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Abstract 

Despite the regularity of fire in tropical savannas, the impact of different fire 

regimes on species abundance, and the role of fire in ecological processes, remains 

poorly documented.  This thesis examines the vegetation dynamics of grass-layer 

plants in savanna, with particular focus on the effects of fire.  It aimed to examine 

the relative importance of fire regime as a determinant of species composition, and 

the influence of fire on ecological processes, which are mechanisms of population 

change. 

These aims were addressed by describing the distribution of plant species at the 

community-scale, and undertaking experiments in a replicated manipulative fire 

experiment, at the Territory Wildlife Park near Darwin, Northern Territory, 

Australia.  Six fire regimes were allocated as treatments in a randomised complete 

block design, where regimes comprised burning at different yearly intervals in 

either the early or late dry season (June and October respectively), including an 

unburnt control treatment.  Shade house and laboratory experiments complimented 

field observations and experimentation. 

After three years, the species composition of grass-layer plants remained 

unchanged by the different fire regime treatments.  Rather than fire regime, an 

increase in grass-layer plant density during the experiment coincided with an 

increase in rainfall, and grass species distribution was highly correlated with top 

soil moisture in the wet season, tree / shrub cover and the cover of tree leaf litter on 

the ground.  These environmental factors drive species distribution patterns in part 

through their influence on seedling establishment.  In a field sowing experiment, 

canopy and litter cover both significantly reduced the establishment of the annual 

grass Sorghum intrans F.Muell. ex Benth.  In a shade house experiment, litter 
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cover significantly reduced seedling emergence in seven annual and perennial grass 

species, regardless of whether seeds were placed above or below a 5 cm litter layer.  

Consequently, areas of the site with lower canopy and litter cover, as well as higher 

top soil moisture during the wet season, supported more diverse and species rich 

grass-layer communities. 

This resilience of the grass-layer to fire regimes over the short term (three years) 

was attributed to the dominance of annuals, which avoid fire-related seed mortality 

in a dry season soil seed bank, and the fire tolerance (resistance) of the perennial 

species.  An examination of soil seed bank dynamics revealed no significant 

change in the density or richness of germinable seeds in the seed bank immediately 

after fire, and so the seed bank remains a source of seedling regeneration in the 

subsequent wet season.  Adult perennial grass tussocks were also highly resistant to 

fire.  After three years, there were no significant differences in the survivorship of 

three common species (Eriachne triseta Nees ex Steud., Eriachne avenacea R.Br. 

and Chrysopogon latifolius S.T.Blake) between different fire regime treatments. 

In contrast to this resilience over the short term, differences in fire frequency over 

the longer-term (14 years) appeared to considerably influence grass species 

composition.  An examination of composition between areas of contrasting fire 

frequencies during the previous 14 years revealed the apparent loss of regionally-

dominant, taller grass species (Sorghum intrans and Heteropogon triticeus (R.Br.) 

Stapf) in areas of lower fire frequency. 

The approach taken here of examining life cycle processes as causes of population 

change has application in the management of plant populations elsewhere, because 

it has a mechanistic basis rather than being purely phenomenological. 
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Introduction 
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1.1 SAVANNA VEGETATION: STRUCTURE AND DYNAMICS 

 Tropical savanna ecosystems are defined by the presence of a 

discontinuous tree layer supporting a continuous grassland matrix (Bourlière and 

Hadley 1983; Solbrig et al. 1996).  Extensive tracts of savanna are present 

throughout regions of the world with highly seasonal rainfall, including sub-

Saharan Africa, Central and South America, and northern Australia (Walker and 

Gilleson 1982; Cole 1986; Mistry 2000).  Woody cover is principally determined 

by mean annual rainfall at the continental scale (Williams et al. 1996; Scholes et al. 

2002, 2004; Sankaran et al. 2004, 2005, 2008), whereas plant-available moisture 

and soil nutrients are major determinants of savanna structure and composition at 

the landscape and community scale (Sarmiento et al. 2004; Baruch 2005; February 

et al. 2007; Hempson et al. 2007). 

 The mechanisms that drive the co-existence of the woody overstorey and 

grass-layer remain unknown, but not for the lack of interest (Scholes and Archer 

1997; Higgins et al. 2000; House et al. 2003; Sankaran et al. 2004; Gardner 2006).  

Initially, it was hypothesised that this co-existence could result from niche 

separation, that is, the use of upper soil horizons by grass-layer plants and tree 

seedlings, and the sole use of lower soil horizons by adult trees (Walker et al. 

1981; Walker and Noy-Meir 1982; Le Roux et al. 1995; Weltzin and McPherson 

1997).  However, with studies providing results contrary to this theory (Scholes 

and Archer 1997), Higgins et al. (2000) developed a model that placed an emphasis 

on interactions between life history and disturbance.  They suggested that 

coexistence in savannas was aided by the particular rainfall and fire regimes that 

provide only limited opportunities for the recruitment of tree seedlings into adult 
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life stages (Higgins et al. 2000).  This assertion was also supported recently by 

Gardner (2006) for the savannas of Brazil. 

 Vegetation structure in savanna is strongly influenced by extrinsic 

disturbance events, principally fire and herbivory (Walker et al. 1981; Walker and 

Noy-Meir 1982; Scholes and Archer 1997; Higgins et al. 2000; Bond et al. 2003; 

van Langevelde et al. 2003; Sankaran et al. 2004; Furley 2006; Sankaran et al. 

2008).  Despite their maintained presence for over 8 million years, savannas have 

been labelled structurally meta-stable because of their propensity to be modified by 

disturbance (Scholes and Archer 1997; Beerling and Osborne 2006).  With fire 

exclusion over a long period of time, savanna tends to follow a trajectory towards 

closed forest as a result of woody recruitment, leading to a reduction in the cover 

and richness of grass-layer plants (Ramsay and Rose Inness 1963; Brookman-

Amissah et al. 1980; Williams et al. 1999; Roques et al. 2001; van Wilgen et al. 

2003; Woinarski et al. 2004; Gignoux et al. 2006).  Alternatively, frequent burning 

may prevent shrub encroachment and maintain grass-layer diversity, particularly 

when coupled with other disturbances such as prolonged drought and browsing by 

large herbivores (Williams et al. 1999; Roques et al. 2001; Holdo 2007).  Fire and 

herbivory regimes are indeed closely linked, together forming a positive feedback 

cycle for fuel dynamics (van Langevelde et al. 2003).  With a lack of large 

herbivores in Australia however, fire is the principal disturbance mechanism in the 

savannas which dominate the northern one-third of the continent (Stocker and Mott 

1981; Williams RJ et al. 2003a). 

1.2 FIRE REGIMES OF AUSTRALIAN SAVANNAS 

 Savanna fires in Australia are carried within the grass-layer (Williams RJ 

et al. 2003a), fuelled by the production of a large amount of biomass in the wet 
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season, which subsequently cures in the following dry season (Williams et al. 

1998).  Fire regimes in the region are therefore highly dependent on the properties 

of the grass-layer, such as fuel load and moisture content (Bowman and Wilson 

1988; Williams et al. 1998).  In contrast, flammability tends to be reduced in 

vegetation types surrounded by the savanna matrix dominated by tree litter fuels, 

such as monsoon vine forests (Bowman and Wilson 1988). 

 Strong south-east trade winds and the desiccation of fuels during the dry 

season results in a peak in the grass fire danger index (GFDI) at this time of the 

year (Tapper et al. 1993; Gill et al. 1996).  Greatest fire activity tends to occur in 

the late dry season as a result of large unplanned wildfires, except in areas of 

intensive fire management (e.g. National Parks), where smaller, intentionally-lit 

early dry season fires prevail (Russell-Smith et al. 1997; Williams et al. 1998; Gill 

et al. 2000; Edwards et al. 2001; Russell-Smith et al. 2003b; Russell-Smith and 

Edwards 2006).  Fire weather and fuel characteristics mean that late dry season 

fires are typically of a higher intensity (e.g. > 2000 kW m-1) and have a greater rate 

of spread (Williams et al. 1998; Russell-Smith et al. 2003a; Russell-Smith and 

Edwards 2006), so strategic burning is conducted throughout the early dry season 

to mitigate the frequency and extent of later fires (Russell-Smith 1995).  A greater 

proportion of fuel is typically consumed during late dry season fires, leaving fewer 

unburnt refuge patches for fire-sensitive components of the ecosystem (Williams et 

al. 1998; Price et al. 2003). 

 A rapid cycle of fuel accumulation and desiccation, and the fast attainment 

of equilibrium fuel loads, promotes a very high fire frequency (Walker 1981; 

Williams et al. 1998; Cook 2003; Williams RJ et al. 2003a).  The average return 

time for fires in lowland savannas in the north-west of the Northern Territory is 1-3 

years, with approximately 50% burnt in any one year (Russell-Smith et al. 1997; 
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Edwards et al. 2001; Russell-Smith et al. 2003b).  The fire regime of savanna 

vegetation in the Kimberley (Western Australia), Cape York (Queensland), and 

Victoria River District (Northern Territory) is similar (Yates and Russell-Smith 

2003; Vigilante et al. 2004; Felderhoff and Gillieson 2006).  A shift away from 

Indigenous fire management in the 20th century is thought to have substantially 

altered the fire regime by increasing fire frequency, patch size and intensity, and 

decreasing spatial and temporal heterogeneity (Hayes 1985; Fensham 1997; 

Yibarbuk et al. 2001; Bowman et al. 2004; Vigilante et al. 2004). 

1.3 ECOLOGICAL RESPONSES TO FIRE  

1.3.1 Response types and persistence 

 Various schemes have been proposed to classify the ecological responses 

of plants to fire (Kruger 1977; Gill 1981; Keeley 1981; Noble 1981; Rowe 1983).  

These classifications initially separate species according to their regeneration mode 

after fire, where populations of extant plants (though not necessarily all 

individuals) are noted for either surviving fire and subsequently sprouting 

(‘sprouters’), or being killed but regenerating from seed in the post-fire 

environment (‘obligate seeders’; Whelan 1995).  Woody sprouters have evolved a 

range of adaptations that allow for such a response, including the presence of 

meristematic tissue within roots, lignotubers, epicormic buds and aerial buds, 

where new vegetative growth emerges after fire (Gill 1981; Whelan 1995; Bond 

and van Wilgen 1996).  Obligate seeders typically possess long term seed banks in 

the soil or canopy (the latter known as bradyspory or serotiny) as a source of 

regeneration after fire (Gill 1981; Whelan 1995; Bond and van Wilgen 1996).  The 

ecological responses of individuals will however vary according to the age of 

individuals, and differences in fire intensity and patchiness (Whelan et al. 2003). 
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 Response type classifications typically concern reproductively mature 

woody species, and are inappropriate for grass-layer plants in savannas.  For 

example, many grass-layer plants are annuals, present exclusively in the soil seed 

bank during fire, and thus cannot exhibit a sprouting response.  Mooney and Hobbs 

(1986) modified Gill’s (1981) response type scheme to incorporate the life-history 

attribute of longevity, and is more appropriate for grass-layer plants in savannas, as 

shown in the following key: 

A. Fire ephemerals 

B. Annuals (other than fire ephemerals) 

C. Perennials 

a. Reproductively mature plants are fire sensitive 

1) Seed storage present 

2) Seed storage absent 

b. Reproductively mature plants survive fire, by: 

1) Root suckers / horizontal rhizomes 

2) Basal sprouts / vertical rhizomes 

 The scheme also reflects their means of persistence during fire, one of 

Noble and Slatyer’s (1980) vital attributes of plants relating to their role in 

succession.  Fire ephemerals and annuals are able to persist during fire through the 

protection of seeds in the soil seed bank.  Perennials can persist through the 

presence of a fire-protected soil seed bank, as for annuals, as well as by their 

capacity to sprout from regenerative tissue after fire (Noble and Slatyer 1980; 

Mooney and Hobbs 1986). 
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1.3.2 Resilience vs. resistance 

 The response of plant communities to disturbance such as fire can be 

described according to the resilience or resistance of the ecosystem, typically 

assessed by changes to population abundance (Holling 1973; Westman 1986).  

Westman (1986) defined resilience as the “pace, manner, and degree of recovery of 

ecosystem properties following natural or human disturbance”, comprising 

elasticity (the rate of recovery), amplitude (the threshold of disturbance beyond 

which recovery to the initial state does not occur), hysteresis (the degree to which 

recovery after disturbance differs to deterioration under stress), and malleability 

(the ease at which the ecosystem can be permanently altered).  The resilience of an 

ecosystem can be achieved in situ, such as with post-fire regeneration from the 

seed bank, or by migration from outside the community (Grubb and Hopkins 

1986).  Resistance on the other hand relates to the “resistance of the ecosystem to 

change when stressed”, which is well illustrated by methods of fire-avoidance 

(Westman 1986).  In savannas for example, perennial grasses that sprout after fire 

could be considered resilient to fire, whilst seeds in a soil seed bank that avoid heat 

related mortality are considered resistant to fire.  The degree to which populations 

are resilient or resistant to fire is strongly related to their means of persistence 

during fire (which may differ according to season), as well as the impact of fire 

regimes on life cycle processes. 

1.3.3 A consideration of life cycle processes  

 As fire regimes influence plant abundance through their direct impacts on 

life cycle processes, they can be examined to provide a mechanistic understanding 

of species composition patterns in the landscape, and be used to inform decisions 

relating to biodiversity conservation (O’Connor 1991; Orr 1998; Hoffman and 
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Moreira 2002; Williams 2002; Whelan et al. 2003).  Specifically, Whelan et al. 

(2003) listed five life-cycle processes that could account for a post-fire decline in 

population abundance: 

• Failure of seed release or germination, 

• Failure of seedling establishment, 

• Interruption of growth and maturation,  

• Death of standing plants or seeds, and 

• Failure of seed production 

 These processes are illustrated in a simplified life cycle shown in Fig. 1.1, 

as they relate to savanna grass-layer plants in particular.  At the beginning of the 

life cycle, seed dormancy results in viable seeds being retained in the seed bank as 

a strategy to ensure persistence during the dry season (and therefore during most 

fires), when environmental conditions are unsuitable for germination and 

establishment (Thompson and Grime 1979; Leck et al. 1989; Fenner and 

Thompson 2005).  The species composition of soil seed banks relate to factors that 

directly affect density, such as seed production and dispersal, yet also the longevity 

of seeds in the soil (Thompson and Grime 1979; Thompson 1987; Zhang and Maun 

1994; Lunt 1995; Baskin and Baskin 1998; Fenner and Thompson 2005).  Several 

types of seed dormancy are recognised that affect seed longevity, including 

physical, physiological, morphological, or a combination of these types (Baskin 

and Baskin 1998).  Understanding the dormancy characteristics of seeds is integral 

to predicting their response in the seed bank to environmental conditions or 

extrinsic disturbance (Thompson and Grime 1979; Leck et al. 1989).  Hardseeded 

species, such as forbs in the Fabaceae, have physical seed dormancy imposed by a 

hard, impermeable outer seed coat (Ballard 1973; Baskin and Baskin 1998;  
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Fig. 1.1.  A simplified life cycle for plants.  Life cycle processes in bold font are 

the specific focus of experimentation in this thesis, and those in italics listed by 

Whelan et al. (2003) as mechanisms of decline and extinction in plant populations. 
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Morrison et al. 1992).  Heat during fire can fracture the seed coat, thereby 

removing seed dormancy and promoting germination (Auld and O’Connell 1991; 

Morrison et al. 1992; Bell and Williams 1998; Morrison et al. 1998; Thomas et al. 

2003; Williams PR et al. 2003b; Williams et al. 2004; Thomas et al. 2007).  The 

distribution of seeds in the soil profile and its relationship with fire intensity 

however is critical to dormancy release as soil temperatures decrease rapidly with 

depth (Bradstock and Auld 1995; Auld and Bradstock 1996; Tozer 1998; Williams 

et al. 2004).  For hardseeded species to benefit from soil heating, they must be 

located in the soil profile where physical dormancy can be overcome but without 

causing mortality, and at a location suitable for emergence (Martin and Cushwa 

1966; Tozer 1998; Laterra et al. 2006). 

 Physiological seed dormancy is common in savanna grasses, where an 

after-ripening requirement prevents germination and subsequent desiccation in the 

dry season (Mott 1978; Andrew and Mott 1983; Baskin and Baskin 1998; Orr 

1998; Crowley and Garnett 1999; McIvor and Howden 2000).  Exposure to 

ambient smoke has been shown to promote seed germination in some grasses 

(Baxter et al. 1994; Campbell et al. 1996; Davidson and Adkins 1997; Read and 

Bellairs 1999; Williams et al. 2005a), but significantly inhibit seed germination in 

others (Brown 1993; Dixon et al. 1995; Read and Bellairs 1999).  The specific 

mechanisms responsible for smoke-induced seed germination are not fully 

understood, but are thought to involve water soluble compounds that remove 

physiological barriers to germination (Brown and van Staden 1997; Keeley and 

Fotheringham 1998; Flematti et al. 2004). 

 Germination occurs as a result of seeds being both non-dormant and 

exposed to conditions in the environment required for germination, particularly as 

they relate to temperature, light and soil moisture availability (Vleeshouwers et al. 
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1995; Baskin and Baskin 1998; Fenner and Thompson 2005).  With fire-mediated 

changes to vegetation structure in savannas, resulting differences in the light and 

temperature environment could therefore significantly affect rates of seed 

germination between burnt and unburnt areas (Mott et al. 1976; Mott 1978; 

Gardener et al. 2001).  After germination, successful seedling establishment can be 

influenced by the mechanical and chemical constraints of tree litter (Facelli and 

Pickett 1991) and competition with other grass-layer plants (Cook et al. 1998; 

Morgan and Lunt 1999; Williams et al. 2005b).  Competition by established plants 

is considered to be a major recruitment filter of savanna grasses (Zimmermann et 

al. 2008).  In north-eastern Australia, burning was demonstrated to significantly 

increase seedling recruitment as a direct consequence of a reduction in grass-layer 

competition (Williams et al. 2005b).  Seedlings of savanna grass-layer plants are 

however vulnerable to desiccation (Andrew and Mott 1983; O’Connor 1994; 1996; 

Veenendaal et al. 1996; Crowley and Garnett 1999), so mortality may be 

exacerbated in the post-fire environment that typically experiences higher surface 

temperatures and reduced soil moisture (Scholes and Walker 1993; Lunt 1995; 

Wan et al. 2002; Snyman 2004). 

 The mortality of individuals in the standing vegetation, or an interruption 

to their maturation, can have a significant effect on species composition (Whelan 

1995; Whelan et al. 2003).  While seedlings of savanna and rangeland grasses 

usually experience considerable mortality during dry season fire, survival of 

mature tussocks is highly variable among different species, and in response to 

different fire regimes for a given species (Silva and Castro 1989; Silva et al. 1990; 

Scholes and Walker 1993; Garnier and Dajoz 2001; Peláez et al. 2001; Vignolio et 

al. 2003).  Mortality of perennial grasses during fire occurs through heat-related 

damage to meristematic tissue (Ramsay and Oxley 1996; Peláez et al. 2001, 2003), 
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but significant mortality of the perennial grass Andropogon semiberbis Kunth was 

observed in unburnt plots of a Venezuelan savanna because of the accumulation of 

litter and dead biomass shading standing plants (Silva et al. 1990). 

1.3.4 Life cycles of grass-layer plants in Australian savannas 

 Seed fall of savanna grass-layer plants in northern Australia usually occurs 

in the late wet season (February-April), with most seeds remaining dormant in a 

soil seed bank for several months due to an after-ripening requirement preventing 

germination in the dry season (Mott 1978; Andrew and Mott 1983; Baskin and 

Baskin 1998; Orr 1998; Crowley and Garnett 1999; McIvor and Howden 2000).  

For Alloteropsis semialata (R.Br.) Hitchc., seed germination occurs in the early 

wet season at seed fall and seed is therefore not present in the seed bank during the 

dry season (Crowley and Garnett 2001).  Due to a lack of soil moisture in the upper 

soil profile, perennial grasses survive the dry season in a state of dormancy 

(Williams RJ et al. 2003a).  Following rainfall in the early wet season (October-

November), dormant perennial grasses sprout new vegetative tissue, and seeds of 

all grass-layer species in the soil seed bank germinate in a series of cohorts, until 

all viable seeds are exhausted (Andrew and Mott 1983; Crowley and Garnett 1999; 

Williams et al. 2005b).  Whilst fire-related cues, notably heat and ambient smoke, 

can overcome seed dormancy in some species during dry season fire, a lack of soil 

moisture usually prevents seed germination until the early wet season period and so 

fire ephemerals are rare (Williams et al. 2004, 2005a, b; Bellairs and Ashwath 

2007). 

 Fire experiments have demonstrated that dry season fire regimes over the 

short term (< 5 years) have very little influence on the population dynamics of 

grass-layer plants; instead populations fluctuate as a result of inter-annual rainfall 
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variation (Bowman et al. 1988; Andersen and Müller 2000; Russell-Smith et al. 

2003a; Williams PR et al. 2003a, Williams RJ et al. 2003c).  Long term fire 

exclusion however, though uncommon, has been shown to induce changes to grass-

layer composition and reduce grass biomass, as a consequence of woody 

encroachment (Hoare et al. 1980; Fensham 1990; Bowman and Fensham 1991; 

Williams PR et al. 2003a; Vigilante and Bowman 2004; Woinarski et al. 2004).  

The best documented example of these composition changes is at Solar Village 

near Darwin, where grass-layer richness and the abundance of most grass-layer 

species was considerably lower in a woody unburnt area compared to an adjacent, 

frequently burnt area with an open canopy (Fensham 1990; Woinarski et al. 2004).  

In contrast to dry season fire, annual grasses with a transient seed bank can 

experience dramatic population declines if burnt during the wet season, as they die 

before reaching reproductive maturity (Stocker and Sturtz 1966; Watkinson et al. 

1989; Lonsdale et al. 1998; Williams and Lane 1999; Crowley and Garnett 1999). 

 The minor influence of short term, dry season fire regimes on grass-layer 

plant abundance is thought to be a consequence of their successful means of 

persistence during the dry season: sprouting of fire-adapted perennials (resilience) 

and a fire-protected soil seed bank for both annuals and perennials (resistance; 

Stocker and Mott 1981; Williams RJ et al. 2003a; Williams et al. 2005a).  The 

longer-term changes in species composition are considered to be the result of 

changes to rates of seed germination and subsequent plant establishment, as a 

consequence of increases in litter cover and shading (Hoare et al. 1980; Cook et al. 

1998; Russell-Smith et al. 2003a).  In general though, changes to the abundance of 

grass-layer plants, and mechanisms of population decline with different fire 

regimes (Fig. 1.1), remain poorly documented in the savannas of northern 

Australia. 
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1.4 KEY KNOWLEDGE GAPS 

 Savanna vegetation dynamics research in northern Australia has been 

dominated by studies of woody vegetation (e.g. Lonsdale and Braithwaite 1991; 

Bowman and Panton 1993; Bowman and Panton 1995; Williams 1997; Williams et 

al. 1999; Setterfield 2002; Williams RJ et al. 2003b).  Grass-layer population 

dynamics were examined in the two previous manipulative fire experiments 

conducted in the Northern Territory (‘Munmarlary’, Russell-Smith et al. 2003a, 

and ‘Kapalga’, Williams RJ et al. 2003b); however, these studies were purely 

descriptive (phenomenological), rather than mechanistic.  Abundance was assessed 

by examining derived measures, such as percent cover or frequency of occurrence.  

Sampling only occurred with dominant species at Kapalga, and only 

opportunistically in the Munmarlary experiment, which Russell-Smith et al. 

(2003a) found limited their ability to determine when changes occurred.  Recently, 

doubt has emerged as to whether the fire intensities observed at Kapalga were 

higher than typically observed in lowland savannas and therefore not representative 

of the typical fire regime (Russell-Smith and Edwards 2006).  Fire experiments in 

northern Australia have only examined the effect of fire on grass-layer composition 

within frequently burnt savannas, or compared frequently burnt and fire excluded 

areas within close proximity (e.g. Woinarski et al. 2004).  None have specifically 

examined compositional changes to the grass-layer where fire is re-introduced into 

a long unburnt savanna. 

 Previous floristic surveys throughout northern Australia documented the 

strong influence of plant available moisture on broad vegetation types, but the scale 

of investigation meant that they were inadequate in detecting community-level 

variation within savannas specifically (Bowman and Minchin 1987; Bowman and 

McDonough 1991; Wilson and Bowman 1994).  More recently, edaphic 
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characteristics and fire history were assessed as correlates of grass species 

distribution in the Darwin region (Elliot 2005) and at the semi-continental scale for 

annual Sorghum (Bowman et al. 2007), though these and previous floristic 

diversity studies were not concerned with population dynamics, i.e. changes to 

species composition over time. 

 The most comprehensive study of grass-layer plant dynamics in Australian 

savannas occurred with a manipulative fire experiment in the north-east of the 

continent, at Cape Cleveland near Townsville, Queensland (Williams 2002).  Five 

annual surveys in successive wet seasons were able to detect short term 

fluctuations in abundance (frequency of occurrence), and was particularly valuable 

in highlighting the immediate post-fire (i.e. first wet season) increase in abundance 

of some life form groups (Williams PR et al. 2003a).  A similarly rigorous 

approach is needed in the Northern Territory where the grass-layer species 

composition is considerably different. 

1.5 THESIS OUTLINE 

 This thesis examines the vegetation dynamics and ecological responses of 

grass-layer plants in savanna, with particular focus on the effects of fire.  This first 

chapter has presented a broad introduction to savanna vegetation dynamics and 

ecological responses to fire, and outlines the key knowledge gaps as a context to 

the thesis.  Chapter 2 provides a detailed description of the study site.  Two broad 

questions are addressed by experimentation in subsequent chapters: 

• What is the relative importance of fire regime as a determinant of grass-layer 

composition (Chapters 3 and 4), and 



15 | C h a p t e r  1 :  I n t r o d u c t i o n 

• What is the mechanism of the impact of fire on grass-layer plant population 

dynamics? (Chapters 5, 6 and 7). 

 Chapter 3 aims to assess the relative influence of environmental variables 

related to woody vegetation structure and the top soil, and long term fire frequency 

(14 years), as correlates of grass species composition.  Chapter 4 determines the 

strength of fire regime over the short term (three years) as a driver of grass-layer 

plant abundance, by using four consecutive annual surveys to assess changes in 

plant abundance in a manipulative fire experiment.  Experimental fire regime 

treatments, comprising different seasons and frequencies of burning, were applied 

to a long unburnt savanna.  Specifically, Chapter 4 aimed to assess the relative 

influence of fire regime and plant available moisture (annual rainfall and soil 

moisture) on grass-layer composition.  Chapters 3 and 4 together determine the 

level of resilience of the grass-layer to fire.  The mechanisms that confer this 

resilience are examined in subsequent chapters, by investigating the impact of fire 

on life cycle processes. 

 Chapter 5 documents the composition of the soil seed bank, and determines 

its capacity as a means of persistence during the dry season for seeds, and seedling 

regeneration in the wet season.  Specific experiments examine the temporal and 

spatial variability, and the effect of fire, on germinable seed composition.  This 

chapter examines the relative contribution of the death of seeds / failure of seed 

release or germination in altering the composition of grass-layer plants in savannas 

(Fig. 1.1).  Chapter 6 analyses the role of seedling establishment (more specifically, 

failure of seedling establishment; Fig. 1.1) on an annual grass with a transient, dry 

season seed bank.  The chapter aimed to determine differences in emergence and 

establishment according to litter cover, canopy cover and fire regime, and the 

influence of these factors on plant height and seed production at maturity.  With a 
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shade house litter experiment with seven grass species, this chapter also aimed to 

examine the influence of litter cover as a more widely applicable determinant of 

savanna grass composition.  Chapter 7 assesses the fire tolerance of three dominant 

perennial grasses to fire, which persist through the dry season in a state of 

dormancy.  Fire tolerance was examined by assessing differences in the 

survivorship of individuals over time within different fire regime treatments.  This 

chapter describes the death of standing plants as a mechanism of impact for 

changes in population abundance (Fig. 1.1).  Chapter 8 provides a summary and 

synthesis of the results, and considers their broader implications. 

 Chapters are presented as independent papers which therefore necessitate 

some repetition of information, particularly relating to background literature. 

 



 

Chapter 2 
 
Study site 
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2.1 STUDY LOCATION 

 Field experiments were undertaken at the Territory Wildlife Park (TWP), 

Berry Springs, 30 km south-east of Darwin, Northern Territory, Australia (12º 41′ 

42.25″ S, 130º 58′ 50.36″ E).  The 490 ha Park is operated as a zoo by the Northern 

Territory Government.  The south-eastern section of the Park contains wildlife 

enclosures and visitor facilities, but approximately 350 ha of the remaining area is 

relatively undisturbed savanna vegetation.  In 2004 as part of the Bushfire 

Cooperative Research Centre, a manipulative fire experiment was established by 

CSIRO Sustainable Ecosystems, Charles Darwin University and the Bushfire 

Cooperative Research Centre to determine the effects of various fire regimes on 

biodiversity and ecological processes in tropical savannas (Parr et al. 2004). 

2.2 THE MANIPULATIVE FIRE EXPERIMENT 

 Eighteen 1-ha experimental compartments (125 m × 80 m) were arranged 

in a north-south line, approximately 100 m inside the western boundary of the 

TWP (Fig. 2.1).  The experiment incorporated a randomised complete block (RCB) 

design with three blocks as a random factor along an environmental gradient: North 

(N), Centre (C) and South (S).  Each block contained six compartments, numbered 

1-6 from north to south.  A 4 m slashed fire break surrounded each compartment, 

and a 40 m (minimum) vegetated buffer zone separated each block.   The total 

length of the study site was approximately 1650 m.  Buffer zones surrounded the 

eastern and western edges of the compartments, and were burnt annually in the 

early dry season to prevent accidental wildfires. 

 An RCB layout was incorporated into the experimental design after initial 

observations suggested inherent spatial variability in edaphic characteristics and 
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Fig. 2.1.  The location of the 18 experimental compartments at the Territory 

Wildlife Park study site.  Compartments are numbered 1-6 from north to south in 

each block (N-North, C-Centre and S-South).  The site is located 30 km south-east 

of Darwin, Northern Territory, Australia (map courtesy of Ian Dixon, Charles 

Darwin University).  
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vegetation structure between compartments.  The allocation of three spatial blocks 

that embraced the length of the site was justified in that the response of vegetation 

to the treatment variable (fire regime) could have varied spatially on account of 

these differences.  An RCB design enabled some inherent variation to be explained 

by a random, spatial variable (block), and therefore allowed a more precise 

statistical test of fire regime by reducing residual variation (Quinn and Keough 

2002). 

