E. & Lauenroth W. K. (1996) Ecosystem responses to 

changes in plant functional type composition: an example from the Patagonian 

steppe. Journal of Vegetation Science 7, 381-90. 

Alemseged Y., Hacker R. B., Smith W. J. & Melville G. J. (2011) Temporary cropping in 

semi-arid shrublands increases native perennial grasses. The Rangeland Journal 33, 

67-78. 

Alrababah M. A., Alhamad M. A., Suwaileh A. & Al-Gharaibeh M. (2007) Biodiversity of 

semi-arid Mediterranean grasslands: impact of grazing and afforestation. Applied 

Vegetation Science 10, 257-64. 

Anthelme F., Villaret J. C. & Brun J. J. (2007) Shrub encroachment in the Alps gives rise to 

the convergence of sub-alpine communities on a regional scale. Journal of Vegetation 

Science 18, 355-62. 

Archer S. R. (1989) Have southern Texas savannas been converted to woodlands in recent 

history? The American Midland Naturalist 134, 545-61. 

Archer S. R. (1996) Assessing and interpreting grass-woody plant dynamics. In: The ecology 

and management of grazing systems (eds J. Hodgson and A. W. Illius). CAB 

International, Wallingford, UK. 

Archer S. R., Boutton T. W. & Hibbard K. A. (2000) Trees in grasslands: biogeochemical 

consequences of woody plant expansion. In: Global biogeochemical cycles in the 

climate system (eds E.-D. Schulze, S. P. Harrison, M. Heimann, E. A. Holland, J. 

Lloyd, I. C. Prentice and D. Schimel). Academic Press, San Diego. 

Archer S. R., Schimel D. S. & Holland E. A. (1995) Mechanisms of shrubland expansion: land 

use, climate or CO2. Climatic Change 29, 91-9. 

Archer S. R., Scifres C. & Bassham C. R. (1988) Autogenic succession in a subtropical 

savanna: conversion of grassland to thorn woodland. Ecological Monographs 58, 111-

27. 

http://avh.ala.org.au/occurrences/search?taxa=Eucalyptus+coolabah+subsp+coolabah#mapView
http://avh.ala.org.au/occurrences/search?taxa=Eucalyptus+coolabah+subsp+coolabah#mapView
http://www.bom.gov.au/climate/data/
http://www.bom.gov.au/climate/data/index.shtml?bookmark=200


   
 

123 
 

Baldwin Jnr V. C., Peterson K. D., Clark III A., Ferguson R. B., Strub M. R. & Bower D. R. 

(2000) The effects of spacing and thinning on stand and tree characteristics of 38-

year-old Loblolly Pine. Forest Ecology and Management 137, 91-102. 

Ball M., Egerton J., Lutze J., Gutschick V. & Cunningham R. (2002) Mechanisms of 

competition: thermal inhibition of tree seedling growth by grass. Oecologia 133, 120-

30. 

Barnes P. W. & Archer S. (1999) Tree-shrub interactions in a subtropical savanna parkland: 

competition or facilitation? Journal of Vegetation Science 10, 525-36. 

Bashari H., Smith C. & Bosch O. J. H. (2009) Developing decision support tools for rangeland 

management by combining state and transition models and Bayesian belief networks. 

Agricultural Systems 99, 23-34. 

Beadle N. C. W. (1948) The vegetation and pastures of western New South Wales with special 

reference to soil erosion. Government Printer, Sydney. 

Beisner B. E., Haydon D. T. & Cuddington K. (2003) Alternative stable states in ecology. 

Frontiers in Ecology and the Environment 1, 376-82. 

Bellingham P. J. (1998) Shrub succession and invasibility in a New Zealand montane 

grassland. Australian Journal of Ecology 23, 562-73. 

Belsky A. J. (1992) Effects of grazing, competition, disturbance and fire on species 

composition and diversity in grassland communities. Journal of Vegetation Science 3, 

187-200. 

Belsky A. J., Amundson R. G., Duxbury J. M., Riha S. J., Ali A. R. & Mwonga S. M. (1989) 

The effects of trees on their physical, chemical, and biological environments in a semi-

arid savanna in Kenya. Journal of Applied Ecology 26, 1005-24. 

Belsky A. J., Mwonga S. M., Amundson R. G., Duxbury J. M. & Ali A. R. (1993) 

Comparative effects of isolated trees on their undercanopy environments in high- and 

low-rainfall savannas. Journal of Applied Ecology 30, 143-55. 

Bennett L. T. (1994) The expansion of Leptospermum laevigatum on the Yanakie Isthmus, 

Wilson's Promontory, under changes in the burning and grazing regimes. Australian 

Journal of Botany 42, 555-64. 

Benson J. (1991) The effect of 200 years of European settlement on the vegetation and flora of 

New South Wales. Cunninghamia 2, 344-70. 

Benson J. S. (1999) Setting the scene. The native vegetation of New South Wales. Native 

Vegetation Advisory Council, Sydney. 

Benson J. S. & Redpath P. A. (1997) The nature of pre-European native vegetation in south-

eastern Australia: a critique of Ryan, D.G., Ryan, J.R. and Starr, B.J. (1995) The 

Australian landscape - Observations of explorers and early settlers. Cunninghamia 5, 

285-328. 



   
 

124 
 

Berkowitz A. R., Canham C. D. & Kelly V. R. (1995) Competition vs. facilitation of tree 

seedling growth and survival in early successional communities. Ecology 76, 1156-68. 

Bestelmeyer B. T., Brown J. R., Havstad K. M., Alexander R., Chavez G. & Herrick J. E. 

(2003) Development and use of state-and-transition models for rangelands. Journal of 

Range Management 56, 114-26. 

Bureau of Meteorology (2012) Climate data online, http://www.bom.gov.au/climate/data/ 

Björkman O. & Powles S. B. (1984) Inhibition of photosynthetic reactions under water stress: 

interaction with light level. Planta 161, 490-504. 

Bloor J. M. G., Leadly P. W. & Barthes L. (2008) Responses of Fraxinus excelsior seedlings to 

grass-induced above- and below-ground competition. Plant Ecology 194, 293-304. 

Boer M. & Stafford Smith M. (2003) A plant functional approach to the prediction of changes 

in Australian rangeland vegetation under grazing and fire. Journal of Vegetation 

Science 14, 333-44. 

Boland D. J., Brooker M. I. H., Turnbull J. W. & Kleinig D. A. (1980) Eucalyptus seed. 

CSIRO, Canberra. 

Bond W. J. (2008) What limits trees in C4 grasslands and savannas? Annual Review of 

Ecology, Evolution, and Systematics 39, 641-59. 

Bond W. J., Midgley G. F. & Woodward F. I. (2003) The importance of low atmospheric CO2 

and fire in promoting the spread of grasslands and savannas. Global Change Biology 

9, 973-82. 

Bond W. J., Woodward F. I. & Midgley G. F. (2005) The global distribution of ecosystems in 

a world without fire. New Phytologist 165, 525-38. 

Bowen M. E., McAlpine C. A., House A. P. N. & Smith G. C. (2007) Regrowth forests on 

abandoned agricultural land: a review of their habitat values for recovering forest 

fauna. Biological Conservation 140, 273-96. 

Bowen M. E., McAlpine C. A., Seabrook L. M., House A. P. N. & Smith G. C. (2009) The age 

and amount of regrowth forest in fragmented brigalow landscapes are both 

important for woodland dependent birds. Biological Conservation 142, 3051-9. 

Bowman D. M. J. S. (2001) Future eating and country keeping: what role has environmental 

history in the management of biodiversity? Journal of Biogeography 28, 549-64. 

Bowman D. M. J. S. & Dingle J. K. (2006) Late 20th century landscape-wide expansion of 

Allosyncarpia ternata (Myrtaceae) forests in Kakadu National Park, northern 

Australia. Australian Journal of Botany 54, 707-15. 

Bowman D. M. J. S., Walsh A. & Milne D. J. (2001) Forest expansion and grassland 

contraction within a Eucalyptus savanna matrix between 1941 and 1994 at Litchfield 

National Park in the Australian monsoon tropics. Global Ecology and Biogeography 

10, 535-48. 

http://www.bom.gov.au/climate/data/


   
 

125 
 

Bradley M., House A., Robertson M. & Wild C. (2010) Vegetation succession and recovery of 

ecological values in the southern Queensland Brigalow Belt. Ecological Management 

& Restoration 11, 113-8. 

Bren L. J. (1992) Tree invasion of an intermittent wetland in relation to changes in the 

flooding frequency of the River Murray, Australia. Australian Journal of Ecology 17, 

395-408. 

Briggs J. M., Hoch G. A. & Johnson L. C. (2002) Assessing the rate, mechanisms, and 

consequences of the conversion of tallgrass prairie to Juniperus virginiana forest. 

Ecosystems 5, 578-86. 