 A fixed treatment variable of ‘fire regime’ involved the experimental 

burning of compartments in different seasons at different intervals.  Fire regime 

treatments were randomly allocated to one compartment in each of the three 

blocks, although minor adjustments to treatment allocations were necessary to 

minimise the chance of accidental fires from adjacent compartments.  The fire 

regime treatments represented the typical seasons of burning (early and late dry 

season) and fire frequencies of northern Australian lowland savannas (Russell-

Smith et al. 1997; Gill et al. 2000; Edwards et al. 2001), as shown below: 

• Annual burning early (June) in the dry season  (Annual Early) 

• Burning every two years early in the dry season (Biennial Early) 

• Burning every three years early in the dry season (Single Fire 1) 

• Burning every five years early in the dry season (Single Fire 2) 

• Burning every two years late (October) in the dry season (Biennial Late) 

• No fires (Unburnt) 

 All fire regimes were first applied in 2004, with the exception of the 

Biennial Early regime which was first burnt in 2005 (Table 2.1).  This thesis only 

considered the first three years of the manipulative fire experiment, and so two fire 

regime treatments were identical over this period: burning every three and five  
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Table 2.1.  The schedule of burning for each fire regime treatment within compartments during the study period (2004-2006).  Black squares (■) 

indicate which fire regime treatments were burnt at the indicated year and month. 

Fire regime treatment  2004  2005  2006 
  June October  June October  June October 
Annual Early   ■   ■   ■  
Biennial Early     ■     
Biennial Late   ■      ■ 
Single Fire (1)  ■        
Single Fire (2)  ■        
Unburnt          
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years in the early dry season.  These regimes are thus termed Single Fire 1 and 

Single Fire 2 respectively.  The fire regime treatments represented the extremes of 

annual burning (Annual Early) and fire exclusion (Unburnt), plus an opportunity to 

observe late dry season burning every two years (Biennial Late) and the effect of a 

single early dry season fire with two and three years of post-fire recovery (Biennial 

Early and Single Fire respectively). 

 Experimental fires were lit with drip torches along the leeward sides of 

each compartment to be burnt (back fire).  After the fire had established within the 

compartment, fire lines were lit on the windward side unless the back fire was 

intense and moving rapidly to the windward side.  Starting with a back fire enabled 

a burnt buffer zone to naturally extinguish the faster moving head fire.  Fires often 

burnt patchily as a result of poor grass fuel continuity (especially within the 

southern block), and required re-ignition with drip torches.  Fire intensity in the 

early dry season was approximately 100 kW m-1, although once as high as 1110 

kW m-1 for the Biennial Early compartments in 2005 (RJ Williams, unpublished 

data; Table 2.2).  Late dry season fires were 808 and 2121 kW m-1 (RJ Williams, 

unpublished data; Table 2.2).  The fire intensities experienced at the TWP were 

generally lower than was recorded in the catchment-scale (15 km2) Kapalga fire 

experiment (Williams et al. 1998), and experimental burning of 1 ha plots at Cape 

Cleveland in north-eastern Australia (Williams 2002).  Fire intensities of < 1000 

kW m-1 are however comparable to the 1 ha scale Munmarlary fire experiment 

(Russell-Smith et al. 2003a), Indigenous fire regimes of western Arnhem Land 

(Yibarbuk et al. 2001) and lowland savannas more generally (Russell-Smith and 

Edwards 2006).  For example, 178 permanent plots monitored for 10 years within 

Kakadu and Nitmiluk National Parks showed that only 3.3% of all fires recorded in 

the early dry season, and 31.2% of fires in the late dry season, were categorised as  
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Table 2.2.  Fire intensity, fuel load, and key weather observations (temperature, humidity, wind speed and direction) at the Middle Point Automatic 

Weather Station (36 km to the north-east of the study site) on the day of ignition of experimental fires, in each fire regime treatment and year.  Fire 

intensity and fuel load data are unavailable for the Single Fire regimes.  Values of intensity and fuel load are the mean with 1 SE in parenthesis. 

 Annual Early  Biennial Early  Biennial Late  Single Fire (1) and 
Single Fire (2) 

 2004 2005 2006  2005  2004 2006  2004 
Date 16 Jun 21 Jun 28 Jun  21 Jun  4 Oct 18 Oct  16 Jun 
Intensity (kW m-1)†‡ 144.0 (18.1) 77.7 (36.7) 125.3 (54.1)  1110.3 (569.0)  808.4 (625.0) 2121.3 (975.3)  n/a 
Fine fuel load (t ha-1)† 4.24 (0.8) 4.17 (0.5) 1.96 (0.2)  5.92 (0.6)  4.37 (1.2) 3.76 (0.2)  n/a 
Maximum ambient temperature (ºC)§ 30.8 34.7 31.5  34.7  38.6 37.3  30.8 
Relative humidity at 3.00 pm (%)§ 22 43 33  43  19 35  22 
Wind speed at 3.00 pm (km h-1)§ 26 6 15  6  15 15  26 
Wind direction at 3.00 pm§ ESE SSE E  SSE  N N  ESE 

 
†RJ Williams, unpublished data.  ‡Methods follow Williams et al. 1998.  §Bureau of Meteorology, unpublished data. 
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having a ‘high’ fire severity rating (leaf scorch > 2 m, fire intensity <1000-10000+ 

kW m-1; Russell-Smith and Edwards 2006).  Most fires in this study, particularly in 

the early dry season, were assigned to the author’s lowest fire severity rating 

defined by leaf scorch ≤ 2 m (and / or the canopy patchily burnt) and a fire 

intensity  << 1000 kW m-1 (Russell-Smith and Edwards 2006).  The majority of the 

fuel load at the TWP comprised grass, and at the time of burning this ranged 

between 2 and 6 t ha-1 (RJ Williams, unpublished data; Table 2.2).  These fuel load 

values are close to the equilibrium value typically obtained within 3-4 years (Cook 

2003).  At the time of burning (3.00 pm), relative humidity was low in both the 

early and late dry season, although ambient temperatures were somewhat higher in 

the late dry season (Bureau of Meteorology, unpublished data; Table 2.2).  Wind 

speed was generally low during both early and late dry season fires (< 26 km h-1), 

from a south-easterly direction in the early dry season, and from the north in the 

late dry season (Bureau of Meteorology, unpublished data; Table 2.2). 

2.3 CLIMATE 

 The climate of the study site is monsoonal, characterised by a hot summer 

wet season between October and March, and a mild winter dry season between 

April and September (McDonald and McAlpine 1991).  Long term climate data is 

available from the Middle Point Automatic Weather Station, 36 km to the north-

east of the study site (12° 36′ 18.17″ S, 131° 17′ 54.87″ E).  The Darwin Airport 

observation station is slightly closer to the study site, although less representative 

of the TWP’s climate given its coastal aspect on a small peninsula.  At Middle 

Point, maximum temperatures (mean daily ambient) are high throughout the year, 

ranging between 31°C in June and July, and 36°C in October (Bureau of 

Meteorology, unpublished data; Fig. 2.2).  Mean annual rainfall is 1389 mm, of  
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Fig. 2.2.  Mean monthly rainfall (mm, right hand side, □) and mean daily 

maximum ambient temperature (°C, left hand side, ■) for each month, at the 

Middle Point Automatic Weather Station, 36 km north-east of the study site 

(Bureau of Meteorology, unpublished data).  Data are the long term average 

incorporating the period 1957-2004.  
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which approximately 90% falls in the wet season (Bureau of Meteorology, 

unpublished data; Fig. 2.2).  An annual wet season is predictable, although the 

duration and intensity is variable (Taylor and Tulloch 1985).  Rainfall was 

collected during the study period at the TWP ‘Main Station’ (approximately 1 km 

from the study site), and reflected the seasonal pattern shown in the long term 

average (D. Pearson and L. Smith, unpublished data).  Total rainfall was above-

average during the study (mean = 1720 mm y-1), especially in mid wet season 

months (Fig. 2.3).  During the study period, below average rainfall tended to occur 

in transitional months, such as March to April.  The rate of evaporation exceeds 

rainfall only in the driest winter months of June, July and August (Bureau of 

Meteorology, unpublished data). 

2.4 TOPOGRAPHY AND DRAINAGE 

 The soil profile was described to 1 m depth in each compartment of the 

manipulative fire experiment (Appendix 1).  A moderate break in slope occurs in 

the region of compartments N3 and N4, where some areas can be inundated (< 20 

cm) after persistent rain periods in the wet season due to shallow laterite.  Most 

areas however are well-drained in this respect.  There was a difference in soil 

moisture at 15-20 cm depth between blocks during the wet season, resulting in a 

gradient of increasing soil moisture at this depth towards the north (see Chapter 3). 

2.5 SOILS 

 Parent rock material consists of shales, siltstone, phyllite, sandstone, and 

saccharoidal quartzite.  Representative soil profiles examined in each compartment 

are consistent with the lateritic red earth classification of Christian and Stewart  

(1953), although two distinct types are evident.  The first type was observed within  
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Fig. 2.3.  (Over page) Monthly rainfall recorded at the Territory Wildlife Park ‘Main Station’ between January 2003 and June 2007 (□; D. Pearson and 

L. Smith, unpublished data), and the long term average (1957-2004) from the Middle Point Automatic Weather Station, 36 km north-east of the study 

site (■; Bureau of Meteorology, unpublished data).  Field work took place between March 2004 and March 2007.  Numbers above each wet season refer 

to the percent departure of rainfall recorded, from the long term average, between July-June periods. 
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the northern and central areas (N1 to S2 inclusive), and was characterised by a 

standard lateritic profile containing a horizon of massive laterite 10 to 50 cm below 

the soil surface, and lateritic outcrops above the soil surface (Appendix 1).  Soils in 

this region of the site are relatively uniform in texture throughout the upper 1 m of 

the soil profile, consisting of brown sandy or clay loams.  The percent of gravel in 

the soil is often very high on the soil surface (18-86%), and either high or moderate 

(9-59%) in the subsoil (10-100 cm).  

 The second soil type was observed within the southern area (S3 to S6 

inclusive), and was characterised by the absence of a horizon of massive laterite in 

the upper 100 cm (Appendix 1).  The soil profiles here reflect Quaternary colluvial 

sediments associated with a permanent freshwater lagoon.  Soil profiles have a 

uniform texture throughout the profile, consisting of brown sandy or clay loams.  

The soil however develops a red hue and was hard and compacted at depths of 50 

cm or more when examined in the late dry season.  The percent of gravel on the 

soil surface and in the subsoil is usually low or moderate (1-54%). 

2.6 VEGETATION 

 The TWP consists of a mosaic of tropical savanna floristic groups, 

including closed forest, open forest, woodland, open woodland and low open 

woodland (Sivertsen et al. 1980).  The study site was located within an area of 

woodland (sensu Specht and Specht 1999) where the overstorey canopy was 10-15 

m and dominated by Eucalyptus tetrodonta F.Muell., Eucalyptus miniata A.Cunn. 

ex Shauer and Corymbia bleeseri (Blakely) K.D.Hill & L.A.S.Johnson.  Common 

midstorey species were Acacia mimula Pedley, Terminalia ferdinandiana Exell, 

Alphitonia excelsa (A.Cunn. ex Fenzl) Reissek ex Benth., Planchonia careya 
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(F.Muell.) Kunth, Pandanus spiralis R.Br., Petalostigma pubescens Domin, 

Persoonia falcata R.Br. and Exocarpos latifolius R.Br. 

 The species composition of trees and shrubs at the TWP site showed 

marked differences between blocks; the southern block was particularly well 

separated in ordination space (J Schatz, unpublished data; Fig. 2.4).  Compartments 

in the southern block (S2-S6) contained a considerably higher density and species 

richness of trees than the northern and central block (J Schatz, unpublished data; 

Fig. 2.5).  Canopy cover in the southern block was also significantly higher than 

the northern and central blocks, so that much of the ground was shaded and 

covered by leaf litter (see Chapter 3).  This area supported a lower density and 

species richness of grass-layer plants, and was dominated by the perennial grass 

Eriachne triseta Nees ex Steud. (Fig. 2.6).  In the northern and central blocks 

where the midstorey was more open, a continuous and species rich layer of 

herbaceous plants was present (Fig. 2.7 and 2.8).  Grass species in this area were 

dominated by the perennials E. triseta and Eriachne avenacea R.Br, and the annual 

Pseudopogonatherum contortum (Brongn.) A.Camus.  Other common grasses 

included Panicum mindanaense Merr., Thaumastochloa major S.T.Blake, 

Mnesithea formosa (R.Br.) de Koning & Sosef, Schizachyrium fragile (R.Br.) 

A.Camus, Eriachne agrostidea F.Muell., Eriachne ciliata R.Br, Alloteropsis 

semialata, Sorghum plumosum (R.Br.) P.Beauv. and Chrysopogon latifolius 

S.T.Blake.  The exotic grasses Andropogon gayanus Kunth and Pennisetum 

pedicellatum Trin. were present but uncommon throughout the TWP and adjacent 

properties.  Two grass species, Sorghum intrans F.Muell. ex Benth. and 

Heteropogon triticeus (R.Br.) Stapf, were dominant immediately outside the TWP 

boundary but uncommon inside the Park (Fig. 2.9).  A full grass-layer species list 

is provided at the end of Appendix 2.  
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Fig. 2.4.  Non-metric multidimensional scaling ordination plot of tree / shrub 

species composition (woody plants > 2 m and DBH > 3 cm) in each compartment 

of the study site in 2004, prior to the commencement of experimental burning (J. 

Schatz, unpublished data).  Trees / shrubs were assessed within two 80 x 6 m east-

west swathes per compartment, centred on vegetation transects (see Chapter 3 for 

further details).  Letters indicate the respective block of each compartment: N-

North, C-Centre and S-South.  Data square-root-transformed prior to analysis. 
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Fig. 2.5.  Density (left hand side, ■) and species richness (right hand side, □) of 

woody plants (> 2 m and DBH > 3 cm) in each compartment at the study site in 

2004, prior to the commencement of experimental burning (J. Schatz, unpublished 

data).  Woody plants were assessed within two 80 x 6 m east-west swathes per 

compartment, centred on vegetation transects (see Chapter 3 for further details).
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Fig. 2.6.  Representative areas of the southern block at the Territory Wildlife Park 

study site in the dry season, showing a dense midstorey of Pandanus spiralis and 

Petalostigma pubescens with either a) a litter understorey such as in compartment 

S5, or b) a grass-layer dominated by the grass Eriachne triseta such as in 

compartment S4.  

b) 

a) 
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Fig. 2.7.  Representative areas of the northern block of the Territory Wildlife Park 

study site during the wet season, showing a) Calytrix exstipulata DC. in the 

midstorey adjacent to compartment N3, and b) Pseudopogonatherum contortum 

and patchy Sorghum intrans in the grass-layer in compartment N3.  

a) 

b) 
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Fig. 2.8.  Representative areas of the central block of the Territory Wildlife Park 

study site during the wet season, showing compartment C2 dominated by the grass 

Pseudopogonatherum contortum and forb Stemodia lythrifolia F.Muell. ex Benth.  

The tall tree in the centre of (a) is the canopy-dominant Eucalyptus miniata.  

a) 

b) 
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Fig. 2.9.  a) Fence-line comparison between the Territory Wildlife Park site (right 

hand side) and the property immediately to the west (left hand side) in the late wet 

season, showing the tall annual grass Sorghum intrans present outside the Park 

only, and b) a representative area of the outside property in the mid dry season, 

showing the dense grass-layer dominated by S. intrans (photograph 2.9a courtesy 

of J. Schatz).  

b) 

a) 
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2.7 GRAZING HISTORY 

 Domestic cattle were not present within the TWP during the study.  In 

1981, a 3 m perimeter fence was constructed around the TWP to exclude dingos 

and wild dogs, although as a consequence, the resident agile wallaby population 

increased (Stirrat 1995).  In 1994, population density inside the TWP overall was 

estimated at 133 (± 17 SE) km-2 (Stirrat 1995), and 76 (± 16 SE) km-2 in 2005 (L. 

Hunt, unpublished data).  Whilst these figures are considerably higher than in 

savanna habitat elsewhere in the Northern Territory (Croft 1987; Dressen 1993), 

the density estimate inside the TWP is influenced by an abundance of preferred 

habitat: irrigated lawns and a dense understorey associated with visitor facilities 

(approximately 1.5 km from the site), and permanently moist riparian habitat 

associated with Berry Creek (approximately 2 km from the site; Stirrat 1995).  

Transects through the study site in 1994 demonstrated a very low density of agile 

wallabies in that area (0-1.76 km-2), despite the high population density overall 

(Stirrat 1995).  An estimate of population size in February 2008 similarly found a 

very low density of agile wallabies throughout the study site area (5 animals over 

3896 m of line transects).  Because of the low density of wallabies recorded in 

woodland where the study was located, and that most grass-layer plant species are 

not selectively grazed or avoided (Stirrat 2002), agile wallabies were not 

considered to have a significant impact on grass-layer plant dynamics at the site. 

2.8 FIRE HISTORY 

 The TWP maintains a fire break around the property to ensure visitor 

safety, and management has tended to exclude fire rather than apply fuel reduction 

burns regularly (Henderson 2005).  As such, the Park has experienced an unusually 

low fire frequency since opening in 1989, and is referred to in this thesis as long 
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unburnt.  Large areas of the Park have not been burnt since it opened.  The northern 

area of the study site (N1 to C1 inclusive) experienced two fires since 1990, in 

1993 and 2000 (Green Corps 2003; Henderson 2005; A. Edwards, unpublished 

data).  The central and southern areas (C2 to S6 inclusive) experienced one fire in 

that period, in 1992 (Green Corps 2003; Henderson 2005; A. Edwards, unpublished 

data). 



 

Chapter 3 
 
Correlates of grass species 
composition in a savanna woodland 
in northern Australia 
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3.1 INTRODUCTION 

 The composition of savanna vegetation is driven by a combination of 

bottom-up environmental factors, particularly plant available moisture and 

nutrients, and top-down processes such as fire and grazing (Scholes and Archer 

1997; Mistry 2000; House et al. 2003; van Langevelde et al. 2003; Bond et al. 

2005; Sankaran et al. 2005; Furley 2006).  However, considerable debate surrounds 

the relative importance of each of these factors as determinants of plant species 

abundance (Sankaran et al. 2008).  Plant available moisture is considered a major 

determinant of floristic patterns in these highly seasonal environments, through its 

relationship with edaphic characteristics such as soil type and topography 

(Fensham and Kirkpatrick 1992; Wilson and Bowman 1994; Sarmiento et al. 2004; 

Baruch 2005; February et al. 2007; Hempson et al. 2007).  These vegetation 

patterns, however, can be modified by differences in fire frequency in the 

inherently fire-prone savanna landscape (Brookman-Amissah et al. 1980; Bowman 

and Fensham 1991; San José and Farinas 1991; Moreira 2000; Silva et al. 2001; 

Woinarski et al. 2004).  Woody cover in savannas is also an important determinant 

of grass-layer plant abundance (grasses, sedges and herbs), given the markedly 

different microclimates under and away from the canopy (Vetaas 1992; Scholes 

and Walker 1993; Belsky 1994; Abule et al. 2005; Menaut and Abbadie 2006). 

 Savanna woodlands and open forests dominate the seasonal tropics of 

northern Australia, with other vegetation types (e.g. closed monsoon vine forest) 

embedded in the savanna matrix (Williams RJ et al. 2003a; Russell-Smith and 

Stanton 2003).  Previous research has attempted to understand the role of intrinsic 

environmental factors in driving this floristic variation, as well as the relative 

influence of fire, which is the principal disturbance event in these savannas 
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(Liedloff et al. 2001).  These studies found that different vegetation types were 

principally determined by soil moisture through its relationship with soil type and 

topography (Langkamp et al. 1981; Rice and Westoby 1985; Bowman and Minchin 

1987; Bowman and McDonough 1991; Fensham and Kirkpatrick 1992; Bowman et 

al. 1993; Wilson and Bowman 1994).  Open forests, for example, were found to be 

associated with well-drained gravelly soils that overlie a relatively deep water table 

during the dry season (Bowman and Minchin 1987). 

 The focus of these studies has been on the environmental correlates of 

different vegetation types, and relatively little attention has been paid to bottom-up 

factors influencing grass-layer composition within savannas (Andrew 1986b).  This 

contrasts with the very considerable research on the effects of fire as a top-down 

factor.  A range of fire experiments within Australian savannas have demonstrated 

the resilience of grass-layer plants to different fire regimes, particularly in the short 

to medium term (< 10 years; Bowman et al. 1988; Russell-Smith et al. 2003a; 

Williams PR et al. 2003a; Williams RJ et al. 2003b).  Long term (> 10 year) fire 

exclusion, however, reduces the abundance and diversity of grass-layer plants with 

concurrent midstorey recruitment of juvenile trees and shrubs (Hoare et al. 1980; 

Bowman and Fensham 1991; Russell-Smith et al. 2003a; Woinarski et al. 2004).  

Shading from the midstorey, and litter cover, were implicated in this decline as 

both increase with fire exclusion (Hoare et al. 1980; Cook et al. 1998; Russell-

Smith et al. 2003a). 

 This chapter aims to identify the environmental determinants of grass 

species composition at the study site, before fire regimes were first implemented, 

with a particular emphasis on bottom-up factors.  It does this by correlating 

variation in grass composition over the kilometre-scale environmental gradient 
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with variation in a range of environmental variables relating to woody vegetation 

structure, the top soil and fire frequency. 

3.2 METHODS 

3.2.1 Sampling 

3.2.1.1 Environmental variables 

 Ten environmental variables related to woody vegetation structure and soil 

were sampled, and compared with grass species composition along the 

environmental gradient.  These environmental variables were: the density of woody 

stems in the grass-layer, midstorey and overstorey; woody species richness; basal 

area; canopy cover; litter cover; proportion of gravel at 0-5 cm depth; depth to the 

horizon of massive laterite; and soil moisture at 15-20 cm depth. 

 Woody stem density, richness and basal area were assessed within two 80 

× 6 m east-west swathes per compartment (approximately 35 m apart), in April-

June 2004, before fire regime treatments were first implemented in June 2004 (J. 

Schatz, unpublished data).  The abundance of live woody stems within the grass-

layer (0-1.99 m), midstorey (2.0-9.99 m) and overstorey (10.0 m+) was tallied.  

Basal area (m2 ha-1) was calculated by multiplying diameter-at-breast height (dbh) 

for each woody stem > 2 m height and > 3 cm dbh by stem density.  The tall, thin 

woody plants not measured (> 2 m height, < 3 cm dbh) contributed only a very 

small proportion of the total woody stem density (and basal area). 

 Canopy cover and litter cover were assessed within 18 (2 m2) quadrats per 

compartment in April-May 2004; nine quadrats were spaced every 10 m along the 

centre line of each swathe.  Canopy cover was determined with a forestry 



41 | C h a p t e r  3 :  C o r r e l a t e s  o f  g r a s s  c o m p o s i t i o n 

densiometer held at chest height, taking the average of four cardinal points on the 

outside of quadrats.  Litter cover was assessed visually as a percentage (to the 

nearest 5%). 

 Soil-related variables (percent gravel, depth to laterite and soil moisture) 

were also quantified on the centre-line transects (in the wet season of 2006/07, due 

to logistical reasons).  For percent gravel, 200 g of soil was collected every 20 m 

and sieved to determine the proportion by weight of gravel > 2 mm in the upper 5 

cm of the soil profile.  The depth to the horizon of massive laterite was determined 

at three or four locations per compartment, 20 m inward from the ends of each 

transect.  A soil auger was used to drill into the soil until prevented by laterite and 

the depth recorded.  Soil moisture was determined from three random locations per 

compartment; 0, 20, 40, 60 or 80 m along centre line transects.  Soil was collected 

from 15-20 cm below the surface with a hand auger, with percent moisture 

determined gravimetrically after sieving the samples to remove gravel > 2 mm.  

Soil moisture was sampled four times over a six month period (October, 

November, January and March) to document changes during the wet season. 

3.2.1.2 Grass species diversity and composition 

 The number of individuals of each grass species was counted within 18 (2 

m2) quadrats per compartment, in April-May 2004.  As with canopy and litter cover 

sampling, nine quadrats were spaced every 10 m along each centre line transect.  

Sampling occurred in the late wet season within a narrow window of opportunity 

when the ability to detect and identify grass-layer plants was maximised, given the 

presence of mature, flowering individuals.  Sampling during this period, however, 

made for unreliable identification of some relatively uncommon annual species 

(Digitaria gibbosa (R.Br.) P.Beauv., Mnesithea. formosa, Schizachyrium fragile, 
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Schizachyrium pachyarthron C.A.Gardner, Sporobolus pulchellus R.Br., 

Thaumastochloa major and Urochloa holosericea (R.Br.) R.D.Webster), because 

they had already set seed and begun to cure.  These species were excluded from the 

study. 

 For some other species, identification to species level was not possible 

given the absence of flowering material during the sampling period.  Such species 

were purposefully included as aggregates of two or more species with a similar 

vegetative appearance: Eriachne agrostidea included Eriachne ciliata, Panicum 

mindanaense included Yakirra nulla Lazarides & R.D.Webster and Urochloa 

polyphylla (R.Br.) R.D.Webster; Eriachne triseta included Aristida holathera 

Domin and Eriachne burkittii Jansen; Eriachne avenacea included Eriachne major 

(Ewart & O.B.Davies) Lazarides. 

3.2.2 Analysis 

 To describe environmental variation along the gradient, data for the 10 

sampled environmental variables were averaged to the compartment level and 

compared between blocks (North, Centre and South) with one-way ANOVA 

(analysis of variance) in Statistica 7.1 (Statsoft. Inc. 2006).  Tukey’s HSD post hoc 

tests were used to identify which blocks were significantly different from each 

other.  Where necessary, variables were log10 (x)- or square root-transformed prior 

to analysis to satisfy the ANOVA assumptions of normality or homogeneity of 

variances.  Where transformation could not resolve a violation of these 

assumptions, non-parametric Kruskal-Wallis rank tests were performed. 

 Patterns of grass species composition at the site were analysed with 

ordination using Primer 6 (Clarke and Gorley 2001).  The number of individuals 
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within each quadrat was converted to a density value (individuals m-2), and then 

averaged to the compartment level.  Data were square root-transformed and 

resemblance matrices constructed using the Bray-Curtis measure of similarity.  

One-way ANOSIM (analysis of similarity) with pair-wise comparisons were used 

to determine whether species composition differed between blocks (North, Centre 

and South).  SIMPER (similarity percentages) was used to identify grass species 

contributing 90% of the dissimilarity in species composition between the two most 

distant blocks (North and South) along the environmental gradient.  In addition, 

grass species richness (S) and evenness (J') were calculated for each compartment 

using DIVERSE.  These diversity indices were calculated at the compartment level 

and compared between blocks with a one-way ANOVA and Tukey’s HSD post hoc 

tests in Statistica. 

 Correlations were used to describe relationships between the diversity 

indices (S and J') and each of the 10 sampled environmental variables (n = 18 

compartments).  Non-parametric Spearman rank correlations were used as some 

variables showed non-normal distributions (Quinn and Keogh 2002).  A BEST 

analysis (Clarke and Gorley 2001) was used to show which combination of the 

sampled environmental variables, plus fire frequency (normalised data), were most 

highly correlated with the grass species resemblance matrix (square-root 

transformed). 

3.3 RESULTS 

3.3.1 Environmental variables 

 Soil moisture at 15-20 cm depth increased with rainfall events of the wet 

season, although not uniformly (Fig. 3.1).  At all sampling times during the build 

up and wet season, there was a discernable soil moisture gradient evident in the top  
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Fig. 3.1.  Mean (± SE) percent gravimetric soil moisture at 15-20 cm depth in each 

compartment at the Territory Wildlife Park study site between October and March 

(2006/07).  Compartments are numbered 1-6 from north to south in each block (N-

North, C-Centre and S-South).  Statistical analyses are conducted on soil moisture 

data collected in January, in the mid wet season (see Table 3.1). 
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soil (high in the north, decreasing towards the south).  Woody plants in all strata 

showed a trend of increasing density from north to south.  The density of woody 

stems in the grass-layer was significantly higher in the southern block than the 

northern block, and the density of woody stems in the midstorey was significantly 

higher in the southern block than both the northern and central block (Table 3.1).  

Whilst the density of the overstorey, basal area and woody species richness were 

all highest in the southern block, results were not statistically significant.  

However, the southern block exhibited significantly higher canopy cover and litter 

cover than other blocks.  Soils in the southern block were characterised by having a 

significantly lower proportion of gravel at 0-5 cm depth, massive laterite deeper in 

the soil profile (i.e. deeper soil), and drier top soil during the wet season. 

3.3.2 Grass species diversity and composition 

 Grass species richness and evenness were considerably lower in the 

southern block, compared to the northern and central blocks which were relatively 

similar (Table 3.1).  Likewise, grass species composition displayed a discernable 

gradient from north to south (Fig. 3.2), with all pair-wise comparisons between 

blocks significantly different (R = 0.79, P = 0.001).  The northern and central 

blocks contained a species-rich understorey of annual (e.g. Pseudopogonatherum 

contortum and Panicum mindanaense) and perennial grasses (e.g. Chrysopogon 

latifolius and Alloteropsis semialata), whereas the southern block was 

overwhelmingly dominated by the perennial Eriachne triseta.  Of the eight species 

that accounted for 90% of the dissimilarity between the northern and southern 

blocks (E. triseta, 27% dissimilarity; P. contortum, 18%; Eriachne avenacea, 9%; 

C. latifolius, 9%; P. mindanaense, 9%; Eriachne agrostidea, 8%; Triodia bitextura 

Lazarides, 6%; and A. semialata, 6%), only E. triseta was less abundant in the 
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Table 3.1.  Mean values of the environmental variables and grass diversity indices in each block at the study site (North, Centre and South), and the results of 

statistical analyses between blocks.  Values are untransformed means ± 1 SE.  Test statistics followed by asterisks are significantly different (*P < 0.05, **P 

< 0.01, ***P < 0.001) between blocks, and values with different lower case letters indicate which blocks are significantly different from each other 

(ascertained from Tukey’s HSD post-hoc tests; data analysed by parametric ANOVA only).  Significant test statistics and their variable names are also shown 

in bold. 

 Block Test statistic 
 North Centre South  
ENVIRONMENTAL VARIABLES     
Density of woody plants in grass-layer (stems ha-1) 5140.6 ± 411.6a 5866.3 ± 500.6ab 8392.4 ± 1585.8b F (2, 15) = 3.76* 
Density of woody plants in midstorey (stems ha-1) 1126.7 ± 161.8a 1010.4 ± 86.5a 1994.8 ± 200.5b F (2, 15) = 9.71** 
Density of woody plants in overstorey (stems ha-1) 43.4 ± 16.0a 53.8 ± 16.5a 86.8 ± 30.3a F (2, 15) = 1.04 
Basal area (m2 ha-1) 8.5 ± 1.4a 7.2 ± 0.8a 11.9 ± 1.5a F (2, 15) = 3.47 
Woody species richness (species per compartment; 1 ha) 29.3 ± 0.5a 30.3 ± 1.2a 34.7 ± 2.1a F (2, 15) = 3.60 
Canopy cover (%) 58.6 ± 3.8a 57.1 ± 2.5a 80.6 ± 5.3b F (2, 15) = 9.48** 
Litter cover (%) 22.8 ± 2.5a 23.6 ± 4.5a 43.4 ± 3.9b F (2, 15) = 9.62** 
Gravel > 2 mm at 0-5 cm depth (%) 42.6 ± 3.6a 49.37 ± 3.3a 24.75 ± 6.4b F (2, 15) = 7.30** 
Depth to massive laterite horizon (cm) 31.3 ± 2.2 53.8 ± 8.0 114.6 ± 18.8 H (2, n = 18) = 10.20** 
Soil moisture at 15-20 cm depth (January) (%) 24.0 ± 1.8 18.3 ± 1.1 13.9 ± 0.5 H (2, n = 18) = 12.77** 
Number of fires (1990-2003) 2 2 (C1); 1 (C2-C6) 1 - 
GRASS DIVERSITY INDICES     
Richness (species per compartment; 1 ha) 9.0 ± 0.3a 8.3 ± 0.9a 4.2 ± 0.8b F (2, 15) = 13.98*** 
Evenness (per compartment; 1 ha) 0.72 ± 0.02 0.82 ± 0.03 0.16 ± 0.06 H (2, n = 18) = 14.75*** 
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a) Litter cover

 

b) Canopy cover

 

Fig. 3.2.  Non-metric multidimensional scaling ordination of grass species 

composition in each compartment (six compartments in each of three blocks: 

North, N; Centre, C; and South, S; n = 18), with bubble plots demonstrating the 

relative magnitude of key environmental variables (a, litter cover; b, canopy cover; 

c, midstorey stem density; d, soil moisture; and e, fire frequency) determined by 

the BEST analysis (see Table 3.2).  Data was square-root-transformed before 

analysis. 
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Fig. 3.2.  Continued. 

c) Midstorey stem density 

 

d) Soil moisture
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Fig. 3.2.  Continued. 

e) Number of fires (1990-2003) 
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north.  Sorghum intrans and Heteropogon triticeus were confined to the northern 

block, although usually located outside of quadrats used for sampling. 

3.3.3 Environmental correlates of grass species diversity and 

composition 

 At the P < 0.01 significance level, grass species richness was positively 

correlated with soil moisture (in January) (rs = 0.73), and negatively correlated 

with litter cover (rs = -0.83), midstorey stem density (rs = -0.78), woody species 

richness (rs = -0.67), depth to laterite (rs = -0.67) and canopy cover (rs = -0.61).  

Grass species evenness was positively correlated with percent gravel (rs = 0.69), 

and like richness, negatively correlated with canopy cover (rs = -0.59). 

 With the 10 sampled environmental variables and fire frequency, the best 

correlation (correlation coefficient = 0.800) with grass species composition 

included the variables of litter cover, canopy cover, midstorey stem density, soil 

moisture and fire frequency (Table 3.2).  All five of the best correlation models 

included litter and canopy cover, soil moisture and fire frequency (Table 3.2).  The 

influence of these variables on grass species composition is illustrated in Fig. 3.2, 

where compartments are arranged in ordination space along the north-south 

gradient, corresponding to higher litter cover, canopy cover and midstorey stem 

density in the south, and higher soil moisture and fire frequency in the north (see 

also Table 3.1). 

3.4 DISCUSSION 

 The results indicate the importance of soil moisture, woody vegetation 

structure (midstorey stem density, canopy cover and litter cover) and long term fire 

frequency as correlates of grass species composition at the site.  The importance of 
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Table 3.2.  Results of the BEST analysis displaying combinations of the 10 sampled environmental variables, plus fire frequency, best correlated with 

grass species composition along the environmental gradient at the study site. 

Correlation 
coefficient 

Number of 
variables selected 

Variables selected 

0.800 5 Litter cover, canopy cover, midstorey woody stem density, soil moisture, fire frequency 
0.791 5 Litter cover, canopy cover, gravel, soil moisture, fire frequency 
0.791 5 Litter cover, midstorey woody stem density, gravel, soil moisture, fire frequency 
0.790 4 Litter cover, canopy cover, soil moisture, fire frequency 
0.789 5 Litter cover, canopy cover, woody species richness, soil moisture, fire frequency 
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soil moisture supports previous studies highlighting it as a key determinant of 

vegetation types throughout northern Australia (Langkamp et al. 1981; Bowman 

1986; Bowman and Minchin 1987; Bowman et al. 1990; Bowman 1991; Bowman 

and McDonough 1991; Fensham and Kirkpatrick 1992).  Differences in grass 

species composition, richness and evenness corresponded to a north-south 

environmental gradient, of which soil moisture was a major factor.  Similar 

observations have been made elsewhere within Australian (Rice and Westoby 

1985) and South African savannas (Yeaton et al. 1986), with considerable variation 

in grass-layer composition reflecting differences in soil moisture and topography 

throughout the landscape. 

 The distribution of their roots in the upper section of the soil profile 

renders savanna grasses susceptible to the considerable fluctuations in soil moisture 

throughout the year (Le Roux et al. 1995; Weltzin and McPherson 1997).  In 

particular, individuals in the southern area of the site must tolerate a shorter 

growing season, and lower soil moisture overall, given the well-drained sandy soils 

where laterite is absent from the upper 1 m.  Furthermore, the greater canopy cover 

of the southern block may also reduce throughfall during the first rainfall events of 

the wet season (Belsky et al. 1989).  The dominant grass in the southern block, 

Eriachne triseta, appears well adapted to these drier conditions by having a strong 

tap root as a seedling (pers. obs.), which presumably allows access to soil moisture 

from deeper in the profile.  The low abundance of annual grasses in the southern 

block could be a function of the significant drought-related mortality of seedlings 

in the early wet season (Andrew and Mott 1983), when rainfall is unpredictable and 

soil moisture low (Taylor and Tulloch 1985). 
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 Edaphic characteristics not considered in this study, such as soil fertility, 

may also influence grass species composition.  For example, soil under the canopy 

of eucalypt trees in a north-eastern Australian savanna had greater concentrations 

of organic C, total N, and K, compared to soils outside the tree canopy (Jackson 

and Ash 2001).  These nutrient-enriched soils resulted in 42% greater biomass for 

two common perennial species (Jackson and Ash 2001); a trend also evident with 

nutrient-addition experiments in the Northern Territory (Norman 1962). 

 The soil moisture gradient was related to the distribution of trees and 

shrubs, with woody density in all strata higher in the southern block where top soil 

moisture was lower.  This is likely to be a response to the deeper, sandy soils that 

lack massive laterite in the upper soil profile, and therefore gives tree roots better 

access to the water table (Bowman and Minchin 1987).  Furthermore, the southern 

block’s position adjacent to a permanent lagoon may provide a year-round supply 

of sub-soil moisture to trees and shrubs, thereby supporting a higher density 

(Bowman and Minchin 1987).  These observations provide support to the ‘niche 

separation’ hypothesis for tree-grass co-existence in savannas, where trees and 

grasses compete for soil moisture in the top soil (Scholes and Archer 1997). 

 Whilst soil moisture was identified as a primary determinant of local 

variation in grass species composition, woody vegetation structure (midstorey stem 

density, canopy cover and litter cover) was also important.  The influence of the 

canopy on grass-layer plant abundance has been described for African savannas 

(Vetaas 1992; Scholes and Walker 1993; Belsky 1994; Abule et al. 2005; Menaut 

and Abbadie 2006), and for annual Sorghum species in northern Australia 

(Bowman et al. 1988; Cook et al. 1998).  Whilst canopy effects could be 

confounded with soil fertility patterns, as mentioned above, shading from the 

canopy and litter accumulation are likely to have a negative effect on grass 
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abundance, by influencing key life cycle processes such as germination and 

establishment (Carson and Peterson 1990; Facelli and Picket 1991; Cook et al. 

1998; Gardener et al. 2001).  Chapter 6 demonstrates reduced seedling emergence 

of grasses when seeds were sown both on and underneath a 5 cm litter layer, 

compared to a no-litter control treatment. 

 Differences in the long term fire frequency at the site were also related to 

grass species composition patterns.  For example, a major difference in 

composition between the northern and southern block was the considerably higher 

abundance of E. triseta in the southern block, where canopy cover was greater and 

fire frequency lower.  Russell-Smith et al. (2003a) and Elliot (2005) also 

documented the association of E. triseta with fire protected habitats characterised 

by woody midstorey development.  Notably, the tall grasses Sorghum intrans and 

Heteropogon triticeus were limited to areas that experienced the higher fire 

frequency.  Until recently, S. intrans and H. triticeus were both recorded as 

dominant at the site (Sivertsen et al. 1980; Bowman and Minchin 1987).  As such, 

these observations tentatively suggest that these species could be eliminated with a 

fire frequency of one fire in a 14-year period, whereas one fire every 7 years allows 

their persistence.  The reduction of annual Sorghum and H. triticeus has also been 

reported at other sites in northern Australia where fire had been excluded (Hoare et 

al. 1980; Russell-Smith et al. 2003a; Williams PR et al. 2003a; Woinarski et al. 

2004).   In conclusion, this study demonstrates a complex interplay between 

bottom-up environmental factors and top-down processes as correlates of grass 

species composition in tropical savannas. 

****************************** 
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 This chapter demonstrated that long term (14 year) differences in fire 

frequency could account for differences in the abundance of dominant species.  

The time frame for such changes to occur however remains poorly understood.  

The following chapter assesses the strength of fire regime as a determinant of 

grass-layer composition in the short term (three years), plus the relative influence 

of plant available moisture (annual rainfall and top soil moisture) as a driver of 

grass-layer plant composition in this time frame. 



 

Chapter 4 
 
Effect of fire regime on grass-layer 
plant abundance in a savanna 
woodland 
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4.1 INTRODUCTION 

 Disturbance regimes, particularly fire and herbivory, are known to drive 

vegetation structure and composition in savannas, but the time-frame over which 

these changes occur remains poorly understood (Scholes and Archer 1997; House 

et al. 2003; van Langevelde et al. 2003; Sankaran et al. 2005; Furley 2006).  The 

impact of fire regimes on plant composition has importance in savannas given the 

very high fire frequency, which in Australian savannas is typically once every 1-3 

years (Russell-Smith et al. 1997; Edwards et al. 2001).  Whilst plant available 

moisture is considered the strongest determinant of savanna plant species 

composition (Sankaran et al. 2004; Sarmiento et al. 2004; Baruch 2005), different 

fire regimes can result in differences in composition, particularly over the decadal 

scale (Brookman-Amissah et al. 1980; San José and Farinas 1991; Vetaas 1992; 

Enslin et al. 2000; Moreira 2000; Woinarski et al. 2004). 

 Populations of grass-layer plants in savannas are typically resilient to fire 

regimes over the short term (e.g. < 5 years), with abundance fluctuating largely as a 

result of rainfall variability (O’Connor 1985; Bowman et al. 1988; Walker et al. 

1997; Andersen et al. 1998; Williams PR et al. 2003a; Williams RJ et al. 2003b, 

c).  Over the decadal scale though, a reduction in fire frequency can change the 

composition of grass-layer plants.  For example, in sites where fire has been 

excluded for long periods, studies have documented the enhanced recruitment of 

woody saplings into the midstorey, and a concurrent reduction in grass-layer plant 

richness and abundance with the reduction in light and increased litter cover 

(Brookman-Amissah et al. 1980; Bowman and Fensham 1991; San José and 

Farinas 1991; Moreira 2000; Enslin et al. 2000; Woinarski et al. 2004). 
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 In the mesic savannas of northern Australia, two previous manipulative fire 

experiments (‘Munmarlary’, Russell-Smith et al. 2003a and ‘Kapalga’, Williams 

RJ et al. 2003b) documented the effect of experimental fire regime treatments on 

grass-layer plant abundance.  Short term fire regimes of varying frequencies had 

little influence on grass-layer composition (Bowman et al. 1988; Andersen and 

Müller 2000; Russell-Smith et al. 2003a; Williams RJ et al. 2003b).  Similarly, a 

more recent fire experiment at Cape Cleveland in north-eastern Australia 

documented the stability of grass-layer plant populations over four years, plus the 

immediate (first wet season) positive effect of fire on the abundance of legumes 

and grasses (Williams PR et al. 2003a). 

 Over the longer term, fire exclusion in northern Australia has been 

demonstrated to reduce grass-layer plant diversity with woody midstorey 

thickening (Hoare et al. 1980; Fensham 1990; Bowman and Fensham 1991; 

Russell-Smith et al. 2003a; Woinarski et al. 2004).  The population dynamics of 

annual grasses in the genus Sorghum are of particular interest in these fire 

experiments because of their perceived ability to out-compete other native species 

and enhance fire frequency (Miles 2003; Bowman et al. 2007).  Populations of 

annual Sorghum are considered to decrease in response to long term fire exclusion 

and increase with regular dry season burning (Russell-Smith et al. 2002, 2003a; 

Miles 2003; Bowman and Prior 2004; Bowman et al. 2007). 

 The specific mechanisms that cause changes to grass-layer plant abundance 

within different fire regimes have not been examined comprehensively in these 

savannas, but are thought to include the inability of some species to tolerate the 

shading and litter accumulation associated with fire exclusion (Hoare et al. 1980; 

Cook et al. 1998; see Chapter 6).  Chapter 3 demonstrated the strong influence of 

canopy and litter cover on grass species composition at the site.  The influence of 
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these factors is determined by both fire frequency and intensity, because they 

determine the degree of canopy damage and litter consumed (Williams et al. 1998, 

1999).  For annual Sorghum species, previous research indicates that as well as fire, 

soil moisture, site productivity (Andrew 1986b), intra-specific competition (Lane 

1996), granivory (Andrew 1986a) and seed dispersal (Andrew and Mott 1983) can 

also affect species abundance patterns. 

 Whilst grass-layer population dynamics were examined in the two previous 

manipulative fire experiments in the Northern Territory (Munmarlary and 

Kapalga), experiments focused on dominant species only, used derived methods of 

abundance (e.g. percent cover), and tended to sample irregularly over time 

(Bowman et al. 1988; Williams RJ et al. 2003b; Russell-Smith et al. 2003a).  To 

address the knowledge gap of fire effects over the short term, grass-layer plant 

density was sampled annually for three years in the manipulative fire experiment.  

Specifically, the chapter aimed to assess the strength of fire regime as a 

determinant of grass-layer plant composition in the short term (three years), and the 

relative importance of plant available moisture (annual rainfall and top soil 

moisture) during this time frame. 

4.2 METHODS 

4.2.1 Manipulative fire experiment 

The responses of grass-layer plants to fire regimes were examined in a 

manipulative fire experiment.  Six fire regimes were allocated as treatments to 

three compartments each, one per block, according to a randomised complete block 

design.  Fire regimes were representative of current fire management practices in 
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northern Australia, comprising burning in the early and late dry season, at a range 

of frequencies: 

• Annual burning early (June) in the dry season (Annual Early) 

• Burning every two years early in the dry season (Biennial Early) 

• Burning every three years early in the dry season (Single Fire 1) 

• Burning every five years early in the dry season (Single Fire 2) 

• Burning every two years late (October) in the dry season (Biennial Late) 

• No fires (Unburnt) 

All fire regimes were first applied in 2004, with the exception of the 

Biennial Early regime which was first burnt in 2005.  This thesis only considers the 

first three years of the experiment, and so two fire regime treatments were identical 

over this period: burning every three and five years in the early dry season.  These 

regimes are termed Single Fire 1 and Single Fire 2 respectively, with one omitted 

at random before statistical analyses. 

4.2.2 Data collection 

 To assess temporal changes in the abundance of grass-layer plant species, 

annual vegetation surveys were conducted in the late wet season (March-May) 

within compartments of the manipulative fire experiment.  The first survey was 

conducted in early 2004, before the fire regimes were first implemented, then for 

three years thereafter. 

 In each replicate compartment, surveys of the abundance (number of 

individuals) of each grass-layer plant species were undertaken within 18 (2 m2) 

quadrats; nine quadrats were spaced every 10 m along two permanent 80 m 

transects orientated east-west.  To aid the interpretation of floristic responses to 
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fire, tree litter and canopy cover were assessed at these quadrats also.  The percent 

cover of litter was estimated visually (to the nearest 5%), and percent canopy cover 

recorded using the mean of four cardinal points on a forestry densiometer 

immediately outside each quadrat (Lemmon 1957). 

 Sampling in the late wet season occurred within a narrow window of 

opportunity when the ability to detect and identify grass-layer plants was 

maximised, given the presence of mature, flowering individuals.  A slightly later 

sampling period in 2004 made for unreliable identification of many annual species 

(grasses, forbs and sedges), because they had already set seed and begun to cure.  

With the exception of perennial grasses and selected annual grass species, most 

analyses therefore consider the surveys of 2005 to 2007 inclusive. 

 For some other plants (annuals and perennials), identification to species 

level was not possible given the absence of flowering material during the sampling 

period.  Such species were purposefully included as aggregates of two or more 

species with a similar vegetative appearance:  Eriachne agrostidea included 

Eriachne ciliata; Panicum mindanaense included Yakirra nulla and Urochloa 

polyphylla; Eriachne triseta included Aristida holathera and Eriachne burkittii; 

and Eriachne avenacea included Eriachne major. 

 To make generalisations on plant responses, species were categorised and 

analysed according to life form groups: annual or perennial grasses (Poaceae), 

forbs, sedges (Cyperaceae) and legumes (Fabaceae).  Forbs were defined as non-

leguminous herbaceous plants not in other life form groups, and generally 

conformed to the ‘low ground cover (up to 0.5 m)’ category of Brennan (1996).  

Ferns and large perennial forbs in the grass-layer (e.g. Hyptis suaveolens (L.) Poit. 
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and Waltheria indica L.), which were relatively uncommon, were not the focus of 

this study and were not surveyed. 

4.2.3 Statistical analyses 

 Measured and derived variables comprised litter and canopy cover, species 

richness (2 m2 scale), the total density of grass-layer plants (all life form groups 

combined), the density of each life form group, and the density of each of the 10 

most abundant species.  Variables were analysed with a repeated measures 

ANOVA in Statistica 5 (Statsoft. Inc. 1995) with the following factors: fire regime 

(fixed factor), block (random factor), transect (random factor) and year (repeated 

measure, fixed factor), with transect nested in fire regime and block.  All variables 

(except litter and canopy cover) were log10 (x+1)-transformed to satisfy the 

ANOVA assumptions of variance homogeneity or normality.  Post hoc tests were 

not applied as the assumption of independence is violated with repeated measures 

data (Quinn and Keogh 2002).  For species where repeated measures ANOVA 

assumptions were not met (principally normality, as a result of positively skewed 

distributions with zero counts), mean values were compared between fire regime 

treatments in each applicable survey year using a non-parametric Kruskal-Wallis 

Ranks test. 

 Species composition was analysed with ordination in Primer 6 (Clarke and 

Gorley 2001).  Abundance data were averaged to the compartment level, log10 

(x+1)-transformed, then a resemblance matrix constructed using the Bray-Curtis 

measure of similarity.  One-way ANOSIM (analysis of similarity) was used to 

compare grass-layer composition between fire regime treatments in each survey 

year (2005-2007 inclusive).  A BEST analysis determined which of six 

environmental variables were most highly correlated with grass-layer composition 
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in 2007, using the BIOENV algorithm and Spearman correlation.  The 

environmental variables comprised some of those reported in Chapter 3 (litter 

cover, canopy cover, percent gravel at 0-5 cm, depth to the massive lateritic 

horizon, and soil moisture at 15-20 cm depth in January), although with data from 

2007 where applicable (refer to Chapter 3 for methodology), as well as time-since-

fire in months (all data normalised prior to analysis).  The number of variables 

included as correlates of plant species composition was limited to three, to be 

useful in explaining grass distribution patterns, yet without making interpretations 

difficult. 

4.3 RESULTS 

4.3.1 Litter and canopy cover 

 Similar levels of litter accumulation occurred in the Annual Early, Single 

Fire and Unburnt regimes, demonstrating that the low fire intensities had little 

effect on litter cover (Fig. 4.1a).  By contrast, the higher intensity fire in the 

Biennial Early regime in 2006, and late dry season fires in the Biennial Late 

regime, reduced litter cover (Fig. 4.1a).  There was a significant difference in litter 

cover between regimes in 2005 and 2007, after some of the higher intensity fires 

(Table 4.1). 

 Canopy cover remained relatively constant during the study period in the 

Unburnt regime and in regimes with low-intensity or infrequent fires (i.e. Annual 

Early and Single Fire regimes, Fig. 4.1b).  In contrast, canopy cover decreased (by 

approximately 15%) in the first year after the moderate-intensity Biennial Early 

fire, and decreased (by approximately 10%) in response to the second fire of the 

Biennial Late regime, the most intense fire of the experiment.  The reduction in  
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Fig. 4.1.  Mean (+ 1 SE) values of a) litter cover and b) canopy cover, and the 

mean (+ 1 SE) density of c) perennial grasses, d) legumes, e) Crotalaria brevis and 

f) Sorghum intrans during the four years (2004-2007) of the manipulative fire 

experiment.  Perennial grasses, legumes and Crotalaria brevis showed significant 

year by regime interactions (see Table 4.1), whereas Sorghum intrans is shown for 

illustrative purposes only.  Late sampling in 2004 precluded the inclusion of 

legumes (and other annual plants) in that survey.  Arrows and associated numbers 

indicate the timing of fires for each treatment and their intensity, and n/a indicates 

that fire intensity was not assessed (kW m-1 ± 1 SE; RJ Williams, unpublished data; 

see Table 2.2). 

Continued over page. 
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Fig. 4.1  Continued 
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Fig. 4.1.  Continued. 
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Fig. 4.1.  Continued. 
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Table 4.1.  Summary for the statistical analysis of litter and canopy cover, grass-layer species richness, total density, the density of individual life form 

groups, and the density of each of the 10 most common grass-layer plant species (by frequency of occurrence) in the manipulative fire experiment.  

Statistically significant test statistics are indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001), and those for a fire regime by year interaction (or 

effect of fire regime for litter and canopy cover, assessed non-parametrically) shown in bold along with the variable name. 

 Year Source of variation and test statistic 
  Fire regime (F) Block (B) Year (Y) F×B F×Y B×Y F×B×Y 
LITTER COVER † 
 

2004 
2005 
2006 
2007 

H(4, n=30)= 3.52 
H(4, n=30)= 15.25** 
H(4, n=30)= 8.81 
H(4, n=30)= 17.34** 
 

      

CANOPY COVER† 
 

2004 
2005 
2006 
2007 

H(4, n=30)= 1.47 
H(4, n=30)= 5.69 
H(4, n=30)= 4.85 
H(4, n=30)= 10.92* 
 

      

SPECIES RICHNESS (2 m2) 
 

- F(4, 8)=2.4 F(2, 15)=74.0*** F(2, 4)=4.0 F(8, 15)=5.9** F(8, 16)=2.1 F(4, 30)=7.9*** F(16, 30)=3.0** 

GRASS-LAYER (TOTAL) 
 

- F(4, 8)=2.0 F(2, 15)=18.1*** F(2, 4)=16.1* F(8, 15)=1.9 F(8, 16)=1.2 F(4, 30)=4.0* F(16, 30)=2.2* 

ANNUAL GRASSES - F(4, 8)=0.9 F(2, 15)=28.3*** F(2, 4)=27.9** F(8, 15)=4.1** F(8, 16)=1.8 F(4, 30)=6.4*** F(16, 30)=3.6** 

Continued over page. 
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Table 4.1.  Continued. 

 Year Source of variation and test statistic 
  Fire regime (F) Block (B) Year (Y) F×B F×Y B×Y F×B×Y 
Panicum mindanaense†‡ 2004 

2005 
2006 
2007 

H(4, n=30)=1.4 
H(4, n=30)=2.1 
H(4, n=30)=3.0 
H(4, n=30)=4.2 

      

Thaumastochloa major† 2005 
2006 
2007 

H(4, n=30)=4.3 
H(4, n=30)=4.1 
H(4, n=30)=4.9 

      

Pseudopogonatherum 
contortum†‡ 

 
 

2004 
2005 
2006 
2007 

H(4, n=30)=3.5 
H(4, n=30)=4.2 
H(4, n=30)=3.1 
H(4, n=30)=3.3 

      

         
PERENNIAL GRASSES‡ - F(4, 8)=2.2 F(2, 15)=77.9*** F(3, 6)=4.1 F(8, 15)=4.4** F(12, 24)=2.2* F(6, 45)=3.2* F(24, 45)=1.5 

Eriachne triseta‡ - F(4, 8)=5.8* F(2, 15)=107.6*** F(3, 6)=7.1* F(8, 15)=3.1* F(12, 24)=1.6 F(6, 45)=3.1* F(24, 45)=1.8* 
Chrysopogon latifolius†‡ 
 

2004 
2005 
2006 
2007 

H(4, n=30)=1.7 
H(4, n=30)=5.1 
H(4, n=30)=1.5 
H(4, n=30)=4.2 
 

      

FORBS - F(4, 8)=2.3 F(2, 15)=27.8*** F(2, 4)=1.1 F(8, 15)=2.5 F(8, 16)=2.2 F(4, 30)=2.6 F(16, 30)=0.7 

Continued over page. 
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Table 4.1.  Continued. 

 
†Kruskal-Wallis Ranks tests examined values between fire regimes in each year of the study.  ‡Data examined annual surveys between 2004 and 2007 inclusive; all 
other variables examined data between 2005 and 2007 inclusive given that late sampling in 2004 precluded the sampling of some life form groups.  All variables 
(except litter and canopy cover) log10 (x+1)-transformed before analysis. 
 

 Year Source of variation and test statistic 
  Fire regime (F) Block (B) Year (Y) F×B F×Y B×Y F×B×Y 
Spermacoce breviflora  - F(4, 8)=0.4 F(2, 15)=104.1*** F(2, 4)=5.1 F(8, 15)=8.6*** F(8, 16)=1.0 F(4, 30)=3.2* F(16, 30)=1.8 
Blumea spp. 
 

- F(4, 8)=0.1 F(2, 15)=25.7*** F(2, 4)=0.3 F(8, 15)=3.0* F(8, 16)=2.0 F(4, 30)=4.6** F(16, 30)=1.7 

SEDGES - F(4, 8)=1.7 F(2, 15)=18.3*** F(2, 4)=5.7 F(8, 15)=1.9 F(8, 16)=0.9 F(4, 30)=2.6 F(16, 30)=2.4* 
Scleria sp. 
 

- F(4, 8)=1.3 F(2, 15)=2.5 F(2, 4)=0.6 F(8, 15)=6.1** F(8, 16)=0.7 F(4, 30)=3.7* F(16, 30)=4.1*** 

LEGUMES - F(4, 8)=3.7 F(2, 15)=34.9*** F(2, 4)=8.0* F(8, 15)=4.1** F(8, 16)=3.9** F(4, 30)=4.8** F(16, 30)=3.7** 
Desmodium pullenii  - F(4, 8)=2.6 F(2, 15)=29.1*** F(2, 4)=16.8* F(8, 15)=3.6* F(8, 16)=2.3 F(4, 30)=1.0 F(16, 30)=3.0** 
Crotalaria brevis - F(4, 8)=7.3* F(2, 15)=6.6* F(2, 4)=4.3 F(8, 15)=0.5 F(8, 16)=2.9* F(4, 30)=0.6 F(16, 30)=1.0 
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canopy cover evident after the second fire of the Biennial Late regime contributed 

to a significant difference in canopy cover between regimes in 2007 (Table 4.1). 

4.3.2 Floristic diversity 

 In total, 116 grass-layer plant species were identified during the annual 

surveys, at a mean density of 70 grass-layer plants m-2 (range: 0-1802 m-2).  A 

species list of grass-layer plants at the TWP is presented in Appendix 2.  Annual 

grasses and forbs (most of the latter were also annuals) dominated the grass-layer 

with approximately one third of the number of individuals each, whereas sedges, 

perennial grasses and legumes together comprised the remaining one-third (Fig. 

4.2a).  The annual grass Pseudopogonatherum contortum was the most common 

species in terms of density (Table 4.2), although the perennial grass Eriachne 

triseta was the most widely distributed of the 10 most-dense species (Table 4.2).  

The 10 most common species (in terms of density) accounted for 59.9% of the total 

grass-layer density, in a range of families and life form groups (Table 4.2). 

 Forbs dominated the species richness of the site with approximately half of 

the total number of species (56 spp.; Fig. 4.2b), although many of these species 

were uncommon.  The remaining life form groups contained between 11 and 18 

species each (Fig. 4.2b).  Poaceae, Fabaceae and Cyperaceae were the most 

species-rich families in order of decreasing richness, and Eriachne (Poaceae) was 

the most species rich genus with seven species. 

 Six exotic species were present: the perennial grass Andropogon gayanus, 

the annual grass Pennisetum pedicellatum, and the forbs Hyptis spicagera, 

Scoparia dulcis L., Euphorbia hirta L. and Mitracarpus hirtus (L.) DC.  Exotic  
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Fig. 4.2.  Proportion of life form groups according to a) density and b) total species 

richness, determined from annual vegetation surveys between 2005 and 2007 in the 

manipulative fire experiment.  Data considers sampling undertaken for annual 

vegetation surveys in all 18 compartments. 

 

Annual 
grasses
(36.9%)

Forbs
(28.9%)

Sedges
(14.9%)

Perennial 
grasses
(13.4%)

Legumes
(5.9%)

a) Plant abundance

Annual 
grasses
(17 spp.)

Forbs
(56 spp.)

Sedges
(11 spp.)

Perennial 
grasses
(18 spp.)

Legumes
(14 spp.)

b)  Species richness



72 | C h a p t e r  4 :  E f f e c t  o f  f i r e  r e g i m e 

Table 4.2.  The 10 most common grass-layer species at the Territory Wildlife Park site (in terms of density), with details of family, life form group, 

mean density, percent contribution to the total grass-layer density, and frequency of occurrence.  Data considers sampling undertaken for annual 

vegetation surveys in all 18 compartments between 2005 and 2007 inclusive. 

 
Species Family Life form group Density- 

individuals m-2 
(1 SE) 

Percent 
contribution to 
density 

Frequency of occurrence  
(% of quadrats where 
present) 

Pseudopogonatherum contortum Poaceae Annual grass 11.7 (1.1) 14.6 30.5 
Fimbristylis sp. Charles Darwin (J.L.Egan 5300) 
(J.L. Egan  

Cyperaceae Sedge 7.0 (0.7) 8.7 28.0 
Eriachne triseta† Poaceae Perennial grass 6.1 (0.3) 7.6 73.9 
Hyptis spicagera* Lamiaceae Forb 5.3 (1.0) 6.6 12.1 
Spermacoce breviflora Rubiaceae Forb 5.2 (0.3) 6.5 62.8 
Panicum mindanaense† Poaceae Annual grass 3.4 (0.2) 4.2 55.6 
Thaumastochloa major Poaceae Annual grass 2.8 (0.2) 3.5 33.5 
Eriachne agrostidea Poaceae Annual grass 2.6 (0.4) 3.2 15.5 
Desmodium pullenii Fabaceae Legume 2.2 (0.2) 2.7 41.9 
Blumea spp. Asteraceae Forb 1.9 (0.1) 2.4 53.5 
 
†Aggregated species: Eriachne triseta included Eriachne burkittii; Panicum mindanaense included Yakirra nulla and Urochloa polyphylla.  *Exotic species. 
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plants comprised 8% of the total grass-layer density, with most (83%) of these 

individuals H. spicagera. 