Briggs J. M., Knapp A. K., Blair J. M., Heisler J. L., Hoch G. A., Lett M. S. & McCarron J. 

K. (2005) An ecosystem in transition: causes and consequences of the conversion of 

mesic grassland to shrubland. BioScience 55, 243-54. 

Briske D. D., Fuhlendorf S. D. & Smeins F. E. (2005) State-and-transition models, thresholds, 

and rangeland health: a synthesis of ecological concepts and perspectives. Rangeland 

Ecology & Management 58, 1-10. 

Brook B. & Bowman D. (2006) Postcards from the past: charting the landscape-scale 

conversion of tropical Australian savanna to closed forest during the 20th century. 

Landscape Ecology 21, 1253-66. 

Brooker R. W. & Callaghan T. V. (1998) The balance between positive and negative plant 

interactions and its relationship to environmental gradients: a model. Oikos 81, 196-

207. 

Brooker R. W. & Kikvidze Z. (2008) Importance: an overlooked concept in plant interaction 

research. Journal of Ecology 96, 703-8. 

Brooker R. W., Maestre F. T., Callaway R. M., Lortie C. L., Cavieres L. A., Kunstler G., 

Liancourt P., Tielbörger K., Travis J. M. J., Anthelme F., Armas C., Coll L., Corcket 

E., Delzon S., Forey E., Kikvidze Z., Olofsson J., Pugnaire F., Quiroz C. L., Saccone 

P., Schiffers K., Seifan M., Touzard B. & Michalet R. (2008) Facilitation in plant 

communities: the past, the present, and the future. Journal of Ecology 96, 18-34. 

Brookhouse M. (2006) Eucalypt dendrochronology: past, present and potential. Australian 

Journal of Botany 54, 435-49. 

Brown J. R. & Archer S. R. (1999) Shrub invasion of grassland: recruitment is continuous 

and not regulated by herbaceous biomass or density. Ecology 80, 2385-96. 

Brown J. R. & Carter J. (1998) Spatial and temporal patterns of exotic shrub invasion in an 

Australian tropical grassland. Landscape Ecology 13, 93-102. 

Brudvig L. A. & Asbjornsen H. (2009) The removal of woody encroachment restores 

biophysical gradients in midwestern oak savannas. Journal of Applied Ecology 46, 

231-40. 



   
 

126 
 

Burrell J. P. (1981) Invasion of coastal heaths of Victoria by Leptospermum laevigatum (J. 

Gaertn.) F. Muell. Australian Journal of Botany 29, 747-64. 

Burrows W. H., Carter J. O., Scanlan J. C. & Anderson E. R. (1990) Management of 

savannas for livestock production in north-east Australia: contrasts across the tree–

grass continuum. Journal of Biogeography 17, 503-12. 

Bush J. K. & Auken O. W. V. (1989) Soil resource levels and competition between a woody 

and herbaceous species. Bulletin of the Torrey Botanical Club 116, 22-30. 

Bustamante-Sánchez M. A., Armesto J. J. & Halpern C. B. (2011) Biotic and abiotic controls 

on tree colonization in three early successional communities of Chiloé Island, Chile. 

Journal of Ecology 99, 288-99. 

Butler D. W., Fairfax R. J. & Fensham R. J. (2006) Impacts of tree invasion on floristic 

composition of subtropical grasslands on the Bunya Mountains, Australia. Australian 

Journal of Botany 54, 261-70. 

Butterfield B. J. (2009) Effects of facilitation on community stability and dynamics: synthesis 

and future directions. Journal of Ecology 97, 1192-201. 

Callaway R. (1995) Positive interactions among plants. The Botanical Review 61, 306-49. 

Callaway R. M., Brooker R. W., Choler P., Kikvidze Z., Lortie C. J., Michalet R., Paolini L., 

Pugnaire F., Newingham B., Aschehoug E. T., Armas C., Kikodze D. & Cook B. J. 

(2002) Positive interactions among alpine plants increase with stress. Nature 417, 844 - 

8. 

Callaway R. M. & Walker L. R. (1997) Competition and facilitation: a synthetic approach to 

interactions in plant communities. Ecology 78, 1958-65. 

Chandler T. S., Buckley Y. M. & Dwyer J. M. (2007) Restoration potential of brigalow 

regrowth: insights from a cross-sectional study in southern Queensland. Ecological 

Management & Restoration 8, 218-21. 

Clarke K. R. & Gorley R. N. (2006) Primer v6: user manual/tutorial. PRIMER-E Ltd, 

Plymouth. 

Clarke M. F., Avitabile S. C., Brown L., Callister K. E., Haslem A., Holland G. J., Kelly L. T., 

Kenny S. A., Nimmo D. G., Spence-Bailey L. M., Taylor R. S., Watson S. J. & Bennett 

A. F. (2010) Ageing mallee eucalypt vegetation after fire: insights for successional 

trajectories in semi-arid mallee ecosystems. Australian Journal of Botany 58, 363-72. 

Clarke P. J. (2003) Composition of grazed and cleared temperate grassy woodlands in eastern 

Australia: patterns in space and inferences in time. Journal of Vegetation Science 14, 

5-14. 

Clarke P. J. & Davison E. A. (2001) Experiments on the mechanism of tree and shrub 

establishment in temperate grassy woodlands: seedling emergence. Austral Ecology 

26, 400-12. 



   
 

127 
 

Clarke P. J. & Knox K. J. E. (2009) Trade-offs in resource allocation that favour resprouting 

affect the competitive ability of woody seedlings in grassy communities. Journal of 

Ecology 97, 1374-82. 

Colloff M. J. & Baldwin D. S. (2010) Resilience of floodplain ecosystems in a semi-arid 

environment. The Rangeland Journal 32, 305-14. 

Colwell R. K. (2006) EstimateS: Statistical estimation of species richness and shared species 

from samples. Version 8. <http://viceroy.eeb.uconn.edu/estimates>. 

Cosgriff R. J., Nelson J. C. & Yin Y. (2007) Floodplain forest response to large-scale flood 

disturbance. Transactions of the Illinois State Academy of Science 100, 47-70. 

Costello D. A., Lunt I. D. & Williams J. E. (2000) Effects of invasion by the indigenous shrub 

Acacia sophorae on plant composition of coastal grasslands in south-eastern 

Australia. Biological Conservation 96, 113-21. 

Cox S. J., Sivertsen D. P. & Bedward M. (2001) Clearing of native woody vegetation in the 

New South Wales nothern wheatbelt: extent, rate of loss and implications for 

biodiversity conservation. Cunninghamia 7, 101-55. 

Craine J. M. (2005) Reconciling plant strategy theories of Grime and Tilman. Journal of 

Ecology 93, 1041-52. 

Cunningham S. C., Thomson J. R., Read J., Baker P. J. & Nally R. M. (2010) Does stand 

structure influence susceptibility of eucalypt floodplain forests to dieback? Austral 

Ecology 35, 348-56. 

DECCW (NSW Department of Environment, Climate Change & Water) (2011). Native 

Vegetation Regulation 2005. Environmental Outcomes Assessment Methodology. 

Available at: 

http://www.environment.nsw.gov.au/resources/vegetation/110157eoam.pdf (accessed 

6 January 2012).  

Davis M. A., Wrage K. J. & Reich P. B. (1998) Competition between tree seedlings and 

herbaceous vegetation: support for a theory of resource supply and demand. Journal 

of Ecology 86, 652-61. 

Davis M. A., Wrage K. J., Reich P. B., Tjoelker M. G., Schaeffer T. & Muermann C. (1999) 

Survival, growth, and photosynthesis of tree seedlings competing with herbaceous 

vegetation along a water–light–nitrogen gradient. Plant Ecology 145, 341-50. 

Delta T Devices (1998) ThetaProbe soil moisture sensor Type ML2, user manual–ML2-UM-1. 

Delta-T Devices LTD, Cambridge. 

Dexter B. D. (1968) Flooding and regeneration of river red gum, Eucalyptus camaldulensis, 

Dehn. In: The Commonwealth Forestry Conference. Forests Commission Victoria, 

Melbourne. 

http://viceroy.eeb.uconn.edu/estimates%3e
http://www.environment.nsw.gov.au/resources/vegetation/110157eoam.pdf


   
 

128 
 

Dick R. & Andrew D. (1993) A vertebrate fauna survey of the Culgoa and Birrie River 

floodplains in New South Wales. In: Occasional Paper 14 NSW NPWS, Hurstville. 

Doerr V. A. J., Doerr E. D., McIntyre S., Howling G., Stol J., Davies M., Drew A., Warren G. 

& Moore D. (2009) Managing invasive native scrublands for improved biodiversity 

outcomes in agricultural landscapes. Report to the Central West Catchment 

Management Authority. Dubbo. 

Doherty M. (1998) The conservation value of regrowth native plant communities: a review. A 

report prepared for the New South Wales Scientific Committee. CSIRO Division of 

Wildlife and Ecology, Canberra. 