4.3.3 Species richness and abundance  

 The density of Eriachne triseta and Crotalaria brevis Domin showed a 

significant effect of fire regime overall, despite the random assignment of 

treatments to compartments (Table 4.1).  For example, the density of E. triseta was 

highest in the Unburnt regime in each year of the study, including in 2004 before 

fire regime treatments were first implemented.  All but one life form group or 

common species (Scleria sp.) showed a significant effect of block overall (Table 

4.1), reflecting the inherent spatial variability in species composition (Chapter 3). 

 The total density of grass-layer plants, density of annual grasses, legumes, 

E. triseta and Desmodium pullenii Pedley, all showed a significant effect of year 

overall (Table 4.1), with density increasing over time.  The mean density of all life 

form groups, except sedges, progressively increased in each year of the experiment 

(Table 4.3).  For the majority of variables that showed a significant effect of year 

overall (total grass-layer, annual grasses, E. triseta, D. pullenii), a significant year 

by regime interaction was not evident (Table 4.1), indicating that the increases in 

density occurred in spite of the different fire regime treatments applied.  The 

increase in density during the experiment occurred at the same time as an increase 

in the total rainfall and number of rain days during the wet season (November to 

February inclusive) prior to sampling (from 2005 onwards; Table 4.3).  The 

increase in grass-layer plant density also occurred at the time of a decrease in the 

total rainfall and number of rain days in the late dry season (August to October 

inclusive) prior to sampling. 
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Table 4.3.  Mean density of the total grass-layer and each life form group during the manipulative fire experiment, and rainfall and the number of rain 

days for the late dry season (August to October inclusive) and wet season (November to February inclusive) periods prior to vegetation surveys each 

year. 

  2004 2005 2006 2007 
PLANT DENSITY  
Individuals m-2 (1 SE) 

Grass-layer (total)† n/a 60.1 (7.0) 62.2 (7.0) 86.7 (11.7) 
Annual grasses† n/a 16.0 (3.0) 23.8 (4.7) 38.3 (6.0) 
Perennial grasses‡ 7.0 (0.6) 7.7 (0.6) 9.1 (0.8) 11.3 (1.1) 
Forbs n/a 17.6 (2.9) 18.5 (3.0) 24.1 (7.0) 
Sedges n/a 15.8 (2.8) 6.8 (1.4) 8.5 (1.9) 

 Legumes‡ n/a 3.0 (0.5) 3.9 (0.7) 5.4 (0.7) 
      
RAINFALL  
mm (rain days) 

Late dry season prior§ 64 (7) 101 (6) 33 (5) 2 (1) 
Wet season prior# 1050 (80) 581 (62) 789 (67) 1115 (78) 

 
†Significant (P < 0.05) effect of year overall.  ‡Significant (P < 0.05) year by regime interaction (see Table 4.1).  §Rainfall collected at the TWP ‘Main Station’ by 
TWP staff (Liz Smith and David Pearson).  #Rainfall at the TWP was not consistently recorded in one wet season (2007) and so data presented are from Middle Point 
AWS 36 km to the north-east of the TWP (Bureau of Meteorology, unpublished data).  Where rainfall amounts are available for the TWP, they are broadly consistent 
with the amounts recorded at Middle Point.  Mean rainfall at Middle Point AWS (for the period 1957-2004) is 71 mm on 9 rain days in the late dry season period, and 
965 mm on 72 rain days for the wet season period (Bureau of Meteorology, unpublished data).   
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 Perennial grasses, legumes and C. brevis did however show a significant 

year by regime interaction, with changes in density over time determined by the 

fire regime treatments imposed (Table 4.1).  The density of perennial grasses 

increased gradually in the Unburnt regime, doubling in density within three years, 

and also within the Single Fire regime, burnt early in the experiment but protected 

from fire thereafter (Fig. 4.1c).  Whilst the density of perennial grasses did not 

decrease over time with burning, fire tended to restrict the population increases 

evident with fire exclusion, at least in the first 1-3 years after they experienced fire.  

The significant year by regime interaction of legumes (and C. brevis specifically) 

was the result of their considerable increase in density in the first year after fire, 

particularly after the moderate-intensity fires of the Biennial Early and Biennial 

Late regimes (Fig. 4.1d and e).  The post-fire response was smaller after lower-

intensity fires of the Annual Early regime, and no increases were evident in the 

Unburnt regime.  Indeed, density tended to decrease after the initial post-fire 

increases (e.g. Fig. 4.1d, Biennial Early, 2006-2007). 

 The density of the annual grass Sorghum intrans and perennial grass 

Heteropogon triticeus was very low (0.046 and 0.001 individuals m-2 respectively) 

before burning commenced, and remained so three years after the application of 

fire regime treatments.  However, a notable increase in S. intrans abundance was 

evident towards the end of the experiment (and in 2008), which was apparently 

unrelated to fire (Fig. 4.1f). 

4.3.4 Species composition 

 In each year of the experiment (2005-2007), grass-layer species 

composition was not significantly different between fire regime treatments (R = -
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0.225, -0.173 and -0.119 for 2005, 2006 and 2007 respectively; Fig. 4.3).  In 2007, 

after three years of fire regime treatments, the species composition of grass-layer 

plants was best correlated with canopy cover, depth to laterite and soil moisture 

(correlation coefficient = 0.508), and not time-since-fire. 

4.4 DISCUSSION 

 The minor overall effect of fire on grass-layer species composition in the 

short term is consistent with previous fire experiments in northern Australia 

(Tracey 1968; Hoare et al. 1980; Bowman et al. 1988; Andersen and Müller 2000; 

Russell-Smith et al. 2003a; Williams PR et al. 2003a, Williams RJ et al. 2003c) 

and Africa (O’Connor 1985; Belsky 1992).  The strong influence of edaphic 

characteristics (e.g. soil moisture) and vegetation structure (e.g. canopy cover) 

remained evident (Chapter 3).  Whilst fire can modify canopy and litter cover, it 

had little influence on these biophysical variables during the study, even after three 

years.  After the higher intensity fires, the reduction in canopy cover was small (< 

15%, Fig. 4.1b).  Litter cover was reduced immediately after fire, although 

accumulation during the dry season was rapid (see Fig. 6.1), and progressively 

increased with subsequent years without fire (Fig. 4.1a).  Any effect of a reduction 

in litter cover, on rates of germination and establishment (see Chapter 6), was 

eliminated quickly over time. 

 The increase in perennial grass density in compartments remaining unburnt 

for several years appears to reflect ecological processes relating to juvenile life 

stages (e.g. seedling recruitment).  Chapter 7 documents a similar level of 

survivorship in adult tussocks between different fire regime treatments.  Enhanced 

seedling recruitment in unburnt areas could have resulted from an increase in seed 

production or seed viability, or lower rates of seed or seedling mortality in those  
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Fig. 4.3.  Non-metric multidimensional scaling ordination plot of grass-layer 

species composition inside compartments of the manipulative fire experiment in 

March 2007, after three years of fire regime treatments.  Data points represent 

compartments, where there are three compartments for each of five fire regimes: 

Annual Early,▲; Biennial Early ♦; Single Fire, ●; Biennial Late,+; Unburnt, □.  

Data log10 (x+1)-transformed before analysis. 
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compartments (Fig. 1.1).  The marked increase in legume density after fire (Fig. 

4.1d) was probably a direct result of elevated temperatures breaking physical seed 

dormancy (Auld and O’Connell 1991; Morrison et al. 1998; Bell and Williams 

1998).  The following chapter shows that soil seed bank samples heated in the 

laboratory, to temperatures mimicking soil temperatures during fire, increased the 

density of germinable legume seeds in the soil sixfold.  In a north-eastern 

Australian savanna, the response of the soil seed bank was similar (Williams et al. 

2005a).  Legume seeds in the soil seed bank experienced temperatures during fire 

that were known from laboratory experiments to break physical seed dormancy 

(Williams PR et al. 2003b, 2004).  Whilst perennial grasses and legumes showed 

significant year by regime interactions (Table 4.1), these life form groups were 

only minor components of the vegetation (Fig. 4.2) and so did not significantly 

influence overall composition by the end of the experiment in 2007. 

 The lack of change in Sorghum intrans density after fire in the current 

study contrasts with others linking frequent burning with increases in annual 

Sorghum abundance (Miles 2003; Russell-Smith et al. 2002, 2003a; Bowman et al. 

2004, 2007).  Whilst the removal of litter and grass-layer cover should have created 

conditions suitable for the establishment of annual grasses (Lane 1996; Cook et al. 

1998), population abundance appeared restricted by poor seed dispersal from 

neighbouring source populations outside the site (Andrew and Mott 1983).  The 

immediate (1 year) post-fire increase in the abundance of Sorghum ecarinatum 

Lazarides on the Arnhem Plateau was probably a result of its occurrence in over 

half of the quadrats already, before the fire (Russell-Smith et al. 2002).  

Alternatively, the lack of increase with burning may simply reflect the short 

observation period; the Kapalga fire experiment similarly showed no increase in 
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the abundance of annual Sorghum with different fire regime treatments, in a similar 

time period to this study (Williams RJ et al. 2003b). 

 Changes in the density of grass-layer plants at the TWP was strongly 

related to changes in annual rainfall, as was demonstrated previously with grass 

cover at Kapalga (Williams RJ et al. 2003b).  Norman (1969) reported a change in 

the dominance of perennial grasses in response to above-average rainfall near 

Katherine, and establishment of perennial grasses was contingent on rainfall during 

the previous year in Argentina (Bisigato and Bertiller 2004).  Furthermore, 

frequent and severe droughts are often the cause of major mortality events in 

African savannas (O’Connor 1991; Scholes and Walker 1993; O’Connor and 

Everson 1998; Scanlon et al. 2005).  While three years are too few for a definitive 

correlation between rainfall amounts and grass-layer plant density, mechanisms 

exist that could explain the relationship.  Seedlings of grass-layer plants are 

vulnerable to desiccation, so mortality would be exacerbated in drier wet seasons 

with prolonged periods of low rainfall intensity or frequency (Andrew and Mott 

1983; Taylor and Tulloch 1985; O’Connor 1994, 1996; Veenendaal et al. 1996; 

Crowley and Garnett 1999).  A later start to the wet season, as occurred in 2006-

2007, could conversely enhance seedling survival by allowing most seed 

germination to occur closer to the mid-wet season period of reliable rainfall, 

thereby minimising post-germination mortality (Andrew and Mott 1983; Taylor 

and Tulloch 1985; Veenendaal et al. 1996; Crowley and Garnett 1999). 

 As was evident at Munmarlary (Bowman et al. 1988), most of the floristic 

variables at the TWP showed a significant effect of block.  The effect of block at 

the TWP corroborated the importance of edaphic characteristics and woody 

vegetation structure, particularly soil moisture, in driving patterns of grass-layer 

species composition at the site (Chapter 3).  Indeed, soil moisture was selected as 
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an important correlate of grass-layer species composition both before (Chapter 3) 

and after (this chapter) fire was re-introduced to the site.  Thus, the results of 

Chapters 3 and 4 support the notion that fire regimes are more a consequence of 

edaphically determined floristic patterns than vice versa (Bowman et al. 1988; 

Bowman et al. 1990; Bowman 1991; Fensham and Kirkpatrick 1992; Bowman et 

al. 1993; Wilson and Bowman 1994).  However, for pyrophilous species like 

Sorghum intrans and Heteropogon triticeus, the alternative, that fire regimes drive 

composition patterns, is equally valid. 

****************************** 

 The resilience of the grass-layer to fire regimes over the short term can be 

interpreted through their impact (or lack thereof) on life cycle processes.  The 

following three chapters examine some of these processes as mechanisms of 

population change, beginning with an examination of soil seed bank dynamics. 

 



 

Chapter 5 
 
Soil seed bank dynamics of grass-
layer plants in an Australian tropical 
savanna 
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5.1 INTRODUCTION 

 Providing seeds are non-dormant and conditions for germination are met, 

soil-stored seeds germinate to become the next generation of plants, and thus have 

great importance for vegetation dynamics (Harper 1977; Thompson and Grime 

1979; Leck et al. 1989; Fenner and Thompson 2005).  This is particularly so for 

tropical savannas, typified by highly seasonal rainfall (Nix 1983).  The seed bank is 

an important means of persistence for grass-layer plants during the winter dry 

season, and is therefore also a source of regeneration in the subsequent wet season 

(Williams RJ et al. 2003a; Williams et al. 2005a). 

Seed bank composition is determined primarily by seed rain from extant 

plants directly above, and so above- and below-ground composition are often very 

similar (Thompson 1987; Fenner and Thompson 2005; Hopfensperger 2007).  

However, significant dissimilarity between the composition of seed bank and 

extant vegetation has been noted in a variety of ecosystems, including savannas 

(Vlahos and Bell 1986; Looney and Gibson 1995; Morgan 1998; Solomon et al. 

2006).  The differential importance of seed banks to annual and perennial life-

forms (and fire ephemerals) can contribute to this.  Such dissimilarity could also be 

influenced by seed dispersal from outside the community, where species are 

detected within the seed bank but not in the extant vegetation (Thompson and 

Grime 1979).  Finally, such dissimilarity can be caused by species differences in 

the longevity of seeds in the seed bank, determined by temporal patterns in seed 

dormancy and germination (Baskin and Baskin 1998).  The seeds of most grass-

layer plants in tropical savannas are dormant following seed fall in the late wet 

season, but overcome this dormancy during the late dry season when soil 

temperatures increase (Mott 1978; Andrew and Mott 1983; O’Connor and Everson 
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1998; McIvor and Howden 2000).  Despite a loss of dormancy during the dry 

season, germination is usually prevented by a lack of soil moisture.  Then, in 

response to the first rainfall events of the wet season, seeds germinate in a series of 

cohorts until no viable seeds remain in the soil (Andrew and Mott 1983; 

Veenendaal et al. 1996; Williams et al. 2005b); long term seed dormancy and 

persistent seed banks are uncommon (Gardener et al. 2001; O’Connor and Everson 

1998).  There are notable exceptions to this pattern.  For example, seeds of 

Alloteropsis semialata (Crowley and Garnett 2001) and Cynodon dactylon (L.) 

Pers. (Veenendaal and Ernst 1991) are not dormant at seed fall, and are therefore 

not maintained in a dry season seed bank. 

 Exposure to heat during fire can break the dormancy of grasses (Clarke and 

French 2005) and hard-seeded species (e.g. legumes), for the latter by fracturing 

the outer impermeable palisade cell layer (Morrison et al. 1992; Bell and Williams 

1998).  Williams PR et al. (2003b) demonstrated the promotive effect of heat 

(85°C for either 5 or 45 min) on the germination of five native legumes from a 

savanna in north-eastern Australia.  Although the underlying mechanism remains 

unclear, the promoting effect of smoke on seed germination has been demonstrated 

in a range of species, including tropical grasses (Baxter et al. 1994; Campbell et al. 

1996; Davidson and Adkins 1997; Read and Bellairs 1999; Williams PR et al. 

2003b; Clarke and French 2005). 

 The vertical distribution of seeds in the soil profile is critical to the 

response of soil-stored seeds to fire, given that soil temperatures decrease rapidly 

with depth (Bradstock and Auld 1995; Tozer 1998; Williams et al. 2004).  For 

seeds to respond positively to soil heating, they must be located in the soil profile 

where dormancy can be overcome but without causing mortality, and at a depth 

suitable for emergence (Tozer 1998; Laterra et al. 2006).  In the savannas of 
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northern Australia, late dry season fires are usually more intense than early dry 

season fires as a result of both drier fuels and more severe fire weather conditions 

(Williams et al. 1998).  As such, higher intensity fires in the late dry season extend 

elevated soil temperatures deeper into the soil profile and can break the dormancy 

of more hard-seeded species, depending on their depth (Williams et al. 2004).  

Different fire regimes may therefore cause differences in the composition of extant 

vegetation by altering seed bank dynamics.  For example, the abundance of forbs 

and grasses in the standing vegetation in an Australian savanna was significantly 

higher in the first wet season after fire, especially after late dry season fire 

(Williams PR et al. 2003a).  This was directly related to the promotive effect of 

fire-related cues on the germination of the seed bank (Williams PR et al. 2003b, 

2004, 2005a). 

 Previous studies of seed bank dynamics in the savannas of northern 

Australian have focused on the north-east of the continent, in Queensland (McIvor 

1987; McIvor and Gardner 1994; Williams PR et al. 2003b, 2004, 2005a), or on 

the Gove Peninsula in the Northern Territory (McNicoll 2004).  The species 

composition of these savannas is considerably different to savannas elsewhere in 

northern Australia, and so the ecological responses reported previously may not be 

representative of other regions.  This study examined seed bank dynamics at the 

TWP, in the north-west of the Northern Territory.  With a focus on grass-layer 

plants, the dominant component of savanna seed banks, the chapter specifically 

aimed to: 

• Document the spatial distribution of seed bank composition at the community 

scale, and compare its congruence with the composition of extant vegetation 

(as determined in Chapter 4), 
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• Compare seasonal differences in seed bank composition between the early and 

late dry season, to examine seed dormancy release, and 

• Examine the effect of laboratory-applied heat and smoke on seed bank 

composition.  To determine whether these fire-related cues have the same 

effect as fire, the composition of the seed bank was also compared before and 

after experimental fires at the site in the early and late dry season. 

5.2 METHODS 

5.2.1 Soil seed bank sampling: an overview 

 Soil was taken from 12 compartments within the manipulative fire 

experiment, to examine the species richness and density of seeds of grass-layer 

plants in the germinable seed bank.  Woody plants were not of interest in this study 

as they contribute only a minor proportion of the germinable seed density in 

northern Australian savanna seed banks (McNicoll 2004; Williams et al. 2005a).  

Sampling took place in 2006 within each of the three compartments of four 

experimental fire regime treatments (see Chapter 2.2).  Two of the selected regimes 

remained unburnt during the study year (Biennial Early, Unburnt), one was burnt in 

the early dry season (Annual Early), and one burnt in the late dry season (Biennial 

Late).  Samples were collected in June and October at the time of burning 

(including unburnt regimes).  For regimes that experienced fire in the month of 

collection, sampling was undertaken both before and <1 week after fire.  From 

each compartment, 30 soil samples were collected using a circular core (9 cm 

diameter, 5 cm depth) in each of three replicate patches of approximately 400 m2.  

Samples were sieved in the laboratory to remove rocks and litter (10 mm apertures) 

and a 1500 g sub-sample was obtained from each replicate and transferred to black 

plastic seed raising trays (35 × 25 × 10 cm) filled with a 5 cm layer of 50-50% 
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sand-coco peat potting media.  Trays were placed randomly within three shade 

houses in Darwin (12º 22′ 14.37″ S, 130º 51′ 53.53″ E), and watered three times 

daily by an overhead mist sprinkler system. 

 Seedlings of grass-layer plants emerging from the soil samples were 

counted and removed periodically as a measure of the number of germinable seeds 

in the soil.  To isolate the effect of season of collection, specific analyses only 

consider the emergence of seedlings during the first three months after collection.  

Summary floristic data however (Chapter 5.3.1) considers seedling emergence 

monitored until the mid wet season (January 2007).  To make generalisations on 

plant responses, species were categorised and analysed according to life form 

groups: annual or perennial grasses (Poaceae), forbs, sedges (Cyperaceae) and 

legumes (Fabaceae).  Control trays with potting media only were used to determine 

weed species in the media or generating from within the shade house. 

5.2.2 Spatial variation and congruence with extant vegetation 

 To document the spatial variation of seed bank composition at the site, and 

its congruence with the composition of extant vegetation, late dry season (October 

2006) seed bank samples from compartments remaining unburnt during the year 

(Unburnt, Biennial Early), and the composition of above ground vegetation from 

corresponding compartments, were examined using ordination (Clarke and Gorley 

2001).  Extant vegetation was sampled using 18 × 2 m2 quadrats within each 

compartment, and counting the density of each grass-layer plant species in March 

2006 (see Chapter 4.2.2 for a full description of methodology).  Species abundance 

data were averaged to the compartment-level, square root-transformed, and a 

resemblance matrix was constructed in Primer 6 using the Bray Curtis measure of 

similarity.  One-way ANOSIM (analysis of similarity) was used to determine 
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whether species composition differed significantly between the seed bank and 

extant vegetation.  The relationship between the mean abundance of each species in 

the seed bank and extant vegetation was compared using a non-parametric 

Spearman rank R correlation in Statistica 7.1 (n = 73 species; Statsoft. Inc. 2006).  

A non-parametric correlation was used given non-normal data (Quinn and Keogh 

2002). 

5.2.3 Seasonal variation 

 To compare seasonal variation in the composition of the seed bank, 

composition was compared between collections made in the early (June) and late 

(October) dry season, using data from pre-fire samples only, in three of the fire 

regime treatments (Biennial Early, Biennial Late, Unburnt).  The Annual Early 

regime was omitted from this analysis, as the late dry season sample was 

confounded with a post-fire response after being burnt in June.  The species 

richness and total density of the germinable seed bank, the density of germinable 

seeds in all life form groups, and the density of germinable seeds for species 

comprising > 3% of the total density, was compared between seasons in Statistica 

7.1.  Means were compared with a parametric t-test, or a non-parametric Mann-

Whitney U-test if the ANOVA assumptions of normality or variance homogeneity 

were not adequately met (even with transformation). 

 To aid the interpretation of seasonal differences in seed bank composition, 

seeds of four annual grasses (Pseudopogonatherum contortum, Sorghum intrans, 

Eriachne ciliata, Mnesithea formosa), five perennial grasses (Eriachne triseta , 

Chrysopogon latifolius, Eriachne avenacea, Alloteropsis semialata, Triodia 

bitextura), and four legumes (Crotalaria medicaginea Lam., Zornia sp., 

Desmodium pullenii, Crotalaria brevis) common at the site were assessed for 
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germinability in the laboratory, in the early (June-July) and late (November-

December) dry season.  Mature seeds were collected from the TWP or elsewhere in 

the Berry Springs region in the wet season, and tested in the following dry season 

(Table 5.1).  Three replicates of 20 or 50 seeds, depending on availability, were 

placed in 9 cm diameter plastic petri dishes lined with one piece of filter paper, 

within a 30ºC constant temperature cabinet with a 12 hr diurnal light regime.  

Dishes were sprayed periodically with a fungicide-distilled water solution (0.7 g L-

1 of Benlate) to keep seeds moist and to prevent fungal infection.  Seeds which had 

germinated (defined by the emergence of the radicle) were counted and removed 

periodically for five to eight weeks.  Total percent germination for each species 

was analysed between seasons with a one-way ANOVA in Statistica 7.1. 

5.2.4 Effect of laboratory-applied heat and smoke 

 The effect of laboratory-applied heat and smoke treatments on the 

composition of the seed bank was examined from soil collected within the Unburnt 

regime, which was subsequently subjected to these treatments.  A 1500 g sample 

taken from the soil collected at each replicate patch was used as a control 

treatment, while a further two subsamples were extracted from each replicate at the 

same time, placed in separate aluminium dishes (approximately 30 × 20 × 5 cm), 

and either heated or exposed to ambient smoke.  The heat treatment aimed to 

simulate prolonged heating of the sub-soil (e.g. between the surface and 1 cm 

depth, where most seeds are located) during fire.  In three batches, heated samples 

were randomly placed in a laboratory oven (Clayson OM1000T; 0-200°C range) 

pre-heated to 80ºC.  After heating for an initial 20 minutes, samples were quickly 

stirred (to ensure even heating) and left in the oven for a further 25 minutes (45 

minutes total).  To determine the temperature of the samples during treatment, the 
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Table 5.1.  Seed collection information for six annual grasses, seven perennial grasses (Poaceae) and four legumes (Fabaceae), examined in Chapter 5 

for differences in germinability between the early and late dry season (seasonal variation), and differences in germinability following laboratory-applied 

heat and smoke treatments. 

Life-form Species Experiment: seasonal variation  Experiment: effect of heat and smoke 
 

Location 
Year 
tested 

Age 
(months) 

Storage 
conditions† Location 

Year 
tested 

Age 
(months) 

Storage 
conditions† 

ANNUAL 
GRASSES 

Eriachne agrostidea - - - 21°C TWP 2007  2  21°C 
Eriachne ciliata  TWP 2005 3 / 7  21°C - - - - 
Mnesithea formosa  TWP 2005 2 / 6  21°C TWP 2007  2  21°C 
Panicum mindanaense  - - - 21°C TWP 2007  3  21°C 
Pseudopogonatherum contortum  TWP 2006 2 / 6  21°C TWP 2007  2  21°C 
Sorghum intrans  Berry Springs 2006 2 / 6  21°C Darwin 2007  2  21°C 
         

PERENNIAL 
GRASSES 

Alloteropsis semialata  TWP 2006 6 / 10  21°C “Katherine East”‡ 2007  18  23 / 21°C 
Chrysopogon latifolius  TWP 2006 6 / 10  21°C “West Baines”‡ 2007  25  23 / 21°C 
Eriachne avenacea  TWP 2005 7 / 11 21°C TWP 2007  7  21°C 
Eriachne triseta  TWP 2006 2 / 6  21°C TWP 2007  2  21°C 
Heteropogon triticeus  - - - 21°C Florina Station‡ 2007  15 Shed / 21°C 
Sorghum plumosum  - - - 21°C Elsey Station‡ 2007  15  Shed / 21°C 
Triodia bitextura  TWP 2005 3 / 7  21°C - - - - 
         

LEGUMES Crotalaria brevis  TWP 2006 3 / 7  21°C TWP 2006  3 21°C 
Crotalaria medicaginea TWP 2006 3 / 7  21°C TWP 2006 3 21°C 
Desmodium pullenii  TWP 2006 3 / 7  21°C TWP 2006  3 21°C 
Zornia sp.  TWP 2006 3 / 7  21°C TWP 2006  3 21°C 

 
†Stored in a laboratory at the given temperatures, or for Heteropogon triticeus and Sorghum plumosum, stored outside in a shed in Katherine, NT, and later in a 
laboratory.  ‡Seeds collected by Greening Australia (Katherine) in the Katherine region, approximately 300 km south of Darwin.  TWP-Territory Wildlife Park. 



89 | C h a p t e r  5 :  S o i l  s e e d  b a n k  d y n a m i c s 

procedure was later replicated with identical trays of soil containing iButton 

temperature sensor data loggers (range of 0-125°C; iButton model DS1922T-F5, 

Dallas Semiconductors).  The temperature at the centre of heated soil samples 

increased steadily from room temperature (25°C) to reach 45-65°C after 45 minutes, 

depending on the location within the oven (samples were exposed to temperatures > 

40°C for between 7 and 33 minutes).  This duration of elevated temperature equates 

to sub-soil (1 cm depth) temperatures experienced during fire (see Fig. 5.2). 

 Samples in the smoke treatment were placed inside a smoke tent for 45 min 

(Dixon et al. 1995).  Dry leaf litter (mostly Melaleuca spp.) was used to produce the 

smoke in a metal drum, and a metal pipe, cloaked in wet hessian, extended from the 

top of the drum to passively carry the smoke into the tent.  The ambient temperature 

inside the tent was also monitored during the smoke exposure period using iButton 

temperature sensor data loggers (range of 0-125°C; iButton model DS1922T-F5, 

Dallas Semiconductors).  The temperature inside the tent was approximately 35.5°C 

compared to the ambient temperature of 31.5°C. 

 All samples were subsequently transferred to black plastic trays filled with 

potting media, and randomly placed in the shade houses described above.  A four-

way nested ANOVA in Statistica 5 (StatSoft. Inc. 1995) was used to examine the 

effect of treatments (heat, smoke, control) on the species richness and total density of 

germinable seeds, the density of germinable seeds in all life form groups, and the 

density of germinable seeds for species comprising > 3% of the total density.  The 

design incorporated two seasons of collection (early and late dry season; fixed 

factor), three treatments (heat, smoke, control; fixed factor), three blocks (random 

factor), and three replicates (random factor), with replicates nested in season and 

block.  Smaller life form groups and individual species had highly skewed 
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distributions from many zero counts, and were analysed with a non-parametric 

Kruskal-Wallis Ranks test between treatments, in both seasons.  The statistical result 

of both seasons combined was reported if not significantly different in either season. 

 To aid the interpretation of the seed bank response to these heat and smoke 

treatments, the germinability of seeds of five annual grasses (Pseudopogonatherum 

contortum, Eriachne agrostidea, Sorghum intrans, Panicum mindanaense, 

Mnesithea formosa), six perennial grasses (Sorghum plumosum, Chrysopogon 

latifolius, Eriachne triseta, Alloteropsis semialata, Heteropogon triticeus, Eriachne 

avenacea) and four legumes (Desmodium pullenii, Crotalaria brevis, Crotalaria 

medicaginea, Zornia sp.) common at the study site were also assessed following heat 

and smoke treatments.  Seeds were collected from the TWP, Darwin or Katherine 

regions, and most were tested within a year of collection (Table 5.1).  Seeds were 

treated and assessed for germination in the early (June) dry season (when seed 

dormancy was highest), using five replicates of 50 seeds for grasses (four replicates 

for E. avenacea), and three replicates of 30 seeds for legumes.  Heated seeds were 

placed inside paper bags, and smoke-treated seeds placed on 9 cm open plastic petri 

dishes during the treatment.  As determined by iButton temperature sensor data 

loggers (range of 0-125°C; iButton model DS1922T-F5, Dallas Semiconductors), the 

interior of seed bags attained the ambient oven temperature of 80°C approximately 

10 min after being placed in the oven.  All seeds (including a control group where no 

treatments were imposed), were transferred to petri dishes inside the temperature 

cabinet described above in Chapter 5.2.3, and germination was monitored for seven 

to eight weeks.  For each species, total percent germination was analysed in 

Statistica 7.1 with a one-way ANOVA between treatments. 
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5.2.5 Effect of experimental fire 

 To determine whether these fire-related cues had the same effect as fire in 

the field, seed bank composition was compared between samples collected before 

and after experimental fires at the site.  Non-treated soil samples from the two 

regimes that were burnt during the year (Annual Early and Biennial Late) were used 

in this analysis.  A three-way ANOVA in Statistica 5 was used to examine the effect 

of fire on the species richness and total density of germinable seeds, the germinable 

seed density of all life form groups, and the density of germinable seeds for species 

comprising > 3% of the total density.  The design incorporated two collection times 

(before and after fire; fixed factor), two seasons of burning (early or late dry season; 

fixed factor), and three blocks (random factor), with no nesting.  Smaller life form 

groups and individual species with skewed data were analysed with a non-parametric 

Mann-Whitney U-test between treatments in both seasons, with the result of both 

seasons combined reported if not significantly different in either season. 