Doran J. C. & Boland D. J. (1984) Effects of temperature on germination of Eucalyptus 

microtheca. Australian Forest Research 14, 49-55. 

Dorrough J. & Moxham C. (2005) Eucalypt establishment in agricultural landscapes and 

implications for landscape-scale restoration. Biological Conservation 123, 55-66. 

Dorrough J., Moxham C., Turner V. & Sutter G. (2006) Soil phosphorus and tree cover 

modify the effects of livestock grazing on plant species richness in Australian grassy 

woodland. Biological Conservation 130, 394-405. 

Egerton J. J. G., Banks J. C. G., Gibson A., Cunningham R. B. & Ball M. C. (2000) 

Facilitation of seedling establishment: reduction in irradiance enhances winter 

growth of Eucalyptus pauciflora. Ecology 81, 1437-49. 

Ehrenfeld J. G., Ravit B. & Elgersma K. (2005) Feedback in the plant–soil system. Annual 

Review of Environment and Resources 30, 75-115. 

Eldridge D. J., Bowker M. A., Maestre F. T., Roger E., Reynolds J. F. & Whitford W. G. 

(2011) Impacts of shrub encroachment on ecosystem structure and functioning: 

towards a global synthesis. Ecology Letters 14, 709-22. 

Eldridge D. J. & Wong V. N. L. (2005) Clumped and isolated trees influence soil nutrient 

levels in an Australian temperate box woodland. Plant and Soil 270, 331-42. 

Eliason S. A. & Allen E. B. (1997) Exotic grass competition in suppressing native shrubland 

re-establishment. Restoration Ecology 5, 245-55. 

Enquist B. J., Brown J. H. & West G. B. (1998) Allometric scaling of plant energetics and 

population density. Nature 395, 163-5. 

ERIN (Environmental Resources Information Network) (2005). Interim Biogeographic 

Regionalisation for Australia, Version 6.1 subregions. Available at: 

http://www.environment.gov.au/parks/nrs/science/pubs/subregions.pdf (accessed 6 

January 2012). 

Facelli J. M. & Ladd B. (1996) Germination requirements and responses to leaf litter of four 

species of eucalypt. Oecologia 107, 441-5. 

http://www.environment.gov.au/parks/nrs/science/pubs/subregions.pdf


   
 

129 
 

Facelli J. M. & Pickett S. T. A. (1991) Plant litter: its dynamics and effects on plant 

community structure. The Botanical Review 57, 1-32. 

Fensham R. J. (2007) A protocol for assessing applications to selectively clear vegetation in 

Australia. Land Use Policy 25, 249-58. 

Fensham R. J. (2008) Leichhardt's maps: 100 years of change in vegetation structure in 

inland Queensland. Journal of Biogeography 35, 141-56. 

Fensham R. J. & Fairfax R. J. (1996) The disappearing grassy balds of the Bunya mountains, 

south-eastern Queensland. Australian Journal of Botany 44, 543-58. 

Fensham R. J. & Fairfax R. J. (2003) Assessing woody vegetation cover change in north-west 

Australian savanna using aerial photography. International Journal of Wildland Fire 

12, 359-67. 

Fensham R. J. & Fairfax R. J. (2005) Preliminary assessment of gidgee (Acacia cambagei) 

woodland thickening in the Longreach district, Queensland. The Rangeland Journal 

27, 159-68. 

Fensham R. J. & Fairfax R. J. (2007) Drought-related tree death of savanna eucalypts: 

species susceptibility, soil conditions and root architecture. Journal of Vegetation 

Science 18, 71-80. 

Fensham R. J., Fairfax R. J. & Archer S. R. (2005) Rainfall, land use and woody vegetation 

cover change in semi-arid Australian savanna. Journal of Ecology 93, 596-606. 

Fensham R. J., Fairfax R. J. & Ward D. P. (2009) Drought-induced tree death in savanna. 

Global Change Biology 15, 380-7. 

Fensham R. J. & Holman J. E. (1998) The use of the land survey record to assess changes in 

vegetation structure. A case study from the Darling Downs, Queensland, Australia. 

The Rangeland Journal 20, 132-42. 

Fensham R. J. & Holman J. E. (1999) Temporal and spatial patterns in drought-related tree 

dieback in Australian savanna. Journal of Applied Ecology 36, 1035-50. 

Fensham R. J., Holman J. E. & Cox M. J. (1999) Plant species responses along a grazing 

disturbance gradient in Australian grassland. Journal of Vegetation Science 10, 77-86. 

Ferrar P., Slatyer R. & Vranjic J. (1989) Photosynthetic temperature acclimation in 

Eucalyptus species from diverse habitats, and a comparison with Nerium oleander. 

Functional Plant Biology 16, 199-217. 

Fetene M. (2003) Intra- and inter-specific competition between seedlings of Acacia etbaica 

and a perennial grass (Hyparrenia hirta). Journal of Arid Environments 55, 441-51. 

Fischer J., Stott J., Zerger A., Warren G., Sherren K. & Forrester R. I. (2009) Reversing a 

tree regeneration crisis in an endangered ecoregion. Proceedings of the National 

Academy of Sciences 106, 10386–91. 



   
 

130 
 

Florence R. G. (1981) The biology of the eucalypt forest. In: The biology of Australian plants 

(eds J. S. Pate and A. J. McComb). University of Western Australia, Nedlands, WA. 

Florence R. G. (1996) Ecology and silviculture of eucalypt forests. CSIRO Publishing, 

Collingwood. 

Florentine S. K. & Fox J. E. D. (2003) Competition between Eucalyptus victrix seedlings and 

grass species. Ecological Research 18, 25 - 39. 

Fowler N. (1986) The role of competition in plant communities in arid and semiarid regions. 

Annual Reviews in Ecology and Systematics 17, 89-110. 

Fox J. E. D., Florentine S. K. & Westbrooke M. E. (2004) Observations on survival and early 

growth of natural regeneration in floodplain coolibah Eucalyptus victrix (Myrtaceae) 

in the Pilbara, Western Australia. The Rangeland Journal 26, 150-60. 

Freudenberger D. (1998) Scoping the management and research needs of the coolibah 

woodlands in the Murray-Darling Basin. CSIRO Wildlife and Ecology, Canberra. 

Garden D. L., Lodge G. M., Friend D. A., Dowling P. M. & Orchard B. A. (2000) Effects of 

grazing management on botanical composition of native grass-based pastures in 

temperate south-east Australia. Australian Journal of Experimental Agriculture 40, 

225-45. 

Geddes L. S., Lunt I. D., Smallbone L. T. & Morgan J. W. (2011) Old field colonization by 

native trees and shrubs following land use change: could this be Victoria’s largest 

example of landscape recovery? Ecological Management & Restoration 12, 31-6. 

Gent M. L. & Morgan J. W. (2007) Changes in the stand structure (1975–2000) of coastal 

banksia forest in the long absence of fire. Austral Ecology 32, 239-44. 

George A. K., Walker K. F. & Lewis M. M. (2005) Population status of eucalypt trees on the 

River Murray floodplain, South Australia. River Research and Applications 21, 271-

82. 

Gibbs L., Reid N. & Whalley D. B. (1999) Relationships between tree cover and grass 

dominance in a grazed temperate stringybark (Eucalyptus laevopinea) open-forest. 

Australian Journal of Botany 47, 49-60. 

Gignoux J., Lahoreau G., Julliard R. & Barot S. (2009) Establishment and early persistence 

of tree seedlings in an annually burned savanna. Journal of Ecology 97, 484-95. 

Gill R. A. & Burke I. C. (1999) Ecosystem consequences of plant life form changes at three 

sites in the semiarid United States. Oecologia 121, 551-63. 

Gleadow R. M. & Ashton D. H. (1981) Invasion by Pittosporum undulatum of the forests of 

central Victoria. I Invasion patterns and plant morphology. Australian Journal of 

Botany 29, 705-20. 

Goldberg D. & Novoplansky A. (1997) On the relative importance of competition in 

unproductive environments. Journal of Ecology 85, 409-18. 



   
 

131 
 

Good M. K., Price J. N., Clarke P. J. & Reid N. (2011) Densely regenerating coolibah 

(Eucalyptus coolabah) woodlands are more species rich than surrounding derived 

grasslands in floodplains of eastern Australia. Australian Journal of Botany 64, 468-

79. 

Grant S. A., Suckling D. E., Smith H. K., Torvell L., Forbes T. D. A. & Hodgson J. (1985) 

Comparative studies of diet selection by sheep and cattle: the hill grasslands. Journal 

of Ecology 73, 987-1004. 

Graz F. P. (2008) The woody weed encroachment puzzle: gathering pieces. Ecohydrology 1, 

340-8. 

Griffiths T. (2002) How many trees make a forest? Cultural debates about vegetation change 

in Australia. Australian Journal of Botany 50, 375-89. 