 Soil temperatures during fire were measured on the surface and at 1 cm 

depth with temperature sensor data loggers (range of 0-125°C; iButton model 

DS1922T-F5, Dallas Semiconductors).  Surface sensors were placed flush with the 

surface and covered with a fine layer of sieved sand, while those at 1 cm depth were 

buried so that the centre of the sensor (6 mm height) was 1 cm below the soil 

surface.  Sensors at 1 cm depth were inserted horizontally into undisturbed soil after 

making a small vertical excavation with a soil core.  Intact pieces of the soil’s crust 

were then used to backfill the excavation, minimising disturbance.  Leaf and grass 

litter was replaced where removal was necessary to insert the sensors.  Temperature 

was recorded every three seconds during the afternoon on days of burning.  Soil 

temperature at 1300 h (always before fire) and the maximum temperature during fire 

was analysed with a four-way nested ANOVA in Statistica 5.  The design 
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incorporated two seasons (early and late dry season; fixed factor), three blocks 

(random factor), two soil depths (surface and 1 cm; fixed factor), and three plots 

(pairs of sensors, one at either depth) within each block, with plots nested in season 

and block.  One surface sensor in the early dry season and two in the late dry season 

reached the maximum detectable temperature (125°C), thus the mean maximum 

temperature during fire is an underestimate. 

 Fire intensity was higher in the late dry season (2121.3 ± 975.3 kW m-1) than 

the early dry season (125.2 ± 54.1 kW m-1), as were fuel loads and the ambient 

temperature (RJ Williams, unpublished data; see Table 2.2).  Mean soil temperature 

at 1300 h on the surface and at 1 cm respectively were 37.2°C and 33.1°C in the 

early dry season, and 45.7°C and 43.3°C in the late dry season (Fig. 5.1a), which 

resulted in a significant difference in temperature between seasons (Table 5.2).  Soil 

temperatures increased and peaked rapidly with the arrival of the fire front and 

thereafter gradually fell to be close to the pre-fire temperature within 30-60 min (Fig. 

5.2).  Mean maximum temperatures on the surface and at 1 cm depth respectively 

were 83.8°C and 41.1°C in the early dry season, and 100.4°C and 65.3°C in the late 

dry season (Fig. 5.1b), which resulted in a significant effect of temperature between 

seasons and depths (Table 5.2). 

5.3 RESULTS 

5.3.1 Floristic diversity and abundance 

 Like frequently burnt savannas, this long unburnt savanna exhibited a 

diverse, species-rich seed bank.  In total, 26 628 seedlings from 75 grass-layer plant 

species emerged from sample trays in the shade houses.  Forbs were the most 

species-rich life form group in the germinable seed bank (36 spp., all but one were  
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Fig. 5.1.  Soil temperature (°C) at the site a) at 1300 h (before fire) and b) during 

fire (maximum), in the early (June, ■) and late dry season (October, □), and on 

the surface and at 1 cm depth.  Data are the mean ± 1 SE of 11 iButton 

temperature sensors (12 on the surface) located throughout the three replicate 

compartments of the Annual Early regime (early dry season fire) and Biennial 

Late regime (late dry season fire) in 2006 at the Territory Wildlife Park.  

Maximum temperatures on the surface are underestimated, as one sensor in the 

early dry season and two in the late dry season reached the maximum temperature 

of the device (125°C).  Mean fire intensity in the early dry season was 125.2 (± 

54.1 SE) kW m-1 and 2121.3 (± 975.3 SE) kW m-1 in the late dry season (RJ 

Williams, unpublished data; see Table 2.2). 
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Table 5.2.  ANOVA summary for the analysis of soil temperature at 1300 h on the day of burning (before fire) and maximum soil temperature during 

experimental fires at the Territory Wildlife Park in 2006.  Statistically significant F values are indicated by asterisks (*P < 0.05, **P < 0.01) and 

highlighted in bold, along with the source of variation. 

 Source of variation F Explanatory notes  
SOIL TEMPERATURE AT 1300 h† 
 

Season F (1, 2) = 30.57* Late dry season > Early dry season  
Block F (2, 12) = 0.34  
Depth F (1, 2) = 17.93 (Surface > 1 cm depth) 
Season x block F (2, 12) = 0.63  
Season x depth F (1, 2) = 77.76 * Difference between depths greater in early dry season 
Block x depth F (2, 12) = 1.40  
Season x block x depth 
 

F (2, 12) = 0.40  

MAXIMUM SOIL TEMPERATURE 
DURING FIRE† 
 

Season F (1, 2) = 21.94* Late dry season > Early dry season  
Block F (2, 12) = 0.44  
Depth F (1, 2) = 126.24** Surface > 1 cm depth  
Season x block F (2, 12) = 1.13  
Season x depth F (1, 2) = 17.6  
Block x depth F (2, 12) = 0.56  
Season x block x depth F (2, 12) = 0.24  

 
†Log10 (x)-transformed before analysis. 
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Fig. 5.2.  Soil temperature over time during experimental fires at the Territory 

Wildlife Park in 2006, categorised by two soil depths (surface, solid line; 1 cm 

depth, broken line) in each of two seasons of burning (early dry season, June, grey 

line; late dry season, October, black line).  Lines represent the mean of 11 iButton 

temperature sensors (12 on the surface) located throughout the three replicate 

compartments of the Annual Early regime (early dry season fire) and Biennial Late 

regime (late dry season fire).  Maximum temperatures on the surface are 

underestimated, as one sensor in the early dry season and two in the late dry season 

reached the maximum temperature of the device (125°C).  Mean fire intensity in 

the early dry season was 125.2 (± 54.1 SE) kW m-1 and 2121.3 (± 975.3 SE) kW m-

1 in the late dry season (RJ Williams, unpublished data; see Table 2.2). 
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annuals), followed by annual grasses (18 spp.), sedges (10 spp.), legumes (9 spp.) 

and perennial grasses (2 spp.).  The mean density of germinable seeds was 2556 m-

2 (range: 112-11 892 m-2).  Forbs (40.0%) and annual grasses (44.8%) also 

dominated the germinable seed density, whereas sedges (7.0%), perennial grasses 

(5.6%), and legumes (2.6%) were relatively minor components.  The annual grass 

Pseudopogonatherum contortum was by far the most abundant species, followed 

by species in a range of families and life form groups (Table 5.3).  The 10 most 

abundant species accounted for 76.7% of all germinable seeds.  The germinable 

seed bank contained four exotic grass-layer species (all annual forbs, including 

Scoparia dulcis and Hyptis spicagera), which comprised 24.7% of the germinable 

seed density. 

5.3.2 Spatial variation and relationship to extant vegetation 

 The species composition of the seed bank and extant vegetation were 

significantly different from each other (R = 0.991, P < 0.05; Fig. 5.3).  The 

composition of the seed bank varied spatially like the extant vegetation, with 

samples taken from the three blocks at the site arranged in distinct regions of 

ordination space (Fig. 5.3), along a north-south edaphic gradient (see Chapter 3 and 

Appendix 1).  Of the 10 most common species in the extant vegetation, six of these 

were also among the 10 most common species in the seed bank.  However, close to 

half of the species (32 of 73 spp.) of extant plants were not detected as germinable 

seeds in the seed bank.  Most of these were uncommon forbs, although the group 

included common extant plants, such as the perennial grasses Eriachne avenacea 

and Chrysopogon latifolius.  Conversely, a small number of species (7 spp.), 

mostly forbs, were present in seed bank samples but not detected as extant plants, 

probably due to their rarity (they were observed at the site outside sampling 
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Table 5.3  The 10 most common grass-layer plants in the germinable soil seed bank at the Territory Wildlife Park, with details of family, life from 

group, mean density, and percent contribution to the total germinable seed bank density.  Data considers seedling emergence until the mid wet season 

(January 2007) in all sample trays: soil collected within the three compartments of four fire regime treatments (Annual Early, Biennial Early, Biennial 

Late, Unburnt), in the early and late dry season, before and after fire (if applicable), and subsequently treated with heat and smoke treatments in the 

laboratory. 

Species Family Life form group Density- 
germinable seeds m-2 (1SE) 

Percent contribution 
to density 

Pseudopogonatherum contortum Poaceae Annual grass 725.6 (65.5) 30.4 
Scoparia dulcis* Scrophulariaceae Forb 531.7 (62.1) 19.3 
Hyptis spicagera* Lamiaceae Forb 136.6 (36.6) 5.3 
Eriachne triseta Poaceae Perennial grass 125.1 (11.9) 4.7 
Spermacoce breviflora Rubiaceae Forb 86.0 (13.4) 3.3 
Eriachne agrostidea Poaceae Annual grass 84.4  20.0) 3.1 
Fimbristylis sp. Charles Darwin Cyperaceae Sedge 79.8 (11.4) 2.9 
Panicum mindanaense Poaceae Annual grass 63.9 (11.0) 2.7 
Mitrasacme sp. Loganiaceae Forb 66.5 (10.9) 2.4 
Thaumastochloa major Poaceae Annual grass 60.9 (9.1) 2.5† 

*Exotic.  †There were 34 more Thaumastochloa major seedlings than Mitrasacme sp. seedlings (hence the larger percent contribution), but differences in the volume 
of soil collected in each replicate patch determined that Mitrasacme sp. had a high density when expressed as the number of germinable seeds m-2. 
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Fig. 5.3.  Non-metric multidimensional scaling ordination plot of grass-layer plant 

species composition of extant vegetation at the Territory Wildlife Park in March 

2006 (data from Chapter 4, □), and the germinable soil seed bank of the same 

compartments in the late dry season (October 2006; ■).  Data points represent 

compartments of regimes remaining unburnt during 2006: Biennial Early and 

Unburnt.  Blocks: N-North, C-Centre and S-South.  Data square root-transformed 

before analysis. 
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quadrats).  Also adding to the significant difference in composition, the total 

density of germinable seeds in the seed bank was approximately 62 times higher 

than the density of extant individuals in the previous growing season.  Whilst this 

difference is considerable, it should be noted that the significant difference in 

composition is apparent even with the presence-absence transformation of species 

composition data (R = 0.501, P < 0.01).  There was a significant positive 

correlation between the density of each species in the extant vegetation and seed 

bank (rs = 0.53, P < 0.05), but the imperfect relationship highlights the 

considerable variability with species abundance in the seed bank, as a function of 

their density in the extant vegetation (and vice versa). 

5.3.3 Seasonal variation 

 The species richness and total density of germinable seeds in the seed bank 

was significantly higher in the late dry season than in the early dry season, as was 

the seed density of forbs, two common forb species (Scoparia dulcis and 

Spermacoce breviflora F.Muell. ex Benth.), annual grasses, and sedges (Table 5.4).  

Total density of germinable seeds was almost three times higher in the late dry 

season than in the early dry season; indeed germinable seeds of all life form groups 

and common species were considerably more abundant in the late dry season, 

although this difference was not always significant.  Seedlings that emerged from 

the seed bank in the early dry season were dominated by forbs, whereas late dry 

season samples were dominated by annual grasses (Fig. 5.4). 

 All four annual grasses, but no perennial grasses or legumes, showed 

significantly higher germination in the late dry season than the early dry season 

under laboratory conditions (Fig. 5.5).  The mean difference in germination 

between seasons was as great as 40.7 and 45.3% for Pseudopogonatherum  
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Table 5.4.  Temporal differences (early vs. late dry season) in the species richness and total density of germinable seeds in the soil seed bank, the 

germinable seed density of all life form groups, and the density of germinable seeds for species that comprised > 3% of the total (entire data set).  Mean 

values are untransformed germinable seeds m-2, or species per tray for ‘total species richness’, with 1 SE in parenthesis.  Statistically significant results 

are indicated by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) and highlighted with bold font, along with the variable name. 

 

 Mean (1 SE) Test statistic 
 Early dry season Late dry season  
SPECIES RICHNESS (per tray) 5.6 (0.5) 10.9 (0.7) t = -6.29*** 
    
GRASS-LAYER (TOTAL)  920.5 (158.3) 2738.3 (359.8) t = -5.03*** 
    
FORBS 429.1 (137.5) 992.8 (226.6) t = -3.64*** 

Scoparia dulcis 291.9 (127.6) 521.5 (202.3) U = 235.0* 
Hyptis spicagera 8.7 (4.5) 95.6 (62.2) U = 285.5 
Spermacoce breviflora 0 (0) 200.7 (78.1) U = 94.5*** 

    
ANNUAL GRASSES 348.6 (80.2) 1305.1 (291.0) t = -2.81** 

Pseudopogonatherum contortum 266.1 (75.8) 704.1 (225.4) U = 331.0 
Eriachne agrostidea 46.7 (19.7) 190.9 (93.1) U = 325.0 

    
PERENNIAL GRASSES 93.6 (17.1) 238.4 (48.8) t = -1.43 

Eriachne triseta 60.2 (14.2) 145.4 (36.6) U = 269.0 
    
SEDGES 8.4 (3.2) 144.2 (39.5) U = 128.0*** 
    
LEGUMES 40.7 (11.9) 58.2 (14.1) U = 304.0 
 
All variables, with the exception of total species richness, were log10 (x+1)-transformed before analysis. 
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Fig. 5.4.  Composition of the soil seed bank at the Territory Widlife Park study 

site, according to the proportion of germinable seeds in each group in the a) early 

and b) late dry season.  Data considers the germinable seeds evident from the first 

three months of observation from pre-fire, non-treated samples collected in June (a) 

and Ocober (b).  

b) Late dry season 

a) Early dry season 
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Fig. 5.5.  Percent germination of annual and perennial grasses, and legumes, in the 

early (June-July, □) and late (November-December, ■) dry season, determined by 

laboratory germination tests.  Asterisks denote that values between the early and 

late dry season are significantly different (P < 0.05) for a species, determined by 

one-way ANOVA.  n/a indicates seeds of CRME were not tested for germinability 

in the late dry season.  Error bars represent the mean ± 1 SE. 

ANNUAL GRASSES: PSCO-Pseudopogonatherum contortum; SOIN-Sorghum 

intrans; ERCI-Eriachne ciliata; MNFO-Mnesithea formosa. 

PERENNIAL GRASSES: ERTR-Eriachne triseta; CHLA-Chrysopogon latifolius; 

ERAV-Eriachne avenacea; ALSE-Alloteropsis semialata; TRBI-Triodia bitextura. 

LEGUMES: CRME-Crotalaria medicaginea; ZOSP-Zornia sp.; DEPU-

Desmodium pullenii; CRBR-Crotalaria brevis. 
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contortum and Sorghum intrans respectively, yet only 8.3 and 10.7% for Mnesithea 

formosa and Eriachne ciliata respectively. 

5.3.4 Effect of laboratory-applied heat and smoke 

 The species richness and total density of germination from the seed bank, 

and the density of legume germinants, was significantly affected by laboratory-

applied heat and smoke treatments overall (Table 5.5).  All had their highest values 

in the heat treatment, followed by smoke and then the control.  The difference 

between treatments for the density of legume germination was considerable, with 

heated samples containing over six times the density of control samples.  For 

species richness and total density, there was a significant treatment by season 

interaction.  There was a slight effect of heat on density, and heat and smoke on 

species richness, evident in the early dry season, but not the late dry season when 

most viable seeds were germinable.  Annual grasses showed a significant treatment 

by block interaction where the local species composition of annual grasses 

determined the treatment response.  Samples from the northern and southern blocks 

had the greatest response to smoke exposure, while those in the central block had 

the greatest response to heating.  Five of the 15 species examined independently 

showed a significant difference in germination between either the heat or smoke 

treatment and the control (Fig. 5.6).  One of the five annual grasses was 

significantly promoted by smoke (Panicum mindanaense), whereas two annual 

grasses showed a significant inhibitory response (Pseudopogonatherum contortum 

and Eriachne agrostidea).  Germination of the perennial grass Eriachne triseta was 

significantly promoted by heat.  No species were negatively affected by heat. 
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Table 5.5.  Effect of treatments (heat, smoke, control) on the species richness and total density of germinable seeds in the soil seed bank, the germinable 

seed density of all life form groups, and the density of germinable seeds for species that comprised > 3% of the total (entire data set).  Mean values are 

untransformed germinable seeds m-2, or species per tray for ‘total species richness’, with 1 SE in parenthesis.  Significant test statistics are indicated by 

asterisks (*P < 0.05, **P < 0.01, ***P < 0.001), and those for treatment and interactions with treatment shown in bold, along with the variable name. 

Continued over page.  

 Season / 
Block§ 

Mean (1 SE) Test statistics, by factor 

  
 

Control Heat Smoke Treatment 
(T) 
F (2, 4) or 
H (2, n = 54) 

Season 
(S) 
F (1, 2) 

Block 
(B) 
F (2, 12)  

T×S 
 
F (2, 4)  

T×B 
 
F (4, 24) 

S×B 
 
F (2, 12)  

S×B×T 
 
F (4, 24)  

SPECIES RICHNESS† 
(per tray) 

All 6.4 (0.9) 7.8 (0.9) 6.9 (0.9) F = 20.47** 32.22* 9.06* 7.14* 0.10 0.82 0.13 
Early 3.6 (0.7) 5.8 (1.0) 4.9 (0.8) -       
Late 9.2 (1.1) 

 
9.8 (1.1) 8.9 (1.3) -       

GRASS-LAYER (TOTAL) † All 1121.1 (280.9) 1348.9 (277.0) 1206.7 (393.9) F = 76.93*** 14.77 5.11* 11.39* 0.05 1.82 0.11 
 Early 367.2 (68.3) 649.9 (102.5) 404.3 (105.6) -       
 Late 1875.1 (434.4) 

 
2047.9 (439.8) 2009.2 (696.8) -       

FORBS†  454.0 (154.2) 465.9 (136.8) 426.2 (127.2) F = 1.6 42.79* 1.11 6.2 0.45 0.26 0.18 
Scoparia dulcis‡  93.6 (33.9) 128.1 (47.9) 94.1 (30.4) H = 0.98       
Hyptis spicagera‡  40.3 (33.7) 75.7 (68.6) 77.6 (75.1) H = 1.25       
Spermacoce breviflora‡ 
 

 153.3 (114.5) 147.7 (98.4) 170.6 (91.9) H = 0.64       

ANNUAL GRASSES† All 486.5 (226.1) 520.3 (204.5) 580.9 (329.0) F = 0.56 19.59* 23.22*** 0.13 3.07* 0.69 0.59 
 North 1383.7 (528.3) 1367.6 (452.4) 1627.5 (877.9) -       
 Centre 35.8 (16.5) 115.9 (37.3) 28.7 (13.7) -       
 South 40.1 (28.2) 77.2 (71.1) 86.7 (69.7) -       
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Table 5.5.  Continued. 

†Analysed with a four-way nested ANOVA.  ‡Analysed with Kruskal-Wallis Ranks tests (by treatment).  All variables analysed with a Kruskal-Wallis Ranks test were 
also analysed for each season (early and late dry season), though no results were significant and are not shown separately.  All variables, with the exception of total 
species richness, were log10 (x+1)-transformed before analysis.  §Season: Early-early dry season, Late-late dry season; Block: North-northern block, Centre-central 
block and South-southern block. 

 

 Season / 
Block§ 

Mean (1 SE) Test statistics, by factor 

  Control Heat  Smoke Treatment 
(T) 
F (2, 4) or 
H (2, n = 54) 

Season 
(S) 
F (1, 2) 

Block 
(B) 
F (2, 12) 

T×S 
 
F (2, 4)  

T×B 
 
F (4, 24) 

S×B 
 
F (2, 12)  

S×B×T 
 
F (4, 24)  

Pseudopogonatherum  
contortum‡ 

 299.5 (169.2) 284.3 (134.2) 318.3 (198.5) H = 0.61       

Eriachne agrostidea‡ 
 

 10.2 (4.3) 9.9 (6.4) 5.0 (3.9) H = 1.54       

PERENNIAL GRASSES†  135.3 (29.1) 209.9 (43.3) 130.8 (24.4) F = 2.82 0.07 9.4* 3.80 0.32 5.75* 0.30 
Eriachne triseta‡ 

 
 113.1 (21.9) 194.2 (44.8) 115.1 (24.6) H = 1.61       

SEDGES‡ 
 

 27.0 (15.2) 37.4 (11.0) 34.3 (12.2) H = 1.86       

LEGUMES‡  18.4 (6.2) 115.4 (29.1) 32.9 (18.3) H = 8.47*       
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Fig. 5.6.  Percent germination of annual and perennial grasses, and legumes, in the 

early dry season (June-July) after laboratory-applied heat (░) and smoke (■) 

treatments (with a control, □).  Asterisks indicate treatments for a given species are 

significantly different to the control (P < 0.05), determined by one-way ANOVA 

and Tukey’s HSD post hoc tests.  A statistically significant result was evident for 

Sorghum plumosum (SOPL) overall, however, the post hoc test failed to show 

significant differences between treatments.  Error bars represent the mean ± 1 SE. 

ANNUAL GRASSES: PSCO-Pseudopogonatherum contortum; ERAG-Eriachne 

agrostidea; SOIN-Sorghum intrans; PAMI-Panicum mindanaense; MNFO-

Mnesithea formosa. 

PERENNIAL GRASSES: SOPL-Sorghum plumosum; CHLA-Chrysopogon 

latifolius; ERTR-Eriachne triseta; ALSE-Alloteropsis semialata; HETR-

Heteropogon triticeus; ERAV-Eriachne avenacea. 

LEGUMES: CRME-Crotalaria medicaginea; ZOSP-Zornia sp.; DEPU-

Desmodium pullenii; CRBR-Crotalaria brevis. 
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5.3.5 Effect of experimental fire 

 Species richness, total germinable seed density, and the germinable seed 

density of individual life form groups, were not significantly affected by 

experimental fire (Table 5.6).  The density of the annual grass Eriachne agrostidea 

however was the one exception, with abundance lower after fire, significantly so 

after the late dry season fire.  A significant interaction with fire (before-after fire) 

and block resulted for total species richness, where samples from the northern and 

southern blocks showed a decrease in the number of species (per tray) after fire, yet 

those in the central block showed an increase after fire. 

5.4 DISCUSSION 

5.4.1 Composition and spatial variation 

 Although considerable spatial and temporal variation is evident, the range 

of germinable seed densities documented in this study (200-11 000 seeds per m2) 

was comparable to a savanna in north-eastern Australia (200-10 000 seeds per m2; 

McIvor and Gardener 1994), as well as savannas in sub-Saharan Africa (100-5000 

seeds per m2; O’Connor and Pickett 1992; Gashaw et al. 2002; Solomon et al. 

2006) and South America (200-5000 seeds per m2; Pérez and Santiago 2001).  

However, some sites in African savannas, particularly when heavily grazed, 

exhibited germinable seed densities at the lower range of the current study (50-400 

seeds per m2) owing to reduced seed rain (O’Connor and Pickett 1992; Snyman 

2004; Solomon et al. 2006).  Some ungrazed sites in northern Australia also 

exhibited germinable seed densities at the lower range of the current study (100-

1100 seeds per m2; McNicoll 2004; Williams et al. 2005a), but another site in the  
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Table 5.6.  Effect of fire (before and after fire) on the species richness and total density of germinable seeds in the soil seed bank, the germinable seed 

density of all life form groups, and the germinable seed density of species that comprised > 3% of the total (entire data set)..  Mean values are untransformed 

germinable seeds m-2, or species per tray for ‘total species richness’, with 1 SE in parenthesis.  Significant test statistics are indicated by asterisks (*P < 0.05, 

** P < 0.01, ***P < 0.001), and those for before-after fire and interactions with before-after fire shown in bold, along with the variable name. 

Continued over page. 

 Season / 
Block§  

Mean (1 SE) Test statistics, by factor 

  Before fire After fire Before-after 
fire (F) 
F (1, 2) or U  

Season 
(S) 
F (1, 2) 

Block 
(B) 
F (2, 24) 

F×S 
 
F (1, 2) 

S×B 
 
F (2, 24) 

F×B 
 
F (2, 24) 

F×S×B 
 
F (2, 24) 

SPECIES RICHNESS† 
(per tray) 

All 9.1 (1.1) 7.9 (1.0) F = 0.47 23.36* 5.72** 0.01 1.96 3.49* 6.20** 
North 11.3 (2.5) 7.8 (1.0) -       
Centre 8.5 (0.9) 10.5 (1.9) -       
South 
 

7.3 (2.2) 5.5 (1.9) -       

GRASS-LAYER (TOTAL)† 
 

 1695.8 (383.1) 1728.9 (409.6) F = 0.02 3.56 8.25** 0.32 6.67** 2.54 0.43 

FORBS†  758.4 (297.5) 652.9 (188.1) F = 0.07 3.26 7.24** 0.36 9.46*** 1.82 0.35 
Scoparia dulcis‡  455.3 (273.0) 290.9 (123.2) U = 150.0       
Hyptis spicagera‡  100.5 (88.7) 138.0 (89.4) U = 156.5       
Spermacoce breviflora‡ 
 

 72.1 (39.0) 66.4 (30.7) U = 156.0       

ANNUAL GRASSES†  678.2 (165.2) 786.5 (165.2) F = 0.01 3.76 7.70** 12.97 1.68 1.98 0.14 
Pseudopogonatherum contortum‡  332.1 (93.6) 621.5 (163.8) U = 128.0       
Eriachne agrostidea‡ All 34.7 (17.2) 7.9 (6.6) U = 107.0*       
 Early  6.1 (4.0) 2.8 (2.8) U = 35.0       
 Late 63.3 (32.3) 13.0 (13.0) U = 19.0*       
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Table 5.6.  Continued. 

 

 

 

 

 

 

†Analysed with a three-way ANOVA.  ‡Analysed with Mann-Whitney U-tests (n = 18 per group).  All variables analysed with a Mann-Whitney U-test were also 
analysed separately in each season (early and late dry season; n = 9 per group), though results are only shown categorised by season if there was a significant result in 
either (Eriachne agrostidea).  All variables, with the exception of total species richness, were log10 (x+1)-transformed before analysis.  §Season: Early-early dry 
season, Late-late dry season; Block: North-northern block, Centre-central block and South-southern block.

 Season / 
Block§ 

Mean (1 SE) Test statistics, by factor 

  Before fire After fire Before-after 
fire (F) 
F (1, 2) or U  

Season 
(S) 
F (1, 2) 

Block 
(B) 
F (2, 24) 

F×S 
 
F (1, 2) 

S×B 
 
F (2, 24) 

F×B 
 
F (2, 24) 

F×S×B 
 
F (2, 24) 

PERENNIAL GRASSES†  114.6 (34.3) 76.0 (23.1) F = 10.73 10.92 6.54** 0.01 0.44 0.31 0.52 
Eriachne triseta‡ 
 

 83.2 (32.0) 27.6 (10.8) U = 133.0       

SEDGES‡ 
 

 119.5 (47.4) 180.4 (111.7) U = 145.0       

LEGUMES‡  25.7 (10.1) 30.0 (8.3) U = 129.5       
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same region with sown pastures had a much higher seed density (11 000-36 000 

seeds per m2; McIvor 1987). 

 The species composition of the seed bank and extant vegetation were 

markedly different from each other, an observation also reported for savannas 

elsewhere in Australia (McIvor 1987; Williams 2002) and Africa (Gashaw et al. 

2002; Solomon et al. 2006), and a variety of other ecosystems (e.g. Vlahos and Bell 

1986; Looney and Gibson 1995; Morgan 1998).  There are many potential factors 

contributing to this lack of congruence, including the heterogeneous distribution of 

species (Lavorel et al. 1991; Bakker et al. 1996), differences in the longevity of 

seeds in the soil, differential seed production (Thompson 1987; Zhang and Maun 

1994; Erikkson and Erikkson 1997), and differences in sampling intensity.  Notably, 

perennial grasses were substantially under-represented in the seed bank.  Some 

common perennial grasses in the extant vegetation did not appear to produce 

innately dormant seeds, and so were entirely absent from the seed bank.  Seeds of the 

perennial grass Alloteropsis semialata germinate immediately after seed fall in the 

wet season, persisting through the dry season as juvenile seedlings in the extant 

vegetation (Crowley and Garnett 2001).  Another common perennial grass at the site, 

Eriachne avenacea, was similarly absent from the seed bank and appeared to employ 

the same strategy. 

 Despite the overall lack of congruence between the seed bank and extant 

vegetation, common species were shared, and the seed bank would best be described 

as a subset of the extant vegetation, rather than a distinctly different community 

(Morgan 1998).  This is likely to apply to savannas generally, given the poor seed 

dispersal and short-lived seed banks of the plants that dominate them (O’Connor and 

Pickett 1992). 
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5.4.2 Seasonality 

 Seasonal variation in seed bank composition appears to be a universal 

feature of savannas, being evident in Africa (Gashaw et al. 2002; Lyaruu 1998), 

South America (Pérez and Santiago 2001) and Australia (McIvor 1987, Williams et 

al. 2005a).  In this study, the density and species richness of germinable seeds was 

significantly higher in the late compared with early dry season, which can be directly 

attributed to differences in the germinability of individual species, given that 

virtually no seed production occurs during the dry season.  All four annual grasses 

examined in the laboratory, including the common seed bank species 

Pseudopogonatherum contortum, showed significantly higher germination in the late 

dry season.  Such a seasonal pattern of germination is consistent with high rates of 

innate dormancy in the early dry season - a drought-avoidance syndrome that 

prevents germination during the dry season when seedling mortality would almost 

certainly result (Mott 1978; Andrew and Mott 1983; O’Connor and Picket 1992; 

O’Connor and Everson 1998; McIvor and Howden 2000).  The perennial grass 

species tested in this study notably failed to show a difference in germination 

between seasons. 

 Dormancy in legumes is controlled through the physical imposition of an 

impermeable seed coat, which explains why legume germination remained 

unchanged over the dry season (Auld and O’Connell 1991; Morrison et al. 1992; 

Williams PR et al. 2003b).  Some tropical legume species show a reduction in 

physical dormancy with higher soil temperatures such as in the late dry season 

(Jones and Mott 1980; McDonald 2000), but this was not apparent in the current 

study. 
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 Annuals dominated the composition of late dry season seed bank samples; 

the season when rains typically first arrive and promote germination in the seed 

bank.  In some years, however, there are significant rainfall events earlier in the dry 

season (Taylor and Tulloch 1985).  The resulting cohort of seedlings at this time 

could be expected to be dominated by forbs, given their dominance in early dry 

season seed bank samples.  The consequences of such unseasonal rainfall for grass-

layer composition over the following wet season have not been documented, but it 

presumably results in substantially reduced forb abundance, given that seedling 

mortality is likely to be very high because of a lack of follow-up rain (Andrew and 

Mott 1983; Taylor and Tulloch 1985). 

5.4.3 Effect of laboratory-applied heat and smoke 

 The positive effect of heat and smoke on the germinable seed bank was 

similar to that recorded in other Australian savannas (McNicoll 2004; Williams et al. 