Grime J. P. (2007) Plant strategy theories: a comment on Craine (2005). Journal of Ecology 

95, 227-30. 

Grubb P. J. (1985) Plant populations and vegetation in relation to habitat, disturbance and 

competition: problems of generalization. In: The population structure of vegetation (ed 

J. White) pp. 595-621. Dr W. Junk Publishers. 

Harden G. J. (1993) Flora of New South Wales, vol. 4. University of New South Wales Press, 

Sydney. 

Harden G. J. (2000) Flora of New South Wales, vol. 1. University of New South Wales Press, 

Sydney. 

Harden G. J. (2002a) Flora of New South Wales, vol. 2. University of New South Wales Press, 

Sydney. 

Harden G. J. (2002b) Flora of New South Wales, vol. 3. University of New South Wales Press, 

Sydney. 

Harper J. L. (1977) Population biology of plants. Academic Press, London. 

Harrington G. N. (1991) Effects of soil moisture on shrub seedling survival in a semi-arid 

grassland. Ecology 72, 1138-49. 

Harrington G. N. & Johns G. G. (1990) Herbaceous biomass in a Eucalyptus savanna 

woodland after removing trees and/or shrubs. Journal of Applied Ecology 27, 775-87. 

Harrington G. N., Oxley R. E. & Tongway D. J. (1979) The effects of European settlement 

and domestic livestock on the biological system in poplar box (Eucalyptus populnea) 

lands. Australian Rangelands Journal 1, 271-9. 

Harris M. R., Lamb D. & Erskine P. D. (2003) An investigation into the possible inhibitory 

effects of white cypress pine (Callitris glaucophylla) litter on the germination and 

growth of associated ground cover species. Australian Journal of Botany 51, 93-102. 

Hayden B. P. (1998) Ecosystem feedbacks on climate at the landscape scale. Philosophical 

Transactions of the Royal Society B: Biological Sciences 353, 5-18. 



   
 

132 
 

Heisler J. L., Briggs J. M. & Knapp A. K. (2003) Long-term patterns of shrub expansion in a 

C4-dominated grassland: fire frequency and the dynamics of shrub cover and 

abundance. Australian Journal of Botany 90, 423-8. 

Helgerson O. T. (1989) Heat damage in tree seedlings and its prevention. New Forests 3, 333-

58. 

Henderson M. K. & Keith D. A. (2002) Correlation of burning and grazing indicators with 

composition of woody understorey flora of dells in a temperate eucalypt forest. 

Austral Ecology 27, 121-31. 

Hibbard K. A., Archer S. R., Schimel D. S. & Valentine D. W. (2001) Biogeochemical changes 

accompanying woody plant encroachment in a subtropical savanna. Ecology 82, 1999-

2011. 

Higgins S. I., Bond W. J. & Trollope W. S. W. (2000) Fire, resprouting and variability: a 

recipe for grass–tree coexistence in savanna. Journal of Ecology 88, 213-29. 

Hobbs R. J., Arico S., Aronson J., Baron J. S., Bridgewater P., Cramer V. A., Epstein P. R., 

Ewel J. J., Klink C. A., Lugo A. E., Norton D., Ojima D., Richardson D. M., 

Sanderson E. W., Valladares F., Vila M., Zamora R. & Zobel M. (2006) Novel 

ecosystems: theoretical and management aspects of the new ecological world order. 

Global Ecology and Biogeography 15, 1-7. 

Hobbs R. J. & Mooney H. A. (1986) Community changes following shrub invasion of 

grassland. Oecologia 70, 508-13. 

Holmgren M., Scheffer M. & Huston M. A. (1997) The interplay of facilitation and 

competition in plant communities. Ecology 78, 1966-75. 

Hughes R. F., Archer S. R., Asner G. P., Wessman C. A., McMurtry C., Nelson J. & Ansley 

R. J. (2006) Changes in aboveground primary production and carbon and nitrogen 

pools accompanying woody plant encroachment in a temperate savanna. Global 

Change Biology 12, 1733-47. 

Hunter A. F. & Aarssen L. W. (1988) Plants helping plants. BioScience 38, 34-40. 

Hunter J. T. (2005) Vegetation of Culgoa National Park, central northern New South Wales. 

Cunninghamia 9, 275-84. 

Hutchinson M., Xu T., Houlder D., Nix H. & McMahon J. (2000) ANUCLIM. Version 5.2. 

The Fenner School of Environment and Society,The Australian National University, 

Canberra. 

Jackson J. & Ash A. J. (1998) Tree-grass relationships in open eucalypt woodlands of 

northeastern Australia: influence of trees on pasture productivity, forage quality and 

species distribution. Agroforestry Systems 40, 159-76. 



   
 

133 
 

Jackson J. & Ash A. J. (2001) The role of trees in enhancing soil nutrient availability for 

native perennial grasses in open eucalypt woodlands of north-east Queensland. 

Australian Journal of Agricultural Research 52, 377-86. 

Jackson R. B., Banner J. L., Jobbagy E. G., Pockman W. T. & Wall D. H. (2002) Ecosystem 

carbon loss with woody plant invasion of grasslands. Nature 418, 623-6. 

Jacobs M. R. (1955) Growth habits of the eucalpts. Commonwealth Government Printer, 

Canberra. 

Jeltsch F., Milton S. J., Dean W. R. & Van Rooyen N. (1996) Tree spacing and coexistence in 

semiarid savannas. Journal of Ecology 84, 583-95. 

Jeltsch F., Weber G. E. & Grimm V. (2000) Ecological buffering mechanisms in savannas: a 

unifying theory of long-term tree–grass coexistence. Plant Ecology 161, 161-71. 

Jobbágy E. G., Paruelo J. M. & León R. J. C. (1996) Vegetation heterogeneity and diversity 

in flat and mountain landscapes of Patagonia (Argentina). Journal of Vegetation 

Science 7, 599-608. 

Johnson R. (2003) Woodlands and open-forests of eastern Australia. In: Ecology. An 

Australian perspective (eds P. Attiwill and B. Wilson) pp. 295-314. Oxford University 

Press, Melbourne. 

Jurskis V. (2002) Restoring the prepastoral condition. Austral Ecology 27, 689-90. 

Jurskis V. (2009) River red gum and white cypress forests in south-western New South 

Wales, Australia: ecological history and implications for conservation of grassy 

woodlands. Forest Ecology and Management 258, 2593-601. 

Keith D. A., Orscheg C., Simpson C. C., Clarke P. J., Hughes L., Kennelly S. J., Major R. E., 

Soderquist T. R., Wilson A. L. & Bedward M. (2009) A new approach and case study 

for estimating extent and rates of habitat loss for ecological communities. Biological 

Conservation 142, 1469-79. 

Kingsford R. T. (2000) Ecological impacts of dams, water diversions and river management 

on floodplain wetlands in Australia. Austral Ecology 25, 109-27. 

Knapp P. A. & Soule P. T. (1998) Recent Juniperus occidentalis (western juniper) expansion 

on a protected site in central Oregon. Global Change Biology 4, 347-57. 

Knoop W. T. & Walker B. H. (1985) Interactions of woody and herbacous vegetation in a 

southern African Savanna. Journal of Ecology 73, 235-53. 

Kraaij T. & Ward D. (2006) Effects of rain, nitrogen, fire and grazing on tree recruitment 

and early survival in bush-encroached savanna, South Africa. Plant Ecology 186, 235-

46. 

Landsberg J., James C. D., Maconochie J., Nicholls A. O., Stol J. & Tynan R. (2002) Scale-

related effects of grazing on native plant communities in an arid rangeland region of 

South Australia. Journal of Applied Ecology 39, 427-44. 



   
 

134 
 

Landsberg J. & Wylie F. R. (1983) Water stress, leaf nutrients and defoliation: a model of 

dieback of rural eucalypts. Australian Journal of Ecology 8, 27-41. 

Le Brocque A. F., Goodhew K. A. & Zammit C. A. (2009) Overstorey tree density and 

understorey regrowth effects on plant composition, stand structure and floristic 

richness in grazed temperate woodlands in eastern Australia. Agriculture, Ecosystems 

and Environment 129, 17-27. 

Legendre P. & Legendre L. (1998) Numerical ecology, 2nd English edition. Elsevier Science, 

Amsterdam. 

Lehmann C. E. R., Archibald S., Hoffmann W. A. & Bond W. J. (2011) Deciphering the 

distribution of the savanna biome. New Phytologist 191. 

Lett M. S. & Knapp A. K. (2003) Consequences of shrub expansion in mesic grassland: 

resource alterations and graminoid responses. Journal of Vegetation Science 14, 487-

96. 

Lett M. S. & Knapp A. K. (2005) Woody plant encroachment and removal in mesic 

grassland: production and composition responses of herbaceous vegetation. American 

Midland Naturalist 153, 217-31. 

Lewis T., Reid N., Clarke P. J. & Whalley R. D. B. (2010) Resilience of a high-conservation-

value, semi-arid grassland on fertile clay soils to burning, mowing and ploughing. 

Austral Ecology 35, 464-81. 

López R., Valdivia S., Sanjinés N. & de la Quintana D. (2007) The role of nurse plants in the 

establishment of shrub seedlings in the semi-arid subtropical Andes. Oecologia 152, 

779-90. 

Ludwig F., de Kroon H., Berendse F. & Prins H. H. T. (2004) The influence of savanna trees 

on nutrient, water and light availability and the understorey vegetation. Plant Ecology 

170, 93-105. 

Lunt I. D. (1998) Two hundred years of land use and vegetation change in a remnant coastal 

woodland in southern Australia. Australian Journal of Botany 46, 629-47. 

Lunt I. D., Jones N., Spooner P. G. & Petrow M. (2006) Effects of European colonization on 

indigenous ecosystems: post-settlement changes in tree stand structures in 

Eucalyptus–Callitris woodlands in central New South Wales, Australia. Journal of 

Biogeography 33, 1102-15. 

Lunt I. D., Winsemius L. M., McDonald S. P., Morgan J. W. & Dehaan R. L. (2010) How 

widespread is woody plant encroachment in temperate Australia? Changes in woody 

vegetation cover in lowland woodland and coastal ecosystems in Victoria from 1989 to 

2005. Journal of Biogeography 37, 722-32. 

Maestre F. T., Bautista S. & Cortina J. (2003) Positive, negative, and net effects in grass–

shrub interactions in mediterranean semiarid grasslands. Ecology 84, 3186-97. 



   
 

135 
 

Maestre F. T., Bowker M. A., Puche M. D., Hinojosa M. B., Martinez I., Garcia-Palacios P., 

Castillo A. P., Soliveres S., Luzuriaga A. L., Sanchez A. M., Carreira J. A., Gallardo 

A. & Escudero A. (2009a) Shrub encroachment can reverse desertification in semi-

arid Mediterranean grasslands. Ecology Letters 12, 930-41. 

Maestre F. T., Callaway R. M., Valladares F. & Lortie C. J. (2009b) Refining the stress-

gradient hypothesis for competition and facilitation in plant communities. Journal of 

Ecology 97, 199-205. 

Maher M. (1995) A thin line: should densities of coolibah and black box be controlled in the 

Western Division of New South Wales? . Report to the Western Lands Commission. 

Department of Conservation and Land Management, Dubbo. 

McIntyre S., Heard K. M. & Martin T. G. (2003) The relative importance of cattle grazing in 

subtropical grasslands: does it reduce or enhance plant biodiversity? Journal of 

Applied Ecology 40, 445-57. 

McIntyre S. & Lavorel S. (1994) How environmental and disturbance factors influence 

species composition in temperate Australian grasslands. Journal of Vegetation Science 

5, 373-84. 

McIvor J. G. & Gardener C. J. (1995) Pasture management in semi-arid tropical woodlands: 

effects on herbage yields and botanical composition. Australian Journal of 

Experimental Agriculture 35, 705-15. 

McKenzie N., Jacquier D., Isbell R. & Brown K. (2004) Australian soils and landscapes: an 

illustrated compendium. CSIRO publishing, Collingwood. 

McPherson G. R. & Wright H. A. (1990) Effects of cattle grazing and Juniperus pinchotii 

canopy cover on herb cover and production in Western Texas. American Midland 

Naturalist 123, 144-51. 

Messier C., Coll L., Poitras-Lariviere A., Belanger N. & Brisson J. (2009) Resource and non-

resource root competition effects of grasses on early versus late-successional trees. 

Journal of Ecology 97, 548-54. 

Midgley J. J., Lawes M. J. & Chamaillé-Jammes S. (2010) TURNER REVIEW No. 19. 

Savanna woody plant dynamics: the role of fire and herbivory, separately and 

synergistically. Australian Journal of Botany 58, 1-11. 

Mishra A., Sharma S. D. & Khan G. H. (2003) Improvement in physical and chemical 

properties of sodic soil by 3, 6 and 9 years old plantation of Eucalyptus tereticornis: 

biorejuvenation of sodic soil. Forest Ecology and Management 184, 115-24. 

Mitchell P. B. (1991) Historical perspectives on some vegetation and soil changes in semi-arid 

New South Wales. Vegetatio 91, 169-82. 

Mohler C. L., Marks P. L. & Sprugel D. G. (1978) Stand structure and allometry of trees 

during self-thinning of pure stands. Journal of Ecology 66, 599-614. 



   
 

136 
 

Moore C. W. E. (1953) The vegetation of the south-eastern riverina, New South Wales,1, the 

climax communities. Australian Journal of Botany 1, 485-547. 

Morgan J. A., Milchunas D. G., LeCain D. R., West M. & Mosier A. R. (2007a) Carbon 

dioxide enrichment alters plant community structure and accelerates shrub growth in 

the shortgrass steppe. Proceedings of the National Academy of Sciences 104, 14724-9. 

Morgan J. A., Milchunas D. G., LeCain D. R., West M. & Mosier A. R. (2007b) Carbon 

dioxide enrichment alters plant community structure and accelerates shrub growth in 

the shortgrass steppe. Proceedings of the National Academy of Sciences 104, 14724-9. 

Moustakas A., Wiegand K., Getzin S., Ward D., Meyer K. M., Guenther M. & Mueller K.-H. 

(2008) Spacing patterns of an acacia tree in the Kalahari over a 61-year period: how 

clumped becomes regular and vice versa. Acta Oecologica 33, 355-64. 

Moustakas A., Wiegand K., Meyer K. M., Ward D. & Sankaran M. (2010) Learning new 

tricks from old trees: revisiting the savanna question. Frontiers of Biogeography 2, 31-

4. 

Moxham C. & Dorrough J. (2008) Recruitment of Eucalyptus strzeleckii (Myrtaceae) in 

intensive livestock production landscapes. Australian Journal of Botany 56, 469-76. 

Muñoz-Robles C., Reid N., Tighe M., Briggs S. V. & Wilson B. (2011) Soil hydrological and 

erosional responses in patches and inter-patches in vegetation states in semi-arid 

Australia. Geoderma 160, 524-34. 

Nano C. & Clarke P. (2010) Woody–grass ratios in a grassy arid system are limited by multi-

causal interactions of abiotic constraint, competition and fire. Oecologia 162, 719-32. 

Newman E. I. (1973) Competition and diversity in herbaceous vegetation. Nature 244, 310-. 

Nicholas A. M. M., Franklin D. C. & Bowman D. M. J. S. (2011) Floristic uniformity across 

abrupt boundaries between Trioda hummock grassland and Acacia shrubland on an 

Australian desert sandplain. Journal of Arid Environments 75, 1090-6. 

Nobel P. S. (1984) Extreme temperatures and thermal tolerances for seedlings of desert 

succulents. Oecologia 62, 310-7. 

Noble J. (1997) The delicate and noxious scrub. CSIRO Wildlife and Ecology, Lyneham, ACT. 

Norris E. H., Mitchell P. B. & Hart D. M. (1991) Vegetation changes in the Pilliga forests: a 

preliminary evaluation of the evidence. Vegetatio 91, 209-18. 

Norris M. D., Blair J. M., Johnson L. C. & McKane R. B. (2001) Assessing changes in 

biomass, productivity, and C and N stores following Juniperus virginiana forest 

expansion into tallgrass prairie. Canadian Journal of Forest Research 31, 1940-6. 

Noy-Meir I. (1973) Desert ecosystems: environment and producers. Annual Reviews in 

Ecology and Systematics 4, 25-51. 



   
 

137 
 

NSW Scientific Committee. (2004) Final Determination. Coolibah–Black Box Woodland of 

the Northern Riverine Plains in the Darling Riverine Plains and Brigalow Belt South 

Bioregions as an Endangered Ecological Community. NSW Scientific Committee, 

Sydney. 

NSW Scientific Committee. (2008) Preliminary Determination to Reject a Proposal to Delist 

Coolibah–Black Box Woodland of the Northern Riverine Plains in the Darling 

Riverine Plains and Brigalow Belt South Bioregions as an Endangered Ecological 

Community. NSW Scientific Committee, Sydney. 

NSW DNR (New South Wales Department of Natural Resources) (2006) Clearing/thinning of 

native vegetation known as invasive native scrub under the Native Vegetation Act 

2003. NSW Department of Natural Resources. Available online at: 

http://www.environment.nsw.gov.au/resources/vegetation/INS060419.pdf (accessed 6 

January 2012). 

NSW Scientific Committee (New South Wales Scientific Committee) (2004). Coolibah – Black 

Box Woodland of the northern riverine plains in the Darling Riverine Plains and 

Brigalow Belt South bioregions - endangered ecological community listing. NSW 

Scientific Committee, Sydney. Available online at: 

http://www.environment.nsw.gov.au/determinations/CoolibahBlackBoxWoodlandEn

dSpListing.htm (accessed 6 January 2012). 