2005a), as well as eucalypt-dominated vegetation in southern Australia (Enright et 

al. 1997; Read et al. 2000).  Unfortunately, there are no comparable data for 

savannas outside Australia.  The responses to heat and smoke treatments in this 

study were highly seasonal, owing to seasonal patterns in seed dormancy.  The 

promotive effect of heat and smoke tended to be greater in the early dry season, 

when there were high rates of dormancy.  The common perennial grass Eriachne 

triseta showed a positive response to heat when it was applied to both soil samples 

and individual seeds.  Oven heating could have replicated a warm stratification 

period required for germination (Baskin and Baskin 1998); similar temperatures to 

oven heating (e.g. 60°C) are experienced on the soil surface at the time of 

germination in November, but not earlier in the dry season when soil temperatures 

are significantly cooler (Mott et al. 1976; Torssell and McKeon 1976).  Germination 
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of five perennial grasses from Australian savannas was higher in November after dry 

season storage at elevated temperatures (20-60°C) than storage at 25°C in the 

laboratory (Mott 1978), further supporting the notion that innate dormancy is 

overcome by an increase in soil temperature during the late dry season (O’Connor 

and Everson 1998). 

 The heat and smoke treatments had no effect on germination of the perennial 

grasses Alloteropsis semialata, Chrysopogon latifolius, Heteropogon triticeus and 

Sorghum plumosum.  This was possibly an artefact of the age of the seeds used (15-

25 months), as dormancy might already have been broken.  However, other studies 

have demonstrated a non-promoting effect of elevated temperatures (< 90°C) on the 

seeds of perennial (and annual) savanna grasses from Africa and South America 

(Gashaw and Michelsen 2002; Overbeck et al. 2006; Dayamba et al. 2008). 

 Whilst heat did not increase germination of the four legume species in this 

study, there was a positive response of legumes in the soil samples tested, which 

mirrors the effect of heat shown in other tropical and temperate Australian legumes 

(Auld and O’Connell 1991; Williams PR et al. 2003b, Williams et al. 2004).  This 

results in markedly enhanced legume abundance in the vegetation in the wet season 

following fire (Williams PR et al. 2003a).  The difference in the overall germination 

response between seeds tested in the laboratory and the seed bank may reflect the 

influence of species composition in the field (species richness and abundance).  The 

10 legume species examined by Williams PR et al. (2003b) showed a variety of 

germination responses to fire-related cues, and would thus affect the response of the 

seed bank with differences in their relative abundance.  The germinability of a 

common legume species (Desmodium brownii Schindl.) was promoted by heat in the 

seed bank, but not tested for such a response in the laboratory. 
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 The promotive effect of smoke demonstrated for Panicum mindanaense has 

been shown in other tropical grasses (many of which are also distributed throughout 

sub-tropical and temperate regions), including Heteropogon contortus (L.) P.Beauv. 

ex Roem. & Schult., Themeda triandra Forssk., Digitaria breviglumis (Domin) 

Henrard, Heteropogon triticeus and Triodia bitextura (Baxter and van Staden 1994; 

Baxter et al. 1994; Campbell et al. 1996; Fesuk and Ashwath 2002; Williams et al. 

2005a).  There is, however, inter-specific variability for such a response, even in 

fire-prone habitats like savannas.  None of the five African savanna grass species 

examined by Dayamba et al. (2008) exhibited a significant effect of smoke on total 

germination.  The non-promotive effect of smoke on the germination of 

Heteropogon triticeus contrasts with a previous study in the savannas of north-

eastern Australia (Williams et al. 2005a).  Such a result may reflect differences in 

provenance, or seed age as mentioned above.  Given that seeds of Triodia bitextura 

showed no germination in the laboratory when tested for seasonal effects (Fig. 5.5), 

it may be worth investigating the role of heat and smoke in the germination of this 

species.  Germinability of two annual grasses (Pseudopogonatherum contortum and 

Eriachne agrostidea) tested in the laboratory was inhibited by exposure to smoke, as 

has been documented in other grass species (Read and Bellairs 1999).  However, this 

did not occur in soil samples.  It is possible that buried seeds in the soil are not 

exposed to high enough concentrations of smoke during fire to prevent germination 

in the field. 

5.4.4 Effect of fire 

 The seed bank was largely unaffected by low intensity fire, and this is 

similar to the results of a previous study at Cape Cleveland in north-eastern Australia 

(Williams 2002; Williams et al. 2005a).  As such, this study demonstrates seed bank 
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resistance in long unburnt, as well as frequently burnt, savannas.  The fact that 

legume seeds in the seed bank showed a positive response to soil heating in the 

laboratory, but not after fire in the field, indicates that soil temperatures during fire 

were too low to overcome physical dormancy, or that burial was too deep to 

experience adequate heating (Williams et al. 2004; Laterra et al. 2006).  Soil 

temperature at 1 cm depth during fire in the current study (< 65°C) was below the 

80°C threshold known to break the dormancy of other legume species in the 

savannas of northern Australia (Williams PR et al. 2003b).  Higher intensity fire (i.e. 

2000-5000 kW m-1) is likely to result in higher soil temperatures, and therefore a 

higher density of germinable legume seeds, as occurred following high-intensity late 

dry season fire in the Cape Cleveland study (Williams 2002; Williams et al. 2005a).  

Conversely, high intensity fire could also increase seed mortality for shallowly 

buried seeds and those remaining on the soil surface. 

5.4.5 Conclusion 

The results indicate that low intensity fire in the dry season has a very 

limited influence on the seed bank, with seed bank composition being driven by 

intrinsic processes such as supply from extant vegetation and seasonal seed 

dormancy patterns.  Whilst laboratory-applied heat and smoke treatments may break 

seed dormancy, a lack of soil moisture during the dry season, when fires occur, 

prevents seed germination at this time.  By the first rainfall events of the wet season, 

any effect of enhanced germinability due to exposure to fire is obscured by a larger, 

seasonal increase in seed germinability shown by most species.  The resistance of the 

seed bank to fire, however, offers grass-layer plants a successful means of 

persistence during the dry season when conditions for growth are unsuitable. 
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****************************** 

 Seed banks are the only means of persistence for annual plants with transient 

seed banks during the dry season, and so the failure of germination or seedling 

establishment is critical to population persistence (Whelan et al. 2003).  The 

following chapter examines the establishment of one such annual grass, within 

different habitat conditions relating to the canopy, and three fire regimes. 

 



 

Chapter 6 
 
Determinants of grass species 
establishment in an Australian 
savanna, with particular reference to 
the annual Sorghum intrans 
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6.1 INTRODUCTION 

 Grass species composition in tropical savannas is strongly associated with 

the distribution of woody plants, because of the effect that shading and litter cover 

have on life cycle processes such as germination, establishment and seed 

production.  Grass species richness and abundance is typically reduced in areas of 

dense woody cover, characterised by dense litter cover and reduced light, although 

inter-specific responses may be highly variable (Brookman-Amissah et al. 1980; 

Scholes and Archer 1997; Woinarski et al. 2004; Smit 2005; Chapter 3).  In a 

variety of ecosystems, litter cover has been shown to affect seed germination by 

altering the seed’s microenvironment, particularly as it relates to light, temperature 

and soil moisture (Jensen and Gutekunst 2003; Fenner and Thompson 2005; Mayor 

et al. 2007).  Litter cover can also reduce plant establishment, through the 

imposition of a physical barrier, allelopathic effects and increased seed predator 

activity (Carson and Peterson 1990; Facelli 1994; Barritt and Facelli 2001).  

Reduced light from canopy shading has been demonstrated to decrease the 

establishment of some savanna grasses, as well as their biomass, growth and 

reproductive allocation (Lane 1996; Cook et al. 1998; Smit 2005).  Alternatively, 

woody cover may be associated with higher primary production compared to 

canopy gaps, as a result of differences in nutrient concentration and soil moisture 

(Belsky et al. 1989; Weltzin and Coughenour 1990; Scholes and Archer 1997; 

Jackson and Ash 2001). 

 The influence of litter and shading in savannas is determined to a large 

extent by fire frequency, because of the effect of fire on vegetation structure.  With 

long term fire exclusion (e.g. decadal scale), savannas follow a trajectory towards 

closed forest, resulting in the shading of the grass-layer and enhanced litter 
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accumulation (Brookman-Amissah et al. 1980; Bowman and Fensham 1991; San 

José and Farinas 1991; Woinarski et al. 2004).  Conversely, frequent burning can 

maintain the open canopy through the mortality of woody plants, as well as remove 

litter cover (Williams et al. 1998, 1999). 

 In Australian savannas, little is known on the influence of shading and 

litter cover, and their interactions with fire frequency, on grass species distribution.  

Particular interest surrounds the abundance of annual grasses in the genus 

Sorghum, which survive the dry season as seeds in a transient seed bank (Andrew 

and Mott 1983).  These species are thought to out-compete other grass-layer plants 

in frequently burnt areas, as well as increase fire frequency to the detriment of fire-

sensitive plants (Miles 2003).  Some authors have also suggested that changes to 

annual Sorghum abundance may be part of a grass-fire cycle, resulting in 

significant changes to savanna structure (Bowman et al. 2004, 2007).  While 

annual Sorghum species are a dominant component of grass-layer composition and 

fuel load in the savannas of northern Australia (Andersen 2003), abundance 

appears strongly linked to differences in fire frequency.  Fire experiments have 

demonstrated an overall reduction in their abundance with long term fire exclusion 

and the subsequent woody encroachment (Hoare et al. 1980; Russell-Smith et al. 

2003a; Woinarski et al. 2004).  Conversely, widespread ‘invariant frequent 

burning’ has been linked to increases in annual Sorghum abundance (Yibarbuk et 

al. 2001; Russell-Smith et al. 2002, 2003a; Miles 2003; Bowman et al. 2004, 

2007). 

 The mechanisms that limit establishment and seed production in annual 

Sorghum include soil moisture, site productivity (Andrew 1986b), intra-specific 

competition (Lane 1996), granivory (Andrew 1986a) and seed dispersal (Andrew 

and Mott 1983).  Cook et al. (1998) undertook a sowing experiment with the 
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annual Sorghum brachypodum Lazarides, and reported the negative influence of 

the tree canopy, litter cover and grass competition on its establishment.  

Furthermore, seeds sown under trees or artificial shading produced plants with 

significantly lower seed production and biomass, whereas artificial watering 

significantly increased seed production and biomass (Cook et al. 1998).  The 

influence of the canopy on grass establishment and seed production however has 

not been quantified with experiments that replicate the natural timing of 

phenological events, or with respect to fire directly. 

 This chapter investigates the effect of the canopy and fire regimes on grass 

population dynamics, using three complementary studies in both the field and 

shade house.  The main experimental component involved a seed sowing trial at the 

site with Sorghum intrans, mimicking the timing of phenological events.  A shade 

house litter experiment was performed with the seeds of S. intrans and six other 

grass species.  Lastly, a seed burial experiment at the site was performed with S. 

intrans.  With these experiments, the study collectively aimed to: 

• Determine the influence of the canopy (canopy and litter cover), soil moisture 

and fire regime, on S. intrans emergence, establishment, height, and seed 

production, and 

• Investigate the role of litter as a determinant of savanna grass composition 

more generally, by acting as a mechanical barrier. 

6.2 METHODS 

6.2.1 Field sowing experiment 

 To determine the influence of canopy shading, litter cover, soil moisture 

and fire regime on the population dynamics of Sorghum intrans, a seed sowing 
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experiment was undertaken within compartments of the manipulative fire 

experiment (see Chapter 2.2).  Seeds were sown into 1 m2 quadrats constructed of 

weldmesh and fibreglass fly screen (Setterfield 2002), in a nested factorial design.  

Quadrat walls were 5 cm in height, and allowed ants and other seed predators to 

access them.  The design comprised three fire regimes (Burnt, Previously-burnt and 

Long-unburnt; fixed factor), three blocks (North, Centre and South; random factor; 

nested in fire regime), two canopy cover conditions (open and closed canopy; fixed 

factor), two plots (random factor; nested in fire regime and block), and two litter 

sowing conditions (dense litter and bare soil; fixed factor).  The Burnt fire regime 

comprised the Annual Early treatment, burnt in the year prior to sowing and two 

months after sowing.  The Previously-burnt regime comprised the Biennial Early 

treatment, burnt in the year prior to sowing only.  The Long-unburnt regime 

comprised the Unburnt treatment, which had remained unburnt for at least 6 years 

and was not burnt during the study.  The fires that were applied in the Burnt regime 

during the study year had a mean intensity of 125.3 kW m-1 ± 54.1 SE (RJ 

Williams, unpublished data; see Table 2.2). 

 The three blocks were arranged along a north-south edaphic gradient 

(Chapter 3), and as such used were as surrogates of top soil moisture, in describing 

the resulting spatial patterns of establishment and seed production at the site.  The 

two canopy cover conditions were either directly under trees or shrubs (closed 

canopy, mean = 81%), or within tree canopy gaps (open canopy, mean = 38%).  

These canopy cover values are the overall mean of each treatment at the beginning 

of the experiment (May 2006), estimated by taking the mean of four cardinal points 

with a forestry densiometer (Lemmon 1957).  Canopy cover was assessed on four 

occasions during the experiment, but it remained unchanged during the study, even 

after the early dry season fire in the Burnt regime. 
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 Litter sowing conditions comprised either sowing the seeds on a layer of 

desiccated tree leaf litter collected nearby (dense litter), or sowing on bare soil 

where litter was manually removed (bare soil).  The dense litter treatment aimed to 

cover 100% of the quadrat at the time of seed sowing, to a depth of 5 cm, which is 

representative of densely wooded long unburnt savanna.  A visual estimate was 

made of litter cover within all quadrats on a monthly basis between May and 

December 2006, and again at the end of the experiment in March 2007.  Litter 

cover was considerably reduced by fire, but increased progressively in the post-fire 

environment due to natural accumulation (Fig. 6.1a).  Likewise, litter progressively 

accumulated in quadrats of the bare soil treatment where litter had been removed 

(Fig. 6.1b, c).  Litter cover at the time of germination in November 2006 was 

analysed in Statistica 5 (Statsoft. Inc. 1995) with the five-way factorial ANOVA 

design described above, after arcsine-transformation to satisfy the ANOVA 

assumption of variance homogeneity.  Despite the fluctuations in litter cover during 

the year, at the time of germination there was a significantly greater (approximately 

20%) cover of litter in quadrats where litter had been added (F (1, 6) = 50.30, P < 

0.001), reflecting the treatment conditions first imposed, and no effect of fire 

regime on litter cover (F (2, 6) = 2.34, P > 0.05).  Litter accumulation was however 

greater (approximately 20%) under the tree canopy, resulting in a significant 

difference in litter cover between canopy cover treatments (F (1, 6) = 60.84, P < 

0.001).  The effect of plot (F (9, 71) = 2.66, P < 0.05), and interactions with plot and 

canopy cover (F (9, 71) = 2.46, P < 0.05), and canopy cover and litter treatment (F (1, 

6) = 30.21, P < 0.01), were also significant and demonstrate complex spatial 

variability. 

 Seeds used in the experiment were collected within 5 km of the site in 

March 2006, and were sown in early April 2006 at a density of 250 seeds per 1 m2  
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Fig. 6.1.  Visual estimates of the percent cover of litter in four sowing treatments 

(see legend) for the duration of the Sorghum intrans seed sowing experiment 

between May 2006 and March 2007, in three experimental fire regimes: a) Burnt 

(Annual Early); b) Burnt-previously (Biennial Early); and c) Long-unburnt 

(Unburnt).  Values are the mean ± 1 SE. 

Continued over page.  
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Fig. 6.1.  Continued. 
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quadrat.  Sowing occurred at the time of natural seed fall and before significant 

rainfall later that month, allowing seeds to bury themselves with their hygroscopic 

awn (Andrew and Mott 1983).  A count of seedling density was made in December 

(emergence) after germination had occurred in October-November, and again three 

months later in March (establishment) when the plants were reproductively mature 

in the late wet season (Andrew and Mott 1983).  In March, the number of seeds per 

individual and their height was measured on 10 random individuals per quadrat, 

and averaged to the quadrat-level. 

 The germinability of the seeds used in the sowing experiment was 

determined at the time of germination (November), after laboratory storage 

throughout the dry season, using three replicates of 50 seeds.  Seeds were placed in 

9 cm plastic petri dishes lined with filter paper, and kept moist (with tap water) in a 

temperature cabinet set at 30°C with a 12 hr diurnal light regime.  Germination was 

considered to have occurred with the emergence of the radicle, and was monitored 

for up to eight weeks. 

 The variables seedling emergence, establishment, height, number of seeds 

per individual, and an additional derived variable (fecundity; total seeds produced 

m-2), were analysed with Statistica 5 using the five-way factorial ANOVA design 

described above (following transformation if necessary to satisfy the normality or 

variance homogeneity assumptions of ANOVA).  Where there was an interaction 

of interest (canopy cover by fire regime), a one-way ANOVA in Statistica 7.1 

(Statsoft. Inc. 2006), followed by a Tukey’s HSD post hoc test, was used to analyse 

differences between fire regimes in each of the canopy cover treatments.  To 

examine the relationship between the S. intrans variables and soil moisture, a 

correlation matrix was constructed in Statistica 7.1 with the five floristic variables 

and two soil moisture variables, averaged to the compartment-level (n = 9).  The 
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non-parametric Spearman rank R correlation was used given non-normal 

distributions of some variables (Quinn and Keogh 2002).  The soil moisture 

variables comprised percent soil moisture at 15-20 cm depth in November 2006 

and March 2007, determined gravimetrically from three random samples per 

compartment (see Chapter 3.2.1.1). 

6.2.2 Effect of litter on grass seedling emergence (shade house) 

 To investigate the effect of litter on Sorghum intrans emergence in 

controlled conditions, and examine whether litter could be a more widely 

applicable determinant of savanna grass composition, a shade house litter 

experiment was conducted in Darwin (12º 22′ 14.37″ S, 130º 51′ 53.53″ E).  In 

addition to S. intrans, grass species examined were common either at the study site 

(Eriachne triseta, Pseudopogonatherum contortum, Alloteropsis semialata, 

Chrysopogon latifolius, Sorghum plumosum) or in adjacent areas (Heteropogon 

triticeus).  Seeds of four species were purchased from Greening Australia 

Katherine, while the remainder were collected from either the TWP or in the 

Darwin region (see Table 6.3).  In the 2006 wet season, three replicates of 300 

seeds of each species were sown into separate 35 × 25 × 10 cm plastic trays filled 

with 50-50% sand-coco peat potting medium, and with three litter treatments: seeds 

sown on a 5 cm litter layer, seeds sown underneath a 5 cm tree litter layer, and 

seeds sown with no litter (control).  Litter was collected from the TWP study site in 

the month prior to sowing, in a small patch consisting mostly of desiccated 

Eucalyptus spp. leaves.  Trays were kept moist throughout the experiment by 

overhead automatic mist sprinklers.  The number of seedlings that had emerged 

after eight weeks was counted and compared between treatments in Statistica 7.1, 

following arcsine-transformation where necessary to satisfy the normality or 
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variance homogeneity assumptions of ANOVA.  A one-way ANOVA was used for 

most species, though two species with strongly skewed data were analysed with a 

non-parametric Kruskal-Wallis Ranks test.  The germinability of each species at 

the time of sowing was assessed with three replicates of 30 seeds, in the laboratory 

conditions described above in Chapter 6.2.1. 

6.2.3 Effect of seed burial on germinability 

 A seed burial experiment was conducted with Sorghum intrans to 

determine the influence of burial (or rather, the mechanical prevention of burial) on 

seed germinability, as litter could prevent seeds being incorporated into the seed 

bank.  Seeds were stored in the field for one dry season between April 2006 and 

November 2007.  Within Long-unburnt compartments, six bags (double layered 

aluminium fly screen) of 30 seeds were placed exposed on the soil surface, and a 

further six bags buried in the soil at a depth of 5 cm.  Soil entered the bags of 

buried seeds, thus they were adequately exposed to typical seed bank conditions.  

Germinated seeds were counted after recovering the seed bags in November, and 

remaining non-germinating seeds were tested for germinability in laboratory 

conditions described above in Chapter 6.2.1. 

6.3 RESULTS 

6.3.1 Field sowing experiment 

6.3.1.1 Emergence and establishment 

 The late dry season germinability of sown seeds, determined in the 

laboratory, was 51% (± 5 SE).  In December, 18% (range: 1-43%) of the sown 

seeds had emerged as seedlings and were approximately 15 cm in height.  
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Approximately 30% of seeds therefore either lost germinability or viability in the 

field during the dry season, were physically relocated outside of the quadrats, or 

had germinated but not emerged at the soil surface.  Seedling emergence showed a 

significant effect of block, plot and canopy cover (Table 6.1).  Emergence was 

considerably lower in the southern block, and lower when sown under a closed 

canopy.  Fire regime was not a significant factor overall in determining the rate of 

seedling emergence, although there was a significant interaction between fire 

regime and canopy cover.  Seedling emergence was similar between fire regimes 

when sown under a closed canopy, yet significantly higher in the Previously-burnt 

regime than the other regimes, when sown in the open canopy (Fig. 6.2). 

 Three months later (in March), 20% (range: 1-61%) of the sown seeds had 

established as mature plants.  Thus, there was little difference (2%) between the 

number of seedlings counted in December and the number of established plants 

counted in March.  Like emergence, establishment showed a significant effect of 

block, plot and canopy cover (Table 6.1).  Litter treatment was also a significant 

factor in determining establishment.  Establishment was lower in the southern 

block, lower when sown under a closed canopy, and lower when sown on litter.  

Fire regime was not a significant factor overall in determining the rate of 

establishment, but there was a significant interaction between fire regime and 

canopy cover.  Establishment was similar between fire regimes when sown under a 

closed canopy, yet significantly higher in the Previously-burnt regime than other 

regimes, when sown in the open canopy (Fig. 6.2). 

6.3.1.2 Height 

 The mean height of Sorghum intrans plants at reproductive maturity was 

131 cm (range: 17-277 cm).  Mean height varied spatially, with a significant effect  
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Table 6.1.  ANOVA summary for the five floristic variables in the Sorghum intrans field sowing experiment, and explanatory notes for each significant 

factor.  Statistically significant F values are indicated by asterisks (*P < 0.05, **P < 0.01) and highlighted in bold font, along with the source of 

variation.  Only the results of significant (P < 0.05) interactions are displayed. 

 Source of variation F Explanatory notes (mean ± 1 SE) 
SEEDLING 
EMERGENCE 
(DECEMBER) 
 

Fire regime F (2, 6) = 0.11  
Block F (6, 9) = 10.43** North (22.2 ± 1.6%) > Centre (21.8 ± 1.5%) > South (8.5 ± 1.0%) 
Canopy cover F (1, 6) = 9.81* Open (20.1 ± 1.5%) > Closed (14.9 ± 1.1%) 
Plot F (9, 72) = 2.16* 1 (17.6 ± 1.2%) > 2 (17.4 ± 1.5%) 
Litter + / - F (1, 6) = 3.26  
Fire regime x canopy cover F (2, 6) = 6.69* see Fig. 6.2 
Canopy cover x litter F (1, 6) = 27.09**  

 Fire x canopy cover x litter F (2, 6) = 25.18**  
    
PLANT 
ESTABLISHMENT 
(MARCH) 
 

Fire regime F (2, 6) = 0.29  
Block F (6, 9) = 8.55** North (26.5 ± 2.1%) > Centre (26.3 ± 2.1%) > South (8.4 ± 1.5%) 
Canopy cover F (1, 6) = 19.64** Open (24.3 ± 2.0%) > Closed (16.4 ± 1.6%) 
Plot F (9, 72) = 2.68** 1 (21.8 ± 1.8%) > 2 (19.0 ± 1.9%) 
Litter + / - F (1, 6) = 7.15* Bare soil (22.9 ± 2.1%) > Dense litter (17.9 ± 1.5%) 
Fire regime x canopy cover F (2, 6) = 14.74** see Fig. 6.2 
Canopy cover x litter F (1, 6) = 19.20**  

 Fire regime x canopy cover x litter F (2, 6) = 16.51**  
    
HEIGHT 
 

Fire regime F (2, 6) = 0.75  
Block F (6, 9) = 7.93** Centre (156.9 ± 5.6 cm) > North (154.4 ± 6.6 cm) > South (82.4 ± 8.7 cm) 
Canopy cover F (1, 6) = 2.78  

Continued over page. 
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Table 6.1  Continued. 

 Source of variation F Explanatory notes (mean ± 1 SE) 
HEIGHT cont. Plot F (9, 72) = 3.52** 1 (142.7 ± 6.9 cm) > 2 (119.7 ± 7.0 cm) 

Litter + / - F (1, 6) = 0.96  
Canopy cover x plot F (9, 72) = 2.73**  

    
SEEDS PER 
INDIVIDUAL† 
 
 

Fire regime F (2, 6) = 1.22  
Block F (6, 9) = 2.90  
Canopy cover F (1, 6) = 0.05  
Plot F (9, 72) = 3.45** 1 (19.54 ± 2.6) > 2 (11.86 ± 1.2) 
Litter + / - F (1, 6) = 3.11  
Block x canopy cover F (6, 9) = 7.9**  
Block x canopy cover x litter F (6, 9) = 4.64*  

    
FECUNDITY‡ 
(seeds m-2) 
 
 

Fire regime F (2, 6) = 0.72  
Block  F (6, 9) = 7.15** Centre (1042.6 ± 99.2) > North (986.6 ± 115.6) > South (417.7 ± 113.8) 
Canopy cover F (1, 6) = 0.80  
Plot F (9, 72) = 3.0** 1 (945.1 ± 97.2) > 2 (686.1 ± 102.3) 
Litter + / - F (1, 6) < 0.001  
Block x canopy cover F (6, 9) = 4.68*  
Canopy cover x plot F (9, 72) = 2.19*  

 
†Log10 (x+1)- and ‡square-root-transformed before analysis. 
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Fig. 6.2.  Density (percent of sown seeds) of Sorghum intrans at the time of 

emergence (December) and establishment (March), within the three fire regimes 

and two canopy cover treatments.  Error bars represent the mean + 1 SE.  Values 

with different letters at a given time (December or March) and within a specified 

canopy cover treatment are statistically different (P < 0.05); determined by a one-

way ANOVA and Tukey’s HSD post hoc test within each canopy cover treatment. 

  



131 | C h a p t e r  6 :  D e t e r m i n a n t s  o f  e s t a b l i s h m e n t 

of both block and plot (Table 6.1).  Individuals in the northern and central block 

were almost double the height of those in the southern block. 

6.3.1.3 Seed production 

 Mean seed production per individual was 16 (range: 0-163), although there 

were a small number of individuals without reproductive tillers at the time of 

harvesting, particularly in the southern block.  Seed production was spatially 

variable, with a significant effect of plot evident (Table 6.1).  A similar result 

occurred for fecundity.  There was a mean of 816 seeds m-2 (range: 0-4343), with a 

significant effect of both block and plot (Table 6.1).  The mean number of seeds 

produced in the northern and central blocks was over double that of the southern 

block. 

6.3.1.4. Influence of soil moisture 

 The number of seeds produced per plant was positively correlated with soil 

moisture in November, while seedling emergence and height were both positively 

correlated with soil moisture in March (Table 6.2).  Wetter areas were therefore 

associated with higher rates of S. intrans seedling emergence, and the resulting 

individuals were taller and produced more seeds.  All S. intrans floristic variables 

were positively correlated with each other (Table 6.2). 

6.3.2 Effect of litter on grass seedling emergence (shade house) 

 Laboratory-determined germinability of the seven grass species in the 

shade house experiment was variable, ranging between 4% (Alloteropsis semialata) 

and 79% (Pseudopogonatherum contortum), and this tended to reflect the 

emergence rate of seedlings in the no-litter (control) trays (Table 6.3).  All seven  
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Table 6.2.  Correlation matrix (Spearman rank R) of floristic variables in the Sorghum intrans seed sowing experiment and soil moisture sampled in 

November 2006 and March 2007 (for Chapter 3).  Data averaged to the compartment-level (n = 9).  *P < 0.05, with significant correlations also shown 

in bold. 

   
Emergence  Establishment  Seeds per 

plant 
Seed 
production  

Height  Soil 
moisture-
November 

Soil 
moisture-
March 

Emergence (%) 1.000  
      

Establishment (%) 0.917* 1.000 
     

Seeds per plant 0.667* 0.700* 1.000 
    

Seed production (m2) 0.717* 0.800* 0.933* 1.000 
   

Height (cm) 0.817* 0.867* 0.833* 0.867* 1.000 
  

Soil moisture- November (%) 0.550 0.400 0.700* 0.533 0.467 1.000 
 

Soil moisture- March (%) 0.733* 0.600 0.550 0.450 0.717* 0.633 1.000 
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Table 6.3.  Results summary of the shade house litter experiment in Darwin, where seven grass species were sown in three litter treatments and resulting 

seedling emergence recorded.  Seed collection and storage details are provided, in addition to their age and percent laboratory germination at the time of 

sowing.  Asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) and bold font indicates significantly different means between litter treatments for a given 

species, and different letters indicate which treatments are significantly different from each other (P < 0.05; Tukey’s HSD post hoc test, parametric 

analyses only). 

Species Location of 
collection 

Storage 
conditions# 

Age when 
sown 

Percent 
germination in 
laboratory  
(1 SE) 

Shade house sowing 
treatment 

Percent 
seedling 
emergence 
(1 SE) 

Test statistic 
 

Sorghum intrans (A) Darwin 21°C 7 months 62.67 (5.46) No litter 65.34 (2.14)a F (2, 6) = 5.47* 
Sown on litter 40.11 (9.06)b 
Sown underneath litter 45.44 (3.2)ab 

        
Pseudopogonatherum 
contortum (A) 

TWP 21°C 7 months 78.67 (2.4) No litter 64.89 (3.09)a F (2, 6) = 119.27*** 
Sown on litter 17.44 (3.66)b 
Sown underneath litter 4.11 (1.66)c 

        
Sorghum plumosum (P)†‡§ Elsey Station Shed, 

Katherine / 
21°C 

8 months 50.67 (2.9) No litter 25.67 (0.5) H (2, n = 9) = 7.26* 
Sown on litter 4.78 (0.97) 
Sown underneath litter 0.78 (0.22) 

        
Chrysopogon latifolius (P)§ “West Baines” 23 / 21°C 18 months 36.0 (4.16) No litter 38.44 (3.4)a F (2, 6) = 19.93** 

Sown on litter 11.22 (4.39)b 
Sown underneath litter 10.22 (2.78)b 

Continued over page. 
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Table 6.3  Continued. 

Species Location of 
collection 

Storage 
conditions# 

Age when 
sown 

Percent 
germination 
in laboratory  
(1 SE) 

Shade house sowing 
treatment 

Percent 
seedling 
emergence 
(1 SE) 

Test statistic 
 

Heteropogon triticeus (P)§ Florina Station Shed, 
Katherine / 
21°C 

8 months 16.67 (3.71) No litter 17.33 (2.04)a F (2, 6) = 5.22* 
    Sown on litter 9.89 (1.06)b  
    Sown underneath litter 13.33 (1.64)ab  
        
Eriachne triseta (P)† TWP 21°C 6 months 34.67 (2.9) No litter 36.78 (2.48)a F (2, 6) = 46.56*** 

Sown on litter 13.0 (3.15)b 
Sown underneath litter 2.56 (0.87)c 

        
Alloteropsis semialata (P)†‡§ “Katherine East” 23 / 21°C 10 months 4.0 (1.15) No litter 19.33 (0.33) H (2, n = 9) = 6.31* 

Sown on litter 6.22 (2.38) 
Sown underneath litter 2.0 (0.51) 

 

†Arcsine-transformed before analysis.  ‡Analysed with Kruskal-Wallis Ranks tests.  §Collected by Greening Australia (Katherine) in the Katherine region, 
approximately 300 km south of Darwin.  #Inside air-conditioned laboratories unless otherwise stated.  A-Annual, P-Perennial.  TWP-Territory Wildlife Park, Berry 
Springs. 
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species showed significant differences in seedling emergence between the litter 

treatments, and all had greater emergence within the no-litter treatment (Table 6.3).  