NSW Scientific Committee (New South Wales Scientific Committee) (2009). Coolibah – Black 

Box Woodland of the northern riverine plains in the Darling Riverine Plains and 

Brigalow Belt South bioregions - reject delisting of ecological community. NSW 

Scientific Committee, Sydney. Available online at: 

http://www.environment.nsw.gov.au/determinations/coolibahblackboxrejectdelistfd.h

tm (accessed 6 January 2012). 

Ogden J. (1978) On the dendrochronological potential of Australian trees. Australian Journal 

of Ecology 3, 339-56. 

Ohmart C. P. & Edwards P. B. (1991) Insect herbivory on eucalypts. Annual Review of 

Entomology 36, 637-57. 

Orr D. M. (1975) A review of Astrebla (Mitchell grass) pastures in Australia. Tropical 

Grasslands 9, 21-36. 

Osmond C. B., Austin M. P., Berry J. A., Billings W. D., Boyer J. S., Dacey J. W. H., Nobel P. 

S., Smith S. D. & Winner W. E. (1987) Stress physiology and the distribution of 

plants. BioScience 37, 38-48. 

Parsons W. T. & Cuthbertson E. G. (2001) Noxious weeds of Australia. CSIRO Publishing, 

Collingwood. 

http://www.environment.nsw.gov.au/resources/vegetation/INS060419.pdf
http://www.environment.nsw.gov.au/determinations/CoolibahBlackBoxWoodlandEndSpListing.htm
http://www.environment.nsw.gov.au/determinations/CoolibahBlackBoxWoodlandEndSpListing.htm
http://www.environment.nsw.gov.au/determinations/coolibahblackboxrejectdelistfd.htm
http://www.environment.nsw.gov.au/determinations/coolibahblackboxrejectdelistfd.htm


   
 

138 
 

Penridge L. K. & Walker B. H. (1986) Effect of neighbouring trees on ecualypt growth in a 

semi-arid woodland in Australia. Journal of Ecology 74, 925-936. 

Pettit N. E. (2000) Riparian vegetation of a permanent waterhole on Cooper Creek, southwest 

Queensland. Proceedings of the Royal Society of Queensland 110, 15-25. 

Pettit N. E., Froend R. H. & Ladd P. G. (1995) Grazing in remnant woodland vegetation: 

changes in species composition and life form groups. Journal of Vegetation Science 6, 

121-30. 

Price J. N. & Morgan J. W. (2008) Woody plant encroachment reduces species richness of 

herb-rich woodlands in southern Australia. Austral Ecology 33, 278-89. 

Price J. N. & Morgan J. W. (2009) Multi-decadal increases in shrub abundance in non-

riverine red gum (Eucalyptus camaldulensis) woodlands occur during a period of 

complex land-use history. Australian Journal of Botany 57, 163-70. 

Price J. N. & Morgan J. W. (2010) Small-scale patterns of species richness and floristic 

composition in relation to microsite variation in herb-rich woodlands. Australian 

Journal of Botany 58, 271-9. 

Prober S. M., Lunt I. D. & Thiele K. R. (2002) Determining reference conditions for 

management and restoration of temperate grassy woodlands: relationships among 

trees, topsoils and understorey flora in little-grazed remnants. Australian Journal of 

Botany 50, 687-97. 

Pugnaire F. I., Armas C. & Valladares F. (2004) Soil as a mediator in plant–plant 

interactions in a semi-arid community. Journal of Vegetation Science 15, 85-92. 

Pugnaire F. I. & Luque M. T. (2001) Changes in plant interactions along a gradient of 

environmental stress. OIKOS 93, 42-9. 

Reid N. & Landsberg J. (2000) Tree decline in agricultural landscapes: what we stand to lose. 

In: Temperate eucalypt woodlands in Australia: biology, conservation, management and 

restoration (eds R. J. Hobbs and C. J. Yates) pp. 127–66. Surrey Beatty and Sons, 

Chipping Norton. 

Rietkerk M., Bosch F. v. d. & Koppel J. v. d. (1997) Site-specific properties and irreversible 

vegetation changes in semi-arid grazing systems. Oikos 80, 241-52. 

Roberts J. (1993) Regeneration and growth of coolibah, Eucalyptus coolabah subsp. arida, a 

riparian tree, in the Cooper Creek region of South Australia. Australian Journal of 

Ecology 18, 345-50. 

Roberts J. & Marston F. (2000) Water regime of wetland and floodplain plants in the 

Murray-Darling Basin: a source book of ecological knowledge. CSIRO Land and 

Water, Canberra. 



   
 

139 
 

Roques K. G., O'Connor T. G. & Watkinson A. R. (2001) Dynamics of shrub encroachment 

in an African savanna: relative influence of fire, herbivory, rainfall and density 

dependance. Journal of Applied Ecology 38, 268-80. 

Ross K. A., Lunt I. D., Bradstock R. A., Bedward M. & Ellis M. V. (2012) Did historical tree 

removal promote woody plant encroachment in Australian woodlands? Journal of 

Vegetation Science 23, 304-12. 

Russell-Smith J., Stanton P. J., Whitehead P. J. & Edwards A. (2004) Rainforest invasion of 

eucalypt-dominated woodland savanna, Iron Range, north-eastern Australia: I. 

Successional processes. Journal of Biogeography 31, 1293-303. 

Sankaran M., Hanan N. P., Scholes R. J., Ratnam J., Augustine D. J., Cade B. S., Gignoux J., 

Higgins S. I., Le Roux X., Ludwig F., Ardo J., Banyikwa F., Bronn A., Bucini G., 

Caylor K. K., Coughenour M. B., Diouf A., Ekaya W., Feral C. J., February E. C., 

Frost P. G. H., Hiernaux P., Hrabar H., Metzger K. L., Prins H. H. T., Ringrose S., 

Sea W., Tews J., Worden J. & Zambatis N. (2005) Determinants of woody cover in 

African savannas. Nature 438, 846-9. 

Sankaran M., Ratnam J. & Hanan N. P. (2004) Tree–grass coexistence in savannas revisited – 

insights from an examination of assumptions and mechanisms invoked in existing 

models. Ecology Letters 7, 480-90. 

Scanlan J. C. (2002) Some aspects of tree–grass dynamics in Queensland's grazing lands. 

Rangeland Journal 24, 56-82. 

Scanlan J. C. & Burrows W. H. (1990) Woody overstorey impact on herbaceous understorey 

in Eucalyptus spp. communities in central Queensland. Australian Journal of Ecology 

15, 191-7. 

Scheiner S. M., Chiarucci A., Fox G. A., Helmus M. R., McGlinn D. J. & Willig M. R. (2010) 

The underpinnings of the relationship of species richness with space and time. 

Ecological Monographs 81, 195-213. 

Schlesinger W. H., Reynolds J. F., Cunningham G. L., Huenneke L. F., Jarrel W. M., 

Virginia R. A. & Whitford W. G. (1990) Biological feedbacks in global desertification. 

Science 247, 1043-8. 

Scholes R. (2004) Convex relationships in ecosystems containing mixtures of trees and grass. 

In: The Economics of non-convex ecosystems (eds P. Dasgupta and K.-G. Mäler) pp. 

61-76. Springer Netherlands. 

Scholes R. J. & Archer S. R. (1997) Tree–grass interactions in savannas. Annual Reviews in 

Ecology and Systematics 28, 517-44. 

Schultz N. L., Morgan J. W. & Lunt I. D. (2011) Effects of grazing exclusion on plant species 

richness and phytomass accumulation vary across a regional productivity gradient. 

Journal of Vegetation Science 22, 130-42. 



   
 

140 
 

Semple W. S. & Koen T. B. (2003) Effect of pasture type on regeneration of eucalypts in the 

woodland zone of south-eastern Australia. Cunninghamia 8, 76-84. 

Sharp B. R. & Bowman D. M. J. S. (2004) Patterns of long-term woody vegetation change in a 

sandstone-plateau savanna woodland, Northern Territory, Australia. Journal of 

Tropical Ecology 20, 259-70. 

Sharp B. R. & Whittaker R. J. (2003) The irreversible cattle-driven transformation of a 

seasonally flooded Australian savanna. Journal of Biogeography 30, 78-802. 

Simmons M. T., Archer S. R., Teague W. R. & Ansley R. J. (2008) Tree (Prosopis glandulosa) 

effects on grass growth: an experimental assessment of above- and belowground 

interations in a temperate savanna. Journal of Arid Environments 72, 314-25. 

Skarpe C. (1990) Shrub layer dynamics under different herbivore densities in an arid 

savanna, Botswana. Journal of Applied Ecology 27, 873-85. 

Snowdon P., Raison J., Keith H., Ritson P., Grierson P., Adams M., Montagu K. & Bi H. 