The majority of species (Pseudopogonatherum contortum, Sorghum plumosum, 

Chrysopogon latifolius, Eriachne triseta and Alloteropsis semialata) had greater 

emergence in the no litter treatment, followed by where seeds were sown on litter, 

and then where seeds were sown underneath litter.  For Sorghum intrans, litter 

addition treatments resulted in at least 20% fewer seedlings than the no litter 

treatment. 

6.3.3 Effect of seed burial on germinability 

 Seed germination (Sorghum intrans) occurred in the field shortly before 

collecting seed bags, and no further germination was subsequently recorded in 

laboratory conditions.  Mean germination of buried seeds was 66.1% (± 19.3 SE), 

whereas no seeds stored on the surface germinated.  When seeds were recovered 

from the field, buried seeds were similar in appearance to viable seeds stored in the 

laboratory (dark brown), but those in the surface treatment were pale brown-white. 

6.4 DISCUSSION 

6.4.1 Effect of the canopy 

 Woody plants exerted a strong influence on the establishment of Sorghum 

intrans at the site.  The results agrees with previous studies of annual Sorghum that 

described a habitat preference for canopy gaps, but contrasts with observations of 

reduced seed production in shaded environments (Bowman et al. 1988; Lane 1996; 

Cook et al. 1998).  Lower establishment under the canopy supports the more 

general observation that grass-layer richness and abundance is considerably lower 
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in densely wooded savannas (Brookman-Amissah et al. 1980; Bowman and 

Fensham 1991; San José and Farinas 1991; Woinarski et al. 2004). 

 Differences in grass species composition between the canopy and canopy 

gaps could be attributed to differential germination in some species (Gardener et al. 

2001; Fenner and Thompson 2005).  For S. intrans though, seeds do not exhibit a 

preference for germination in dark or light conditions, and the temperatures found 

in shaded habitats should not reduce germination (Mott et al. 1976; Andrew and 

Mott 1983).  Shade intolerance, leading to the mortality of seedlings, is also an 

unlikely explanation for differences in establishment under and away from the 

canopy.  Whilst shading by the grass canopy was implicated by Silva and Castro 

(1989) in the death of perennial grass seedlings in a Venezuelan savanna, most S. 

intrans individuals that were counted in December in the current study remained 

alive and produced seeds by March, even under the canopy.  There may have been 

higher rates of seed removal or death during the dry season, associated with the 

canopy, although such research is extremely limited. 

 The effects of canopy shading are evidently difficult to identify, in part 

because of the confounding effect of litter cover which accumulated faster under 

the canopy.  Sowing seeds on litter significantly reduced seedling emergence in the 

shade house and establishment in the field.  The annual Sorghum brachypodum 

also showed significantly lower establishment when sown under litter (Cook et al. 

1998).  Elsewhere, litter accumulation is attributed to the mortality of perennial 

grass tussocks (Silva et al. 1990) and the annual grass Andropogon brevifolius 

Schwarz in Venezuelan savannas (Canales et al. 1994), and Themeda triandra in 

temperate Australian grasslands (Morgan and Lunt 1999).  Whilst the cause of 

reduced emergence or establishment with litter in the current study could simply be 

related to mechanical constraints (Carson and Peterson 1990; Facelli and Picket 
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1991), the design of the study could not isolate the effects of leechates (Barritt and 

Facelli 2001), nor enhanced seed predation associated with the litter (Facelli 1994).  

The loss of seed viability associated with surface storage during the dry season 

may also occur in seeds lying on a thick litter layer for extended periods.  The 

significant differences in establishment and seed production between blocks in part 

reflected the intrinsically higher values of canopy and litter cover in the southern 

block, but also the distinct north-south soil moisture gradient. 

6.4.2 Effect of soil moisture 

 Drier soils (i.e. the southern block) were associated with lower S. intrans 

emergence and establishment, smaller plants at maturity, and lower fecundity than 

wetter soils in the northern and central blocks.  In addition to a lack of massive 

laterite in the top soil of the southern block facilitating drainage, high canopy cover 

may have reduced rainfall throughfall during rain showers at the time of 

germination (Belsky et al. 1989).  Differences in edaphic conditions were similarly 

suggested by Andrew (1986b) to influence the height and seed production of 

Sorghum intrans, whilst artificial watering significantly increased biomass and 

seed production in Sorghum brachypodum (Cook et al. 1998).  Lower rates of 

establishment in the drier soils of the southern block are seemingly related to the 

vulnerability of grass-layer plant seedlings to desiccation in savannas, especially 

where follow-up rainfall after germination is inadequate (Andrew and Mott 1983; 

Silva and Castro 1989; O’Connor 1996; Veenendaal et al. 1996; Crowley and 

Garnett 1999). 
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6.4.3 Interactive effects of fire regime 

 In open canopy habitats, establishment was significantly higher in the 

Burnt-previously regime than the other two regimes (Burnt and Long-unburnt).  

This trend, however, is unlikely to be related to litter and canopy cover.  Despite 

early dry season fire considerably reducing litter cover, subsequent accumulation 

determined there was no significant difference in cover between regimes at the 

time of germination (November).  And, canopy cover remained unchanged during 

the experiment, even after fire in the Burnt regime.  Alternatively, differences in 

establishment between regimes may reflect the dynamism of grass-layer cover. 

 The intermediate cover of grass-layer plants in landscapes burnt biennially 

(compared to those burnt annually or very infrequently) could provide seedlings 

with a unique set of conditions that balance positive and negative factors involved 

with regulating establishment.  For example, while grass-layer competition is likely 

to reduce the number of grass seedlings that establish (Cook et al. 1998; Williams 

et al. 2005b; Zimmermann et al. 2008), some cover is probably important to reduce 

surface soil temperatures or reduce soil moisture loss, thereby minimising seedling 

mortality (Mott et al. 1976; Scholes and Walker 1993; Garnier and Dajoz 2001; 

Snyman 2004).  Experimental evidence elsewhere tends to support the benefits of 

intermediate amounts of grass-layer cover.  In a northern Australian savanna, fewer 

seedlings of S. intrans and the perennial grass Themeda triandra survived in burnt 

compared to unburnt areas (Mott and Andrew 1985).  Similarly, emergence of the 

perennial grasses Andropogon semiberbis and Sporobolus cubensis Hitchc. was 

considerably lower in a burnt plot in Venezuela, compared to an unburnt plot, 

which the authors attributed to the open-canopy post-fire microclimate (and low 

rainfall; Silva et al. 1990).  At the other extreme, biomass accumulation resulting 

from long term fire exclusion has also been shown to reduce the abundance of 
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grasses in savannas (Silva et al. 1990) and temperate grasslands (Morgan and Lunt 

1999). 

6.4.4 Implications of fire frequency for species distribution 

 Lower rates of establishment under the canopy, and in the presence of 

litter, support observations that annual Sorghum could decrease in abundance 

during periods of long term fire exclusion typified by woody encroachment and 

litter accumulation (Hoare et al. 1980; Russell-Smith et al. 2003a; Woinarski et al. 

2004).  Nevertheless, the ability for individuals to establish and reproduce under 

the canopy, and in the presence of litter, suggests that population persistence can be 

ensured over the short term despite minor variations in vegetation structure.  

Results from the landscape-scale Kapalga fire experiment in Kakadu National Park 

suggest one fire every five years is sufficient to maintain annual Sorghum 

populations (Williams RJ et al. 2003b).  At some point, however, a threshold will 

be reached with continuous fire exclusion, where canopy closure and litter 

accumulation negatively influence establishment and fecundity at larger spatial 

scales, thereby eliminating populations over time. 

 As frequent burning maintains the typical open canopy structure of savanna 

vegetation and consumes litter (Williams et al. 1998, 1999), such a fire regime 

should maintain the pre-existing abundance of annual Sorghum.  Indeed, a 

comparison of establishment between the Burnt and Long-unburnt regime, in 

canopy gaps, does not demonstrate a negative, direct effect of fire (e.g. seed 

mortality in the seed bank).  If such a regime was to historically occur over 

increasingly larger areas of the landscape, it is conceivable then, that ‘invariant 

frequent burning’ could be responsible for an increase the abundance of annual 

Sorghum at the landscape scale, through the creation of favourable microsites for 
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establishment (Russell-Smith et al. 2002, 2003a; Miles 2003; Bowman et al. 

2007).  At smaller scales, however, any increase in population abundance will be 

strongly limited by seed availability given very short (< 2.5 m) dispersal distances 

(Andrew and Mott 1983). 

 The shade house litter experiment documented the broader importance of 

litter cover as a driver of grass species composition, as has been documented 

previously in grasslands (Foster and Gross 1998; Lenz et al. 2003).  The seed 

burial experiment showed that a thick enough litter layer, preventing seed access to 

the seed bank, will result in a loss of seed viability.  In addition, litter acted as a 

mechanical barrier to seedling emergence.  Although interactive effects are likely, 

the reduced abundance and diversity of grass-layer plants under the tree canopy in 

savannas can therefore be directly ascribed to the negative influence of litter on 

seedling emergence (San José and Farinas 1991; Woinarski et al. 2004).  Given the 

dynamism of litter cover with respect to burning, a consideration of litter will be 

important when interpreting grass-layer plant responses to fire.  In conclusion, this 

study has demonstrated the importance of woody plants (canopy and litter cover) 

and soil moisture as important determinants of savanna grass composition, through 

their effects on seedling emergence and establishment. 

****************************** 

 The soil seed bank as a successful means of persistence during the dry 

season for savanna grass-layer plants, has been demonstrated in this chapter and 

Chapter 5.  In contrast to annuals such as Sorghum intrans, perennial grasses can 

also survive the dry season as dormant individuals, directly exposed to fire.  The 

resistance of these perennial grasses to fire is examined in the following chapter. 

 



 

Chapter 7 
 
Fire tolerance of perennial grass 
tussocks in a savanna woodland 
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7.1 INTRODUCTION 

 Plant communities in the savannas of northern Australia are highly resilient 

with respect to variation in fire regimes (Andersen et al. 2003; Williams PR et al. 

2003a; Williams RJ et al. 2003c).  This is particularly the case for grass-layer 

plants, whose abundances are determined primarily by soil and rainfall variation 

(Bowman et al. 1988; Russell-Smith et al. 2003a; Williams PR et al. 2003a, 

Williams RJ et al. 2003b, c).  For example, only three grass species were 

significantly affected by fire after 24 years of experimental burning in savanna 

woodland at Munmarlary, in Kakadu National Park (Russell-Smith et al. 2003a). 

 The resilience of grass-layer plant populations in relation to fire can be 

attributed to two mechanisms of persistence (Williams RJ et al. 2003a).  Firstly, 

seeds are incorporated into fire protected soil seed banks in the early dry season, 

before fires become prevalent (Williams et al. 2005a).  Secondly, perennial grass 

tussocks are resistant to fire; sprouting from underground rootstocks or thickened, 

basal regenerative tissue (Sarmiento 1992; Ramsay and Oxley 1996; Scholes et al. 

2003; Hartnett et al. 2006).  Survival of grass tussocks is however highly variable 

between savanna species (Mott and Andrew 1985; Silva and Castro 1989; Silva et 

al. 1990; Scholes and Walker 1993; Garnier and Dajoz 2001; Vignolio et al. 2003).  

For example, the difference in mortality between Stipa tenuis Phil. and Stipa 

gynerioides Phil. in central Argentina was as much as 70% after exposure to 500-

600°C by a propane burner (Peláez et al. 2001).  Higher post-fire survival has been 

documented in larger grass tussocks where inner meristematic tissue is protected 

from heat by outer tillers (Silva and Castro 1989; Ramsay and Oxley 1996; 

Vignolio et al. 2003).  Smith (1960) noted that populations of the perennial grass 

Chrysopogon fallax S.T.Blake were not severely affected by fire, as its root crown 
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and stem base were located under the soil surface and thus protected from fire 

altogether.  A similar observation was made in a Venezuelan savanna, where 

perennial grass species showed contrasting levels of mortality according to the 

location of regenerative tissue (Silva et al. 1990). 

 The capacity of perennial grasses to survive fire in the savannas of northern 

Australia has been little studied, and is addressed here for three species.  This 

chapter aimed to compare survivorship after three years at plots subject to 

experimental fire regimes, experiencing 0, 1, 2 or 3 fires over the study period. 

7.2 METHODS 

 The effect of fire regime on the survivorship of perennial grasses (basal 

perimeter ≥ 20 mm) was examined with three dominant species at the site, 

Eriachne triseta, Eriachne avenacea and Chrysopogon latifolius, in four of the fire 

regime treatments of the manipulative fire experiment (see Chapter 2.2).  The two 

species of Eriachne have basal meristematic tissue located above ground, whilst C. 

latifolius has these tissues located below ground.  Individuals were permanently 

marked with aluminium labels (tied to tent pegs) in April 2004, shortly before fire 

regime treatments were first applied at the site (in June 2004). 

 For E. triseta, three plots of 10 individuals (approximately 10-15 m2, 20 m 

apart) were marked in each of the three compartments (blocks) of four fire regime 

treatments (Unburnt, Single Fire, Biennial Late, Annual Early).  For the remaining 

two species, their low abundances in the central and southern area of the site 

determined that the three plots of 10 individuals were marked in 1, 2 or 3 

compartments per regime, depending on whether there were enough individuals in 

the applicable compartment (Table 7.1).  Additionally, labels were often removed  
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Table 7.1.  Number of replicate blocks (compartments, 1 ha) and plots (10-15 m2) in each of four fire regime treatments of the manipulative fire 

experiment, in which individuals of three perennial grass species were permanently marked to compare survivorship between regimes.  The number of 

individuals surviving within each plot was analysed with a two-way ANOVA for Eriachne triseta (four fire regimes, fixed factor; three blocks, random 

factor), and a one-way ANOVA (between fire regimes) for Eriachne avenacea and Chrysopogon latifolius. 

Species Unburnt Single Fire Biennial Early Biennial Late 
 Blocks Plots Blocks Plots Blocks Plots Blocks Plots 
Eriachne triseta 3 9 3 9 3 9 3 9 
Eriachne avenacea 2 6 2 6 3 9 2 6 
Chrysopogon latifolius 1 2 1 5 2 6 2 5 
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by the digging activity of agile wallabies, or incinerated by fire, resulting in < 10 

marked individuals per plot.  For C. latifolius, the loss of these labels resulted in 

some plots having zero marked individuals and therefore only two plots for some 

compartments (Table 7.1). 

 Marked individuals were re-visited in late 2006, three years after the 

commencement of fire regime treatments, resulting in exposure to zero, one, two, 

or three fires during the study period (Unburnt, Single Fire, Biennial Late and 

Annual Early respectively; see Table 2.1).  All burnt regimes were subject to fire in 

the early dry season, with the exception of the Biennial Late regime which was 

burnt in the late dry season.  Mean fire intensity was 91.9 kW m-1 in the Annual 

Early regime and 1465 kW m-1 in the Biennial Late regime (fire intensity data is 

unavailable for the Single Fire regime; RJ Williams, unpublished data).  Survival 

was confirmed by the presence of green vegetative tillers or new shoots several 

weeks after the commencement of the wet season.  Rainfall during the study was 

21% higher than the long term average (Bureau of Meteorology, unpublished data; 

see Fig. 2.3). 

 For E. triseta, the proportion of individuals surviving in each plot was 

analysed with a two-way ANOVA in Statistica 5 (Statsoft. Inc. 1995).  The design 

consisted of four fire regime treatments (fixed factor) and three blocks (random 

factor).  For E. avenacea and C. latifolius, the proportion of individuals surviving 

in each plot was compared between fire regime treatments with a one-way 

ANOVA in Statistica 7.1 (Statsoft. Inc. 2006), given the unbalanced design.  Data 

was arcsine-transformed before analysis to satisfy the ANOVA assumptions of 

normality and variance homogeneity. 
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7.3 RESULTS 

 Mean survivorship across all fire regime treatments was 79.9%, 64.3% and 

62.0% for Eriachne avenacea, Eriachne triseta and Chrysopogon latifolius 

respectively.  For E. triseta, overall survivorship was highest (77.1%, n = 9) in the 

Unburnt regime and lowest (54.2%, n = 9) in the Biennial Late regime, but 

variation between fire treatments was not statistically significant (F (3, 6) = 0.34, P > 

0.05; Fig. 7.1a).  There was no significant effect of block on survivorship (F (2, 24) = 

1.02, P > 0.05), but a significant fire regime by block interaction was evident (F (6, 

24) = 3.09, P < 0.05), with the southern block exhibiting highest survivorship in the 

Annual Early regime, and very low survivorship in the Biennial Late regime (Fig. 

7.1a). 

 Survivorship of Eriachne avenacea was highest (94.6%, n = 6) in the 

Unburnt regime and lowest (66.4%, n = 6) in the Single Fire regime, although the 

variation between regimes was not significant (F (3, 23) = 1.63, P > 0.05; Fig. 7.1b).  

In burnt regimes, survivorship tended to increase slightly with increasing fire 

frequency. 

 Like the other study species, variation in survivorship between regimes 

was not statistically significant for C. latifolius (F (3, 14) = 0.83, P > 0.05).  

Survivorship was highest (71.7%, n = 5) in the Annual Early regime and lowest 

(40%, n = 2) in the Unburnt regime, showing a trend of decreasing survivorship 

with decreasing fire frequency (Fig. 7.1c). 

7.4 DISCUSSION 

 The similarity in survivorship between fire regime treatments demonstrates 

a high degree of fire tolerance among perennial grasses in these savannas.  Tussock  
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Fig. 7.1.  Proportion of perennial grass tussocks surviving after three years of 

different fire regime treatments: a) Eriachne triseta, b) Eriachne avenacea and c) 

Chrysopogon latifolius.  The Unburnt, Single Fire, Biennial Late and Annual Early 

regimes experienced 0, 1, 2 and 3 fires respectively during the 3-year study period.  

n = the number of plots within a fire regime treatment for each species, where 

mean survivorship was calculated.  Data are the mean + 1 SE. 

 

Continued over page. 
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Fig. 7.1. Continued. 
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tolerance to fire was afforded by their ability to sprout new vegetative growth soon 

after fire (Eriachne spp.) or during the subsequent wet season (Chrysopogon 

latifolius), and this occurred irrespective of the location of meristematic tissue 

(above or below ground).  Similarly, Mott and Andrew (1985) found burning had 

little influence on the abundance of the perennial grass Themeda triandra near 

Katherine.  In contrast, Bennett et al. (2002) reported higher mortality of T. 

triandra individuals in burnt areas of the Pilbara in Western Australia, but this was 

not the focus of their study and data were not reported in detail.  Resistance of 

perennial grass tussocks to fire was also apparent in an African savanna, with no 

mortality observed in Hyparrhenia diplandra (Hack.) Staph after fire (Garnier and 

Dajoz 2001). 

 The results suggest fire tolerance irrespective of whether old tillers had 

been removed by fire in the previous year (i.e. burning of regrowth).  The data also 

indicate that species in this study were tolerant of fire exclusion over the three 

years, which is typically associated with leaf litter and / or biomass accumulation 

(Cook 2003).  In contrast, survivorship of perennial grasses in a Venezuelan 

savanna was greater in areas of higher fire frequency over a similar time frame, 

apparently because fire prevented litter accumulation and dead biomass from 

shading the tussocks (Silva et al. 1990).  The role of soil fertility as a driver of this 

response is unknown. 

 The resistance of perennial grass tussocks to fire in this study supports the 

results of fire experiments that report a minor effect of fire on grass-layer plant 

composition (Bowman et al. 1988; Russell-Smith et al. 2003a; Williams PR et al. 

2003a, Williams RJ et al. 2003b, c).  The results of this study also reflect the 

current distribution patterns of these species at the site.  Survivorship of Eriachne 

triseta was highest in the Unburnt regime, and it was dominant in the areas (central 
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and southern block) that experienced the lowest fire frequency in the previous 14 

years (Chapter 3).  In contrast, C. latifolius showed highest survivorship with 

annual burning (Annual Early regime), and was found to be more abundant in the 

area (northern block) that experienced the highest fire frequency (Chapter 3).  The 

abundance of Eriachne avenacea at the site, however, appeared more strongly 

influenced by differences in edaphic characteristics (Elliot 2005).  In a Queensland 

savanna, Heteropogon triticeus was noted to decrease with four years of fire 

exclusion (Williams PR et al. 2003a).  Perhaps such a decrease relates to lower 

survivorship in infrequently burnt savannas, as was observed with C. latifolius.  

With contrasting responses to fire frequency shown by the different perennial grass 

species in this study though, there may not be a simple relationship between fire 

frequency and perennial grass abundance, or it may become increasingly different 

over a longer time frame.  Additionally, the large degree of variation among plots 

warrants further investigation. 

****************************** 

 The mechanistic studies in Chapters 5-7 have enabled interpretations of 

grass-layer plant abundance at the site documented in Chapter 3, and the resilience 

of the grass-layer to fire regimes over the short term shown in Chapter 4.  The 

following chapter synthesises these results to interpret vegetation dynamics at the 

site.  Lastly, the broad implications of the study are discussed. 

  



 

Chapter 8 
 
Synthesis and implications 
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8.1 SYNTHESIS 

8.1.1 Summary 

 The first aim of the thesis was to document the relative importance of fire 

regime as a determinant of grass-layer composition.  Chapters 3 and 4 showed that: 

• Fire regimes typical of current fire management in northern Australia have a 

minor influence on the composition of savanna grass-layer plants over the 

short term (three years). 

• Instead, edaphic properties (soil moisture), woody plants (canopy and litter 

cover) and annual rainfall variation have a stronger influence on the density 

and distribution of grass-layer plants over this time frame. 

• Whilst the abundance of legumes increases considerably in the first wet 

season after fire, and the abundance of perennial grasses increases 

progressively with fire exclusion, these life-form groups were minor 

components of the flora at the site.  As such, their responses did not 

significantly influence species composition overall. 

• Low fire frequencies can lead to significant changes to the abundance of 

dominant grass species over the longer term (15 years), but not a major 

reduction in species richness. 

 The second aim of the thesis was to describe the mechanisms of impact of 

fire on grass-layer plant population dynamics.  Chapters 5-7 determined that the 

resilience of the grass-layer to fire regimes in the short term was due to the minor 

impact of fire on life cycle processes: 
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• The soil seed bank was resistant to fire and therefore a successful means of 

persistence for seeds during the dry season.  The resistance of the seed bank to 

fire was determined by its negligible impact on germinable seed density, as 

well as the ability of the annual grass Sorghum intrans to establish at the site, 

after soil-stored seeds experienced fire. 

• Survivorship of three common perennial grasses was not affected by different 

fire regimes in the short term.  Species with above ground basal tissue sprout 

after fire, while those with below ground basal tissue avoid it altogether and 

sprout in the next wet season. 

• Over longer periods of time, however, litter accumulation and shading 

associated with fire exclusion may alter grass species composition (e.g. the 

loss of Sorghum intrans and Heteropogon triticeus) through their effects on 

reducing seedling emergence and establishment. 

8.1.2 Effect of fire regime on life form groups 

 The results of the mechanistic experiments (Chapters 5-7) can be used to 

interpret the vegetation dynamics of life form groups discussed in the study. 

8.1.2.1 Perennial grasses 

 Perennial grasses showed a significant treatment by time (fire regime by 

year) interaction in the manipulative fire experiment, where abundance tended to 

increase more in compartments remaining unburnt for several years (Chapter 4).  

As the survivorship of three common perennial grasses was similar between fire 

regime treatments (Chapter 7), this increase with fire exclusion is likely to be 

associated with differences in seedling recruitment.  Enhanced seedling recruitment 

in unburnt compartments could have resulted from various life cycle processes, 
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including an increase in seed production or seed viability, or lower rates of seed or 

seedling mortality (Fig. 1.1).  Even though the abundance of perennial grasses 

increased with fire exclusion, annual grasses were still three times more abundant 

at the TWP after its history of long term fire exclusion.  The recent increases in 

perennial grass abundance observed in the fire experiment may therefore be an 

artefact of favourable short term environmental conditions, including above-

average rainfall not representative of the overall abundance change, or involve a 

hysteresis effect.  With a greater period of fire exclusion though, enhanced 

midstorey competition from woody plants, and litter accumulation (Chapter 6), is 

likely to reduce the cover and abundance of all grass-layer plants, including 

perennial grasses (Fensham 1990; Bowman and Fensham 1991; Woinarski et al. 

2004). 

 Although not statistically significant between fire regimes, the dominant 

perennial grass Eriachne triseta also increased at a greater rate within the Unburnt 

regime (Chapter 4, unpublished data), where survivorship was also highest 

(Chapter 7).  It was also more abundant in the southern block of the TWP which 

had a lower fire frequency and also a dense understorey resembling long unburnt 

vegetation.  These observations support the dominance of E. triseta in areas of low 

fire frequency reported for savannas elsewhere (Fensham 1990; Russell-Smith et 

al. 2003a; Woinarski et al. 2004; Elliot 2005).  In contrast, Chrysopogon latifolius 

showed highest survivorship in the Annual Early regime (albeit not significantly 

so, Chapter 7), and was more abundant in the frequently burnt area in the northern 

block of the TWP (Chapter 3). 

 A long term decline in the abundance of the perennial grass Heteropogon 

triticeus was apparent in the lower fire frequency area of the site (Chapter 3); a 

result also supported at other sites throughout northern Australia.  A progressive 
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annual decline in H. triticeus abundance was observed at Cape Cleveland in north-

eastern Australia after just four years of fire-exclusion (Williams PR et al. 2003a).  

At Solar Village, H. triticeus was only present in the frequently burnt property and 

not the long unburnt property (Woinarski et al. 2004).  Ordination of savanna sites 

at Gunn Point near Darwin revealed a fire regime gradient, with the presence of 

taller grasses including Sorghum plumosum and H. triticeus at one end, and others 

such as Panicum mindanaense and Eriachne triseta at the other end (Bowman 

1986).  Fire regime, rather than rainfall variation, appears to be the mechanism 

responsible for its decline inside the TWP.  Whilst drought-related mortality of 

perennial grasses is frequently observed in African savannas (Scholes 1985; 

Danckwerts and Stuart-Hill 1988; O’Connor 1991; Scholes and Walker 1993), the 

period of decline coincided with 6% above-average rainfall (Bureau of 

Meteorology, unpublished data).  The progressive increase in litter cover over time 

with fire exclusion may have reduced rates of seedling emergence and 

establishment.  Chapter 6 explicitly showed that the emergence of H. triticeus 

seeds was significantly reduced when sown on and underneath litter.  Furthermore, 

seed germination in H. triticeus is known to benefit from heat (Fig. 5.6) and smoke 

(Williams et al. 2005a) during fire.  Litter and grass-layer biomass accumulation 

may have also contributed to the mortality of adults through shading, as observed 

in Venezuelan savannas (Silva et al. 1990) and temperate Australian grasslands 

(Morgan and Lunt 1999; Prober et al. 2005). 

8.1.2.2 Annual grasses 

 As the seeds of annual grasses in the soil seed bank are their only means of 

persistence during the winter fire season, the presence of a fire-resistant seed bank 

was a very important finding (Chapter 5).  The density of annual grasses increased 
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during the manipulative fire experiment, irrespective of fire regime, probably 

indicating their propensity to respond quickly to rainfall patterns (Chapter 4).  The 

current dominance of annuals may therefore reflect a recent but longer term period 

of above average rainfall.  The significantly lower establishment of the annual 

grass Sorghum intrans in the drier soils of the southern block suggested a 

relationship between decreasing annual grass abundance and lower soil moisture 

availability (Chapter 6). 

 The effect of litter and shading from the canopy, on the abundance of 

annual grasses, was relatively clear.  Canopy shading and litter cover significantly 

reduced the establishment of S. intrans in the field, while litter significantly 

reduced the emergence of the annual grass Pseudopogonatherum contortum in the 

shade house experiment (Chapter 6).  Where litter and canopy cover were lower 

(northern and central blocks of the TWP), annual grasses tended to be more 

abundant (Chapter 3).  What is less clear, is the interaction between fire and 

vegetation structure, which may lead to changes in annual grass abundance.  By 

removing litter (Fig. 6.1) and grass-layer cover from the ground surface and 

reducing canopy cover after higher-intensity fires (Fig. 4.1b), fire should have 

created conditions suitable for the establishment of annual grasses (particularly late 

dry season fire; Lane 1996; Cook et al. 1998).  In reality though, annual grasses did 

not show a significant fire regime by year interaction in the manipulative fire 

experiment (Chapter 4), and there was no suggestion of a clear relationship 

between fire frequency and S. intrans establishment in different fire regime 

treatments (Chapter 6).  Whilst Kapalga similarly showed no increase in the 

abundance of annual Sorghum with different fire regime treatments over a similar 

time period (Williams RJ et al. 2003b), annual burning in the early dry season 

increased the abundance of Sorghum stipoideum (Ewart & Jean White) 
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C.A.Gardner & C.E.Hubb. by approximately 15% at Munmarlary (open forest) 

between 1972 and 1996 (Russell-Smith et al. 2003a).  At the TWP, the lack of a 

significant increase in S. intrans abundance during the manipulative fire 

experiment could reflect the shorter observation period (like Kapalga), or be related 

to poor seed dispersal (see Chapter 8.2.3, below). 

8.1.2.3 Forbs, sedges and legumes 

 Forbs and sedges did not show a significant fire regime by year interaction 

or significant effect of year (Chapter 4).  Their populations were apparently stable, 

in part due to the fire resistant seed bank.  Legumes on the other hand showed a 

significant fire regime by year interaction, with abundance increasing considerably 

in the first wet season after fire (Chapter 4).  Soil seed bank samples heated in the 

laboratory to temperatures mimicking soil temperatures during fire increased the 

density of legumes seedlings sixfold, although none of the four species tested 

individually showed a significant response (Chapter 5).  While legumes showed a 

response to fire in the first wet season after burning, they were uncommon 

components of the vegetation, so their response was unable to significantly affect 

grass-layer composition overall (Chapter 4).  Clearly, the response of the seed bank 

will depend on the abundance of seeds in the soil, as well as species richness and 

diversity, as different species respond to heating differently (Williams PR et al. 