(2002) Protocol for sampling tree and stand biomass. NCAS Technical Report # 31. 

Australian Greenhouse Office Canberra. 

Spooner P. G. & Allcock K. G. (2006) Using a state-and-transition approach to manage 

endangered Eucalyptus albens (white box) woodlands. Environmental Management 38, 

771-83. 

Spooner P. G., Lunt I. D. & Smallbone L. (2010) Using growth-form attributes to identify 

pre-settlement woodland trees in central NSW, Australia. Australian Journal of 

Botany 58, 188-97. 

Stace H. C. T., Hubble G. D., Brewer R., Northcote K. H., Sleeman J. R., Mulcahy M. J. & 

Hallsworth E. G. (1968) A handbook of Australian soils. Rellim Technical Publications 

for CSIRO and International Society of Soil Science, Glenside. 

Standish R. J., Cramer V. A., Wild S. L. & Hobbs R. J. (2007) Seed dispersal and recruitment 

limitation are barriers to native recolonization of old-fields in western Australia. 

Journal of Applied Ecology 44, 435-45. 

State of the Environment Committee (2011) State of the environment report. Independent 

report to the Australian Government Minister for Sustainability, Environment, 

Water, Population and Communities. Available online at: 

http://www.environment.gov.au/soe/2011/report/index.html (accessed 8 January 

2012). 

Staver A. C., Archibald S. & Levin S. A. (2011) The global extent and determinants of 

savanna and forest as alternative biome states. Science 334, 230-2. 

Stone C. & Bacon P. (1995) Influence of insect herbivory on the decline of black box 

Eucalyptus largiflorens. Australian Journal of Botany 43, 555-64. 

http://www.environment.gov.au/soe/2011/report/index.html


   
 

141 
 

Stringham T. K., Krueger W. C. & Shaver P. L. (2003) State and transition modeling: an 

ecological process approach. Journal of Range Management 56, 106-13. 

ter Braak C. J. F. & Smilauer P. (2006) CANOCO for Windows. Biometris Plant Research 

International, Wageningen, The Netherlands. 

Thompson K. & Grime J. P. (1988) Competition reconsidered – a reply to Tilman. Functional 

Ecology 2, 114-6. 

Thompson W. A. & Eldridge D. J. (2005a) Plant cover and composition in relation to density 

of Callitris glaucophylla (white cypress pine) along a rainfall gradient in eastern 

Australia. Australian Journal of Botany 53, 545-54. 

Thompson W. A. & Eldridge D. J. (2005b) White cypress pine (Callitris glaucophylla): a 

review of its roles in landscape and ecological processes in eastern Australia. 

Australian Journal of Botany 53, 555-70. 

Tighe M., Reid N., Wilson B. R. & Briggs S. V. (2009) Invasive native scrub and soil condition 

in semi-arid south-eastern Australia. Agriculture, Ecosystems and Environment 132, 

212-22. 

Tilman D. (1987) On the meaning of competition and the mechanisms of competitive 

superiority. Functional Ecology 1, 304-15. 

Tilman D. (2007) Resource competition and plant traits: a response to Craine et al. 2005. 

Journal of Ecology 95, 231-4. 

Tothill J. C., Hargreaves J. N. G. & Jones R. M. (1978) BOTANAL – A comprehensive 

sampling and computing procedure for estimating pasture yield and composition.  (ed 

D. o. T. C. a. Pastures). CSIRO, Brisbane. 

Turner R. M., Alcorn S. M., Olin G. & Booth J. A. (1966) The influence of shade, soil, and 

water on saguaro seedling establishment. Botanical Gazette 127, 95-102. 

Van Auken O. W. (2000) Shrub invasions of North American semiarid grasslands. Annual 

Reviews in Ecology and Systematics 31, 197-215. 

Van Els P., Will R. E., Palmer M. W. & Hickman K. R. (2010) Changes in forest understory 

associated with Juniperus encroachment in Oklahoma, USA. Applied Vegetation 

Science 13, 356-68. 

van Vegten J. A. (1983) Thornbush invasion in a savanna ecosystem in eastern Botswana. 

Vegetatio 56, 3-7. 

Velleman P. (1992) Data desk4 handbook. Data Description, Ithaca, New York. 

Vesk P. A. & Dorrough J. (2006) Getting trees on farms the easy way? Lessons from a model 

of eucalypt regeneration on pastures. Australian Journal of Botany 54, 509-19. 

Vesk P. A. & Mac Nally R. (2006) The clock is ticking – revegetation and habitat for birds 

and arboreal mammals in rural landscapes of southern Australia. Agriculture, 

Ecosystems and Environment 112, 356-66. 



   
 

142 
 

Vesk P. A. & Westoby M. (2001) Predicting plant species' responses to grazing. Journal of 

Applied Ecology 38, 897-909. 

Vetaas O. R. (1992) Micro-site effects of trees and shrubs in dry savannas. Journal of 

Vegetation Science 3, 337-44. 

Walker B. H. (1993) Rangeland ecology: understanding and managing change. Ambio 22, 80-

7. 

Walker B. H., Ludwig D., Holling C. S. & Peterman R. M. (1981) Stability of semi-arid 

savanna grazing systems. Journal of Ecology 69, 473-98. 

Walter H. (1971) Ecology of tropical and subtropical vegetation. Oliver & Boyd, Edinburgh. 

Ward D. (2005) Do we understand the causes of bush encroachment in African savannas? 

African Journal of Range & Forage Science 22, 101-5. 

Watson I. W., Westoby M. & Holm A. M. (1997) Continuous and episodic components of 

demographic change in arid zone shrubs: models of two Eremophila species from 

Western Australia compared with published data on other species. Journal of Ecology 

85, 833-46. 

Welden C. W. & Slauson W. L. (1986) The intensity of competition versus its importance: an 

overlooked distinction and some implications. The Quarterly Review of Biology 61, 23-

44. 

Wellington A. B. & Noble I. R. (1985a) Post-fire recruitment and mortality in a population of 

the mallee Eucalyptus incassata in semi-arid, south-eastern Australia. Journal of 

Ecology 73, 645-56. 

Wellington A. B. & Noble I. R. (1985b) Seed dynamics and factors limiting recruitment of the 

mallee Eucalyptus Incrassata in semi-arid, south-eastern Australia. Journal of Ecology 

73, 657-66. 

Westoby M., Walker B. & Noy-Meir I. (1989) Opportunistic management for rangelands not 

at equilibrium. Journal of Range Management 42, 266-74. 

Whalley R. D. B. & Brown R. W. (1973) A method for the collection and transport of native 

grasses from the field to the glasshouse. Journal of Range Management 26, 376-7. 

White J. (1981) The allometric interpretation of the self-thinning rule. Journal of Theoretical 

Biology 89, 475-500. 

White J. & Harper J. L. (1970) Correlated changes in plant size and number in plant 

populations. Journal of Ecology 58, 467-85. 

Wiegand K., Jeltsch F. & Ward D. (2004) Minimum recruitment frequency in plants with 

episodic recruitment. Oecologia 141, 363-72. 

Wiegand K., Saltz D. & Ward D. (2006) A patch-dynamics approach to savanna dynamics 

and woody plant encroachment – insights from an arid savanna. Perspectives in Plant 

Ecology, Evolution and Systematics 7, 229-42. 



   
 

143 
 

Wiegand K., Saltz D., Ward D. & Levin S. A. (2008) The role of size inequality in self 

thinning: a pattern-orientated simulation model for arid savannas. Ecological 

Modelling 210, 431-45. 

Wiegand K., Ward D. & Saltz D. (2005) Multi-scale patterns and bush encroachment in an 

arid savanna with a shallow soil layer. Journal of Vegetation Science 16, 311-20. 

Yan-hua Z., Li-fu S. & Hodgkinson K. (2005) Decline of eucalypt trees in tablelands of New 

South Wales, Australia. Journal of Forestry Research 16, 306-10. 

Yates C. J. & Hobbs R. J. (1997a) Temperate eucalypt woodlands: a review of their status, 

processes threatening their persistence and techniques for restoration. Australian 

Journal of Botany 45, 949-73. 

Yates C. J. & Hobbs R. J. (1997b) Woodland restoration in the Western Australian 

wheatbelt: a conceptual framework using a state and transition model. Restoration 

Ecology 5, 28-35. 

Yates C. J., Hobbs R. J. & Atkins L. (2000) Establishment of perennial shrub and tree species 

in degraded Eucalyptus salmonophloia (salmon gum) remnant woodlands: effects of 

restoration treatments. Restoration Ecology 8, 135-43. 

Yates C. J., Hobbs R. J. & Bell R. W. (1994) Landscape-scale disturbances and regeneration 

in semi-arid woodlands of southwestern Australia. Pacific Conservation Biology 1, 

214-21. 

Yates C. J., Hobbs R. J. & Bell R. W. (1996) Factors limiting the recruitment of Eucalyptus 

samonophloia in remnant woodlands III. Conditions necessary for seed germination. 

Australian Journal of Botany 44, 283-96. 

Yoda K., Kira T., Ogawa H. & Hozumi K. (1963) Self-thinning in overcrowded pure stands 

under cultivated and natural conditions. Journal of Biology, Osaka City University 14, 

107 

Zarovali M. P., Yiakoulaki M. D. & Papanastasis V. P. (2007) Effects of shrub encroachment 

on herbage production and nutritive value in semi-arid Mediterranean grasslands. 

Grass and Forage Science 62, 355-63. 

 

 



   
 

144 
 

Appendices 

Appendix 1. Two-way ANOVA results for soil attributes in dense regeneration and 

grassland plots at three sites.  

Significant results are bold (P < 0.05). MS = Mean Squares. 
Factor Source df MS F P 

Total C Vegetation state 1 0.21 7.4 0.009 

 Site 2 0.09 3.4 0.043 

 Site × Vegetation state 2 0.14 4.9 0.012 

 Error 42 0.03   
Total N Vegetation state 1 0 0.2 0.616 
 Site 2 0.01 8.9 0.001 

 Site × Vegetation state 2 0.01 6.9 0.002 

 Error 42 0.001   
C:N ratio Vegetation state 1 51.33 31.9 <0.001 

 Site 2 17.31 10.8 <0.001 

 Site × Vegetation state 2 0.26 0.2 0.853 
 Error 42 1.61   
pH Vegetation state 1 0.01 5.6 0.022 

 Site 2 0.01 6.4 0.004 

 Site × Vegetation state 2 0.01 2.9 0.063 
 Error 42 0.002   
ECEC Vegetation state 1 64.91 2.2 0.147 
 Site 2 65.67 2.2 0.122 
 Site × Vegetation state 2 195.38 6.6 0.003 

 Error 42 29.67   

 Ca (cmol kg−2) Vegetation state 1 32.38 6.0 0.13 
 Site 2 81.63 2.4 0.005 

 Site × Vegetation state 2 81.96 6.0 0.005 

 Error 42 13.58   
Mg (cmol kg−2) Vegetation state 1 13.1 3.9 0.055 
 Site 2 70.18 20.8 <0.001 

 Site × Vegetation state 2 20.54 6.1 0.005 

 Error 42 3.37   
K (cmol kg−2) Vegetation state 1 0.27 2.4 0.126 
 Site 2 0.01 0.1 0.903 
 Site × Vegetation state 2 0.18 1.6 0.204 
 Error 42 0.11   
Na (cmol kg−2) Vegetation state 1 0.55 22.3 <0.001 

 Site 2 0.3 12.1 <0.001 

 Site × Vegetation state 2 0.07 3.0 0.059 
 Error 42 0.02   
Al (cmol kg−2) Vegetation state 1 0.00 0.4 0.519 
 Site 2 0.00 2.9 0.068 
 Site × Vegetation state 2 0.00 1.5 0.244 
 Error 42 0.00   
Ca:Mg Vegetation state 1 0.05 0.8 0.379 
 Site 2  6.51 95.9 <0.001 

 Site × Vegetation state 2 0.01 0.2 0.798 
 Error 42 0.07   
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Appendix 2.   Two way ANOVA results for vegetation attributes of dense 

regeneration and grassland plots at three sites.  

 Significant results are bold (P < 0.05). MS = Mean Squares. 
Factor Source df MS F P 

Species richness Vegetation state 1 294.7 20.5 <0.001 

 Site 2 271.5 18.9 <0.001 

 Site × Vegetation state 2 13.6 0.9   0.395 
 Error 42 14.4   

Species diversity Vegetation state 1 14.5 94.6 <0.001 

 Site 2 6.3 41.1 <0.001 

 Site × Vegetation state 2 1.9 12.4 <0.001 
 Error 42 0.1   
Standing biomass Vegetation state 1 12.3 63.7 <0.001 

 Site 2 0.2 1.4   0.256 
 Site × Vegetation state 2 0.7 3.5   0.038 

 Error 42 0.2   

Groundstory  Vegetation state 1 8.2 131.8 <0.001 

vegetation cover Site 2 0.3 4.6   0.002 

 Site × Vegetation state 2 0.1 1.5   0.241 
 Error 42 0.1   

Bare ground Vegetation state 1 125.1 0.8   0.377 
 Site 2 4241.6 26.8 <0.001 

 Site × Vegetation state 2 586.1 3.7   0.017 

 Error 42 158.0   

Litter Vegetation state 1 1.3 15.4 <0.001 

 Site 2 16.5 197.9 <0.001 

 Site × Vegetation state 2 1.7 21.0 <0.001 

 Error 42 0.1   

Forb cover Vegetation state 1 0.3 7.8   0.008 
 Site 2 0.6 15.2 <0.001 
 Site × Vegetation state 2 0.5 14.9 <0.001 
 Error 42 0.1   
Graminoid cover Vegetation state 1 1.3 58.7 <0.001 
 Site 2 1.0 46.8 <0.001 
 Site × Vegetation state 2 1.0 46.1 <0.001 
 Error 42 0.1   
Low shrub cover Vegetation state 1 0.9 47.9 <0.001 
 Site 2 1.1 54.3 <0.001 
 Site × Vegetation state 2 0.6 27.1 <0.001 
 Error 42 0.1   
S. muricata cover Vegetation state 1 0.4 19.2 <0.001 
 Site 2 0.6 27.0 <0.001 
 Site × Vegetation state 2 0.2 8.1    0.001 
 Error 42 0.1   
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Appendix 3. Nested ANOVA table for soil variables. 
Significant results are bold (P < 0.05). MS = Mean Squares 

Factor Source df MS F P 

Total C Vegetation state 3 1.8 1.1 0.380 
 Site (Vegetation state) 15 1.6 25.4 <0.001 

 Error 76 0.1   

Total N Vegetation state 3 0.1 0.4 0.738 
 Site (Vegetation state) 15 0.3 31.8 <0.001 

 Error 76 0.1   

C:N ratio Vegetation state 3 51.8 34.8 <0.001 

 Site (Vegetation state) 15 1.5 1.8 0.043 

 Error 76 0.8   

pH Vegetation state 3 1.5 1.7 0.213 
 Site (Vegetation state) 15 0.9 19.3 <0.001 

 Error 76 0.1   

ECEC Vegetation state 3 390.1 3.1 0.063 
 Site (Vegetation state) 15 129.7 5.2 <0.001 

 Error 76 25.1   

Ca (cmol kg−2) Vegetation state 3 129.8 1.8 0.181 
 Site (Vegetation state) 15 70.2 6.4 <0.001 

 Error 76 10.9   

Mg (cmol kg−2) Vegetation state 3 65.5 3.7 0.034 

 Site (Vegetation state) 15 17.4 6.7 <0.001 

 Error 76 2.6   

K (cmol kg−2) Vegetation state 3 0.5 1.2 0.351 
 Site (Vegetation state) 15 0.5 8.3 <0.001 

 Error 76 0.1   

Na (cmol kg−2) Vegetation state 3 0.4 1.3 0.298 
 Site (Vegetation state) 15 0.3 7.5 <0.001 

 Error 76 0.1   

Al (cmol kg−2) Vegetation state 3 0.002 8.7 0.001 

 Site (Vegetation state) 15 0.001 2.5 0.004 

 Error 76 0.001   

Ca:Mg Vegetation state 3 0.4 0.5 0.709 

 Site (Vegetation state) 15 0.9 38.6 <0.001 

 Error 76 0.1   

 

Appendix 4. Nested ANOVA table for floristic variables 

Significant results are bold (P < 0.05). MS = Mean Squares 
Factor Source df MS F P 

Groundstorey Vegetation state 3 16.3 18.2 <0.001 

   biomass (g m-2) Site (Vegetation state) 15 0.9 6.4 <0.001 

 Error 76 0.1   

Groundstorey Vegetation state 3 6883 5.1   0.012 

   vegetation cover Site (Vegetation state) 15 1336 21.8 <0.001 

 Error 76 61.4   

Species richness Vegetation state 3 149.3 1.1   0.387 
 Site (Vegetation state) 15 138.2 23.6 <0.001 

 Error 76 5.9   
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Appendix 5.   Two-way ANOVA results for light and root competition effects on 

seedling growth.  

 Significant results are bold (P < 0.05). MS = Mean Squares. 
Factor Source df MS F P 

First 3 months Light 1 349.2 1.55 0.215 
 Root competition 1 110.2 0.49 0.485 
 Light × Root competition 1 349.7 1.55  0.215 
 Error 110 224.9   
Species richness Light 1 45.5 0.01 0.931 
 Root competition 1 41004.7 6.78 0.014 

 Light × Root competition 1 3571.4 0.59  0.448 
 Error 110 6051.4   

 