2003b, 2004). 
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8.2 IMPLICATIONS 

8.2.1 Vegetation dynamics of long unburnt savanna 

Fire exclusion and the subsequent re-introduction of fire at the study site 

enables discussion on the vegetation dynamics of long-unburnt savanna.  The most 

apparent change in the composition of the grass-layer with long term fire exclusion 

was the replacement of the tall, regionally dominant species Sorghum intrans and 

Heteropogon triticeus, with the smaller perennial Eriachne triseta and low-

growing annuals (e.g. Pseudopogonatherum contortum and Eriachne agrostidea; 

Sivertsen et al. 1980; Bowman and Minchin 1987; Chapter 3).  The loss of annual 

Sorghum and H. triticeus with fire exclusion has been documented in previous fire 

experiments (Russell-Smith et al. 2003a; Williams PR et al. 2003a; Woinarski et 

al. 2004).  Mechanistic experiments have independently shown the negative 

influence of canopy shading and litter cover on the establishment and seed 

production of grasses, including annual Sorghum (Cook et al. 1998; Chapter 6).  

Further research could examine in more detail changes to the structure and 

composition of the grass-layer with fire exclusion, such as changes to the size and 

abundance of perennial grass tussocks (Chapter 7).  Despite these change in 

dominant species though, a diverse and species rich grass-layer remained present in 

both the standing vegetation and seed bank. 

 The re-introduction of fire had a limited effect on grass-layer species 

composition during the study period, despite the change in composition, as has 

been demonstrated for regularly burnt savannas in Australia and Africa (O’Connor 

1985; Belsky 1992; Russell-Smith et al. 2003a, Williams PR et al. 2003a, 

Williams RJ et al. 2003c).  Irrespective of time-since-fire, populations of grass-

layer plants are highly resilient to fire as a consequence of vegetative regeneration 
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(Chapter 7), and an annual input of seeds into fire-protected, dry season seed banks 

(Chapter 5). 

8.2.2 Fire intensity 

 The relatively low fire intensities at the TWP (Table 2.2) appeared to be 

the result of poor fuel continuity that resulted from a community lacking annual 

Sorghum.  Fires burnt reasonably well in stands of the dominant perennial grass 

Eriachne triseta, but slowed or self-extinguished when reaching areas dominated 

by small annual grasses or tree litter (pers. obs.).  Sorghum intrans provides a 

highly flammable fuel layer by virtue of a dense layer of thin culms, which bend 

over horizontally during late wet season storms (Andersen 2003).  Fires dominated 

by annual Sorghum in the fuel load are suggested by some authors to burn with a 

higher intensity than other native grasses, and thus contribute to a grass-fire cycle 

capable of reducing the dominance of trees (Miles 2003; Bowman et al. 2004, 

2007).  As yet though, there remains to be any specific analysis of fire behaviour, 

intensity and temperature in areas dominated by annual Sorghum, compared to 

areas without annual Sorghum. 

 It is important to recognise that the current study was performed with low 

fire intensities, and so the reported ecological responses may be different to what 

occurred in fire experiments with higher intensity fires (e.g. Kapalga).  Whilst there 

was no significant difference in the survivorship of perennial grasses between 

different fire regimes, this may have been due to the low fire intensities 

experienced (Peláez et al. 2001), and / or the patchiness of such fires (Williams et 

al. 1998).  A greater proportion of ground surface burnt with higher intensity fires 

would remove more litter (Williams et al. 1998), thereby enabling an increase in 

the rate of seed germination and plant establishment (Chapter 6).  A study of soil 
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seed bank dynamics in the Cape Cleveland fire experiment gives an insight into the 

effects of high intensity fires (5 500 kW m-1) on savanna seed banks (Williams 

2002; Williams et al. 2005a).  Firstly, the seed bank was still a successful means of 

persistence for the seeds of grass-layer plants that experience high intensity fire.  

Whilst more seeds may be killed close to the surface, enough survive to provide a 

diverse source of seedling regeneration in the next wet season (Williams et al. 

2005b).  Secondly, these high intensity fires in the late dry season released more 

legume seeds from physical dormancy, compared to lower intensity early dry 

season fires, as dormancy-breaking temperatures occurred at greater depths 

(Williams et al. 2005a). 

8.2.3 Life cycle processes 

 The examination of life cycle processes in this thesis (Chapters 5-7) 

established a mechanistic understanding of grass-layer plant dynamics; a major 

knowledge gap in savanna plant ecology.  An understanding of life cycle processes 

informs species composition patterns, and establishes the cause of fire-driven 

population decline (Whelan et al. 2003).  In this case, this allowed direct 

interpretation of the spatial distribution of grass species composition according to 

an environmental gradient, the resilience (and resistance) of the grass-layer to fire 

regimes over the short term, and the possible changes in composition with low fire 

frequency over the long term.  A mechanistic understanding of vegetation 

dynamics has relevance for other plant communities too, savannas or otherwise, 

because these life cycle processes are universal to plants (Fig. 1.1). 

 There is, however, much scope to continue evaluating life cycle processes 

in savannas, to predict species distribution patterns and the effects of different fire 

regimes on plant composition.  With the exception of granivory by ants (Andrew 
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1986a; Andersen et al. 2000), mechanisms of fire-driven decline (death of seeds, 

failure of seed release or germination, failure of seedling establishment, 

interruption of growth and maturation, death of standing plants and failure of seed 

production; Whelan et al. 2003) remain poorly understood in Australian savannas.  

Principally, the results of this thesis suggest a major benefit in understanding seed 

dispersal distances and mechanisms (Lord et al. 1997).  Even though annual 

burning created habitat conditions suitable for the establishment of annual Sorghum 

(Chapter 6), burning did not result in any sizeable increase in population 

abundance in the short term (Chapter 4), because any increase was presumably 

limited by seed availability.  With a wind dispersal distance of 2.5 m downwind, 

natural migration is apparently slow (Andrew and Mott 1983).  The immediate (1 

year) post-fire increase in the abundance of Sorghum ecarinatum on the Arnhem 

Plateau was probably a result of its occurrence in over half of the quadrats already, 

before the fire (Russell-Smith et al. 2002).  The possibility of passive adhesion as a 

seed dispersal mechanisms on the fur of native mammals may be worth examining 

in annual Sorghum given a sharp callus on end of the seed, and could be tested with 

dummy fur analogues of real animals (Mouissie et al. 2005).  The analysis of soil 

seed bank dynamics (Chapter 5) could be improved by examining composition 

over several years in different fire regime treatments, thereby understanding the 

temporal dynamics of composition over time, and its influence on the abundance of 

extant plants.  Seed production of savanna grass-layer plants is poorly known 

(Lazarides et al. 1965), yet critical to understanding seed bank dynamics and 

population persistence.



160 | R e f e r e n c e s 

References 

Abule E, Smit GN, Snyman HA (2005) The influence of woody plants and livestock 
grazing on grass species composition, yield and soil nutrients in the Middle 
Awash Valley of Ethiopia. Journal of Arid Environments 60: 343-358.  

Andersen AN (2003) ‘Burning issues in savanna ecology and management’ In: Fire in 
Tropical Savannas: The Kapalga Experiment (eds AN Andersen, GD Cook, RJ 
Williams), pp. 1-14 (Springer: New York). 

Andersen AN, Azcarate FM, Cowie ID (2000) Seed selection by an exceptionally rich 
community of harvester ants in the Australian seasonal tropics. Journal of 
Animal Ecology 69: 975-984. 

Andersen AN, Braithwaite RW, Cook GD, Corbett LK, Williams RJ, Douglas MM, Gill 
AM, Setterfield SA, Muller WJ (1998) Fire research for conservation 
management in tropical savannas: Introducing the Kapalga experiment. 
Australian Journal of Ecology 23: 95-110. 

Andersen AN, Cook GD, Williams RJ (eds.) (2003) Fire in Tropical Savannas: The 
Kapalga Experiment (Springer: New York). 

Andersen AN, Müller WJ (2000) Arthropod responses to experimental fire regimes in an 
Australia tropical savannah: ordinal-level analysis. Austral Ecology 25: 199-209.   

Andrew MH (1986a) Granivory of the annual grass Sorghum intrans by the harvester ant 
Meranoplus sp. in tropical Australia. Biotropica 18: 344-349. 

Andrew MH (1986b) Population dynamics of the tropical annual grass Sorghum intrans in 
relation to local patchiness in its abundance. Australian Journal of Ecology 11: 
209-217. 

Andrew MH, Mott JJ (1983) Annuals with transient seed banks: the population biology of 
indigenous Sorghum species of tropical north-west Australia. Australian Journal 
of Ecology 8: 265-276. 

Auld TD, Bradstock RA (1996) Soil temperatures after the passage of a fire: Do they 
influence the germination of buried seeds? Australian Journal of Ecology 21: 
106-109. 

Auld TD, O’Connell MA (1991) predicting patterns of post-fire germination in 35 eastern 
Australian Fabaceae. Australian Journal of Ecology 16: 53-70. 

Bakker JP, Bakker ES, Rosén E, Verweij GL, Bekker RM (1996) Soil seed bank 
composition along a gradient from dry alvar grassland to Juniperus shrubland. 
Journal of Vegetation Science 7: 165-176. 

Ballard LAT (1973) Physical barriers to germination. Seed Science and Technology 1: 285-
303. 

Barritt AR, Facelli JM (2001) Effects of Casuarina pauper litter and grove soil on 
emergence and growth of understorey species in arid lands of South Australia. 
Journal of Arid Environments 49: 569-579. 

Baruch Z (2005) Vegetation-environment relationships and classification of the seasonal 
savannas in Venezuela. Flora 200: 49-64. 

Baskin CC, Baskin JM (1998) ‘Ecology of seed dormancy and germination in grasses’ In: 
Population Biology of Grasses (ed GP Cheplick), pp. 30-83 (Cambridge 
University Press: Cambridge). 

Baxter BJM, van Staden J (1994) Plant-derived smoke: an effective seed pre-treatment. 
Plant Growth Regulation 14: 279-282. 

Baxter BJM, van Staden J, Granger JE, Brown NAC (1994) Plant-derived smoke and 
smoke extracts stimulate seed germination of the fire-climax grass Themeda 
triandra. Environmental and Experimental Botany 34: 217-223. 

Beerling DJ, Osborne CP (2006) The origin of the savanna biome. Global Change Biology 
12: 2023-2031. 

Bell DT, Williams DS (1998) Tolerance of thermal shock in seeds. Australian Journal of 
Botany 46: 221-233.  

Bellairs SM, Ashwath N (2007) ‘Seed biology of tropical Australian plants’ In: Seeds: 
Biology, Development and Ecology (eds SW Adkins, SE Ashmore, SC Navie), 
pp. 416-427. (CABI: Oxfordshire).   



161 | R e f e r e n c e s 

Belsky AJ (1992) Effects of grazing, competition, disturbance and fire on species 
composition and diversity in grassland communities. Journal of Vegetation 
Science 3: 187-200. 

Belsky AJ (1994) Influences of trees on savanna productivity: tests of shade, nutrients and 
tree-grass competition. Ecology 75: 922-932. 

Belsky AJ, Amundson RG, Duxbury JM, Riha SJ, Ali AR, Mwonga SM (1989) The effects 
of trees on their physical, chemical, and biological environments in a semi-arid 
savanna in Kenya. Journal of Applied Ecology 26: 1005-1024.   

Bennett LT, Judd TS, Adams MA (2002) Growth and nutrient content of perennial 
grasslands following burning in semi-arid, sub-tropical Australia. Plant Ecology 
164: 185-199. 

Bisigato AJ, Bertiller MB (2004) Seedling recruitment of perennial grasses in degraded 
areas of Patagonian Monte. Rangeland Ecology and Management 57: 191-196. 

Bond WJ and van Wilgen BW (1996) Fire and Plants (Chapman and Hall: London). 
Bond WJ, Midgley GF, Woodward FI (2003) What controls South African vegetation – 

climate or fire? South African Journal of Botany 69: 79-91. 
Bond WJ, Woodward FI and Midgley GF (2005) The global distribution of ecosystems in a 

world without fire. New Phytologist 165: 525-538. 
Bourlière F, Hadley M (1983) ‘Present-day savannas: an overview’ In: Ecosystems of the 

World –Tropical Savannas (ed F Bourlière), pp. 1-17 (Elsevier: New York). 
Bowman DMJS (1986) Stand characteristics, understorey associates and environmental 

correlates of Eucalyptus tetrodonta F. Muell. forests on Gunn Point, northern 
Australia. Vegetatio 65: 110-113. 

Bowman DMJS (1991) Environmental determinants of Allosyncarpia ternata forests that 
are endemic to western Arnhem Land, northern Australia. Australian Journal of 
Botany 39: 575-589. 

Bowman DMJS, Fensham RJ (1991) Response of a monsoon-forest savanna boundary to 
fire protection, Weipa, northern Australia. Australian Journal of Ecology 16: 
111-118.   

Bowman DMJS, Franklin DC, Price OF, Brook BW (2007) Land management affects grass 
biomass in the Eucalyptus tetrodonta savannas of monsoonal Australia. Austral 
Ecology 32: 446-452. 

Bowman DMJS, McDonough L (1991) Tree species distribution across a seasonally 
flooded elevation gradient in the Australian monsoon tropics. Journal of 
Biogeography 18: 203-212. 

Bowman DMJS, Minchin PR (1987) Environmental relationships of woody vegetation 
patterns in the Australian monsoon tropics. Australian Journal of Botany 35: 
151-169.  

Bowman DMJS, Panton WJ (1993) Factors that control monsoon-rainforest seedling 
establishment and growth in north Australian Eucalyptus savanna. Journal of 
Ecology 81: 297-304.  

Bowman DMJS, Panton WJ (1995) Munmarlary revisited: Response of a north Australian 
Eucalyptus tetrodonta savanna protected from fire for 20 years. Australian 
Journal of Ecology 20: 526-531. 

Bowman DMJS, Prior LD (2004) Impact of Aboriginal landscape burning on woody 
vegetation in Eucalyptus tetrodonta savanna in Arnhem Land, northern 
Australia. Journal of Biogeography 31: 807-817. 

Bowman DMJS, Walsh A, Prior LD (2004) Landscape analysis of Aboriginal fire 
management in Central Arnhem Land, north Australia. Journal of Biogeography 
31: 207-223. 

Bowman DMJS, Wilson BA (1988) Fuel characteristics of coastal monsoon forests, 
Northern Territory, Australia. Journal of Biogeography 15: 807-817. 

Bowman DMJS, Wilson BA, Fensham RJ (1990) Sandstone vegetation pattern in the Jim 
Jim Falls region, Northern Territory, Australia. Australian Journal of Ecology 
15: 163-174.   

Bowman DMJS, Wilson BA, Hooper RJ (1988) Response of Eucalyptus forest and 
woodland to four fire regimes at Munmarlary, Northern Territory, Australia. 
Journal of Ecology 76: 215-232. 



162 | R e f e r e n c e s 

Bowman DMJS, Woinarski JCZ, Menkhorst KA (1993) Environmental correlates of tree 
species diversity in Stage III of Kakadu National Park, northern Australia. 
Australian Journal of Botany 41: 649-660. 

Bradstock RA, Auld TD (1995) Soil temperatures during experimental bushfires in relation 
to fire intensity: Consequences for legume germination and fire management in 
south-eastern Australia. Journal of Applied Ecology 32: 76-84. 

Brennan K (1996) An Annotated Checklist of the Vascular Plants of the Alligator Rivers 
Region, Northern Territory, Australia. (Environmental Research Institute of the 
Supervising Scientist: Canberra). 

Brookman-Amissah J, Hall JB, Swaine MD, Attakorah JY (1980) A re-assessment of a fire 
protection experiment in north-eastern Ghana savanna. Journal of Applied 
Ecology 17: 85-99. 

Brown NAC (1993) Promotion of germination of fynbos seeds by plant-derived smoke. 
New Phytologist 123: 575-583. 

Brown NAC, van Staden J (1997) Smoke as a germination cue. Plant Growth Regulation 
22: 115-124. 

Campbell SD, Bahnisch LM, Orr DM (1996) Fire directly promotes the germination of 
dormant speargrass (Heteropogon contortus) seed. Tropical Grasslands 30: 162. 

Canales J, Trevisan MC, Silva JF, Caswell H (1994) A demographic study of an annual 
grass (Andropogon brevifolius Schwarz) in burnt and unburnt savanna. Acta 
Oecologia 15: 261-273. 

Carson WP, Peterson CJ (1990) The role of litter in an old-field community: impact of litter 
quantity in different seasons on plant species richness and abundance. Oecologia 
85: 8-13. 

Christian CS, Stewart SA, Noakes LC, Blake ST (1953) General report on survey of 
Katherine-Darwin region, 1946. (Melbourne: CSIRO Publishing). 

Clarke KR, Gorley RN (2001) Primer v5: User manual/tutorial. (Primer-E Ltd: Plymouth). 
Clarke S, French K (2005) Germination response to heat and smoke of 22 Poaceae species 

from grassy woodlands. Australian Journal of Botany 53: 445-454. 
Cole M (1986) The Savanna – Biogeography and Geobotany (Academic Press: London). 
Cook GD (2003) ‘Fuel dynamics, nutrients and atmospheric chemistry’ In: Fire in Tropical 

Savannas: The Kapalga Experiment (eds AN Andersen, GD Cook, RJ Williams), 
pp. 47-58 (Springer: New York). 

Cook GD, Ronce O, Williams RJ (1998) ‘Suppress thy neighbour: The paradox of a 
successful grass that is highly flammable, but harmed by fire’ In: Proceedings 
13th Conference on Fire and Forest Meteorology, Lorne, October 1996, pp. 71-4 
(International Association of Wildland Fire, Hot Springs, South Dakota). 

Croft DB (1987) Socioecology of antilopine wallaroos, Macropus antilopinus, in the 
Northern Territory with observations on sympatric M. robustus woodwardii and 
M.agilis. Australian Wildlife Research 14: 243-255. 

Crowley CM and Garnett ST (1999) Seeds of the annual grasses Schizachyrium spp. as a 
food resource for tropical granivorous birds. Australian Journal of Ecology 24: 
208-220. 

Crowley CM and Garnett ST (2001) Growth, seed production and effect of defoliation in an 
early flowering perennial grass, Alloteropsis semialata (Poaceae), on Cape York 
Peninsula, Australia. Australian Journal of Botany 49: 735-743. 

Danckwerts JE, Stuart-Hill GC (1988) The effect of severe drought and management after 
drought on the mortality and recovery of semi-arid grassveld. African Journal of 
Range and Forage Science 5: 218-222. 

Davidson PJ, Adkins SW (1997) ‘Germination of Triodia grass seed by plant derived 
smoke’ In Proceedings of the Australian Rangeland Society 10th Biennial 
Conference (eds EJ Moll, M Page, B Alchin), pp. 29-30 (University of 
Queensland: Brisbane). 

Dayamba SD, Tigabu M, Sawadogo L, Oden P. (2008) Seed germination of herbaceous and 
woody species of the Sudanian savanna-woodland in response to heat shock and 
smoke. Forest Ecology and Management 256: 462-470. 



163 | R e f e r e n c e s 

Dixon KW, Roche S, Pate JS (1995) The promotive effect of smoke derived from burnt 
native vegetation on seed germination of Western Australian plants. Oecologia 
101: 185-192. 

Dressen W (1993) On the behaviour and social organisation of agile wallabies Macropus 
agilis (Gould, 1842) in two habitats of northern Australia. Zeitschrift fur 
Saugetierkunde (International Journal of Mammalian Biology) 58: 201-211. 

Edwards A, Hauser P, Anderson M, McCartney J, Armstrong M, Thackway R, Allan G, 
Hempel C, Russell-Smith J (2001) A tale of two parks: contemporary fire 
regimes of Litchfield and Nitmiluk National Parks, monsoonal northern 
Australia. International Journal of Wildland Fire 10: 79-89. 

Elliot L (2005) Spear Grass in the Landscape: Environmental Correlates of Annual 
Sorghum, Grass Composition and Fuel Load in Eucalyptus miniata Woodland of 
the Greater Darwin Area (Honours thesis) (Charles Darwin University: Darwin). 

Enright NJ, Goldblim D, Ata P, Ashton DH (1997) The independent effects of heat, smoke 
and ash on emergence of seedlings from the soil seed bank of a heathy 
Eucalyptus woodland in Grampians (Gariwerd) National Park, western Victoria.  
Australian Journal of Ecology 22: 81-88. 

Enslin BW, Potgieter ALF, Biggs HC, Biggs R (2000) Long term effects of fire frequency 
and season on the woody vegetation dynamics of the Sclerocarya birrea/Acacia 
nigrescens savanna of the Kruger National Park. Koedoe 43: 27-37. 

Eriksson A, Eriksson O (1997) Seedling recruitment in semi-natural pastures: the effects of 
disturbance, seed size, phenology and seed bank. Nordic Journal of Botany 17: 
469-482. 

Facelli JM (1994) Multiple indirect effects of plant litter affect the establishment of woody 
seedlings in old fields. Ecology 75: 1727-1735. 

Facelli JM, Picket STA (1991) Plant litter: light interception and effects on an old-field 
plant community. Ecology 72: 1024-1031. 

February EC, Higgins SI, Newton R, West AG (2007) Tree distribution on a steep 
environmental gradient in an arid savanna. Journal of Biogeography 34: 270-
278.  

Felderhof L, Gillieson D (2006) Comparison of fire patterns of fire frequency in two 
tropical savanna bioregions. Austral Ecology 31: 736-746. 

Fenner M, Thompson K (2005) The Ecology of Seeds. (Cambridge University Press: 
Cambridge). 

Fensham RJ (1990) Interactive effects of fire frequency and site factors in tropical 
Eucalyptus forest. Australian Journal of Ecology 15: 255-266. 

Fensham RJ (1997) Aboriginal fire regimes in Queensland, Australia: analysis of the 
explorers’ record. Journal of Biogeography 24: 11-22. 

Fensham RJ, Kirkpatrick JB (1992) Soil characteristics and tree species distribution in the 
savannah of Melville Island, Northern Territory. Australian Journal of Botany 
40: 311-333. 

Fesuk S, Ashwath N (2002) ‘Tropical native grasses: strategies for seed germination and 
storage’ In: Proceedings of the Fourth Australian Workshop on Native Seed 
Biology for Revegetation (eds SW Adkins, SM Bellairs, LC Bell), pp. 135-142 
(Australian Centre for Mining Environmental Research: Kenmore). 

Flematti GR, Ghisalberti EL, Dixon KW, Trengove RD (2004) A compound from smoke 
that promotes seed germination. Science 305 (no. 5686): 977. 

Foster BL, Gross KL (1998) Species richness in a successional grassland: Effects of 
nitrogen enrichment and plant litter. Ecology 79: 2593-2602. 

Furley P (2006) Tropical savannas. Progress in Physical Geography 30: 105-121. 
Gardener CJ, Whiteman LV, Jones RM (2001) Patterns of seedling emergence over 5 years 

from seed of 38 species placed on the soil surface under shade and full sunlight 
in the seasonally dry tropics. Tropical Grasslands 35: 218-225. 

Gardner TA (2006) Tree-grass coexistence in the Brazilian cerrado: demographic 
consequences of environmental stability. Journal of Biogeography 33: 448-463. 

Garnier LKM, Dajoz I (2001) The influence of fire on the demography of a dominant grass 
species of West African savannas, Hyparrhenia diplandra. Journal of Ecology 
89: 200-208. 



164 | R e f e r e n c e s 

Gashaw M, Michelsen A (2002) Influence of heat shock on seed germination of plants from 
regularly burnt savanna woodlands and grasslands in Ethiopia. Plant Ecology 
159: 83-93. 

Gashaw M, Michelsen A, Jensen M, Friis I (2002) Soil seed bank dynamics of fire-prone 
wooded grassland, woodland and dry forest ecosystems in Ethiopia. Nordic 
Journal of Botany 22: 5-17. 

Gignoux J, Barot S, Menaut J, Vuattoux R (2006) ‘Structure, long-term dynamics, and 
demography of the tree community’ In: Lamto – Structure, Functioning and 
Dynamics of a Savanna Ecosystem (eds L Abbadie, J Gignoux, X Le Roux, M 
Lepage), pp. 335-364 (Springer: New York). 

Gill AM (1981) ‘Adaptive responses of Australian vascular plant species to fires’ In: Fire 
and the Australian Biota (eds AM Gill, RH Groves, IR Noble), pp. 243-272 
(Australian Academy of Science: Canberra). 

Gill AM, Moore PHR, Williams RJ (1996) Fire weather in the wet-dry tropics of the World 
Heritage Kakadu National Park, Australia. Australian Journal of Ecology 21: 
302-308. 

Gill AM, Ryan PG, Moore PHR, Gibson M. (2000) Fire regimes of world heritage Kakadu 
National Park, Australia. Austral Ecology 25: 616-625. 

Green Corps (2003) Green Corps NT3001 Fire management recommendations - Territory 
Wildlife Park (Green Corps: Darwin). 

Grubb PJ, Hopkins AJM (1986) ‘Resilience at the level of the community’ In: Resilience of 
Mediterranean-type Ecosystems (eds B Dell, AJM Hopkins, BB Lamont), pp.21-
38 (Kluwer Academic Publishers, now Springer-Verlag: New York). 

Harper JL (1977) Population biology of plants (Academic Press: London). 
Hartnett DC, Setshogo MP, Dalgleish HJ (2006) Bud banks of perennial savanna grasses in 

Botswana. African Journal of Ecology 44: 256-263. 
Hayes CD (1985) The pattern and ecology of munwag: traditional Aboriginal fire regimes 

in north-central Arnhemland. Proceedings of the Ecological Society of Australia 
13: 203-214.   

Hempson GP, February EC, Verbroom GA (2007) Determinants of savanna vegetation 
structure: insights from Colophospermum mopane. Austral Ecology 32: 429-435.   

Henderson J (2005) Fire Regime Policy for the Territory Wildlife Park, Proposed, Burning 
for Biodiversity. Unpublished manuscript, held by author. 

Higgins SI, Bond WJ, Trollope WSW (2000) Fire, resprouting and variability: a recipe for 
grass-tree coexistence in savanna. Journal of Ecology 88: 213-229.   

Hoare JRL, Hooper RJ, Cheney NP, Jacobsen KLS (1980) A Report on the Effect of Fire in 
Tall Open Forest and Woodland with Particular Reference to Fire Management 
in Kakadu National Park in the Northern Territory (Australian National Parks 
and Wildlife Service: Canberra). 

Hoffmann WA, Moreira AG (2002) ‘The role of fire in population dynamics of woody 
plants’ In: The Cerrados of Brazil: Ecology and Natural History of a 
Neotropical Savanna (eds PS Oliveira, RJ Marquis), pp. 159-177 (Columbia 
University Press: New York).  

Holdo RM (2007) Elephants, fire, and frost can determine community structure and 
composition in Kalahari woodlands. Ecological Applications 17: 558-568. 

Holling CS (1973) Resilience and stability of ecological systems. Annual Review of 
Ecology and Systematics 4: 1-24. 

Hopfensperger KN (2007) A review of similarity between seed bank and standing 
vegetation across ecosystems. Oikos 116: 1438-1448. 

House JI, Archer S, Breshears DD, Scholes RJ and NCEAS Tree-grass interactions 
participants (2003) Conundrums in mixed woody-herbaceous plant systems. 
Journal of Biogeography 30: 1763-1777. 

International Plant Name Index (2008). International Plant Name Index, website cited 13 
March 2008, <http://www.ipni.org>. 

Jackson J, Ash AJ (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. 



165 | R e f e r e n c e s 

Jensen K, Gutekunst K (2003) Effects of litter on establishment of grassland plant species: 
the role of seed size and successional status. Basic and Applied Ecology 4: 579-
587. 

Jones RM, Mott JJ (1980) Population dynamics in grazed pastures. Tropical Grasslands 14: 
218-224. 

Keeley JE (1981) ‘Reproductive cycles and fire regimes’ In: Fire Regimes and Ecosystem 
Properties, pp. 231-277 (USDA Forest Service general technical report WO-26). 

Keely JE, Fotheringham CJ (1998) Smoke-induced seed germination in California 
chaparral. Ecology 79: 2320-2337. 

Kerrigan RA, Albrecht DE (eds) (2007) Checklist of NT Vascular Plant Species.  
Department of Natural Resources, Environment and the Arts, Northern Territory 
Government, Darwin, viewed 15 February 2008, 
<http://www.nt.gov.au/nreta/wildlife/plants/pdf/family_checklist.pdf>. 

Kruger FJ (1977) ‘Ecology of Cape fynbos in relation to fire’ In: Proceedings of the 
Symposium on the Environmental Consequences of Fire and Fuel Management 
in Mediterranean Ecosystems (eds HA Mooney, CE Conrad), pp. 230-244 
(USDA Forest Service technical report WO-3). 

Lane A (1996) Understorey Vegetation Interactions and the Effect of Wet Season Burning 
in a Tropical Savanna, Northern Territory (Honours thesis) (Northern Territory 
University: Darwin). 

Langkamp PJ, Ashton DH, Dalling MJ (1981) Ecological gradients in forest communities 
on Groote Eylandt, Northern Territory, Australia. Vegetatio 48: 27-46.  

Laterra P, Ortega EZ, Del Carmen Ochoa M, Vignolio OR, Fernández ON (2006) 
Interactive influences of fire intensity and vertical distribution of seed banks on 
post-fire recolonization of a tall-tussock grassland in Argentina. Austral Ecology 
31: 608-622. 

Lavorel S, Lebreton JD, Debussche M, Lepart J (1991) Nested spatial patterns in seed bank 
and vegetation of Mediterranean old-fields. Journal of Vegetation Science 2: 
367-376. 

Lazarides M, Norman MJT, Perry RA (1965) Wet-season Development Pattern of Some 
Native Grasses at Katherine, N.T. Division of Land Research and Regional 
Survey Technical Paper No. 26 (Commonwealth Scientific and Industrial 
Research Organisation: Melbourne). 

Le Roux X, Bariac T, Mariotti A (1995) Spatial partitioning of the soil water resources 
between grass and shrub components in a West African humid savanna. 
Oecologia 104: 147-155.  

Leck MA, Parker VT, Simpson RL (eds) (1989) Ecology of Soil Seed Banks (Academic 
Press: San Diego). 

Lemmon PE (1957) A new instrument for measuring forest overstory density. Journal of 
Forestry 55: 667-668. 

Lenz TI, Moyle-Croft JL, Facelli JM (2003) Direct and indirect effects of exotic annual 
grasses on species composition of a South Australian grassland. Austral Ecology 
28: 23-32. 

Liedloff AC, Coughenour MB, Ludwig JA, Dyer R (2001) Modelling the trade-off between 
fire and grazing in a tropical savanna landscape, Northern Australia. 
Environment International 27: 173-80. 

Lodge GM (2001) Studies of soil seedbanks in native and sown pastures in northern New 
South Wales. Rangeland Journal 23: 204-223.  

Lonsdale WM, Braithwaite RW (1991) Assessing the effects of fire on vegetation in 
tropical savannas. Australian Journal of Ecology 16: 363-374.   

Lonsdale WM, Braithwaite RW, Lane AM and Farmer J (1998) Modelling the recovery of 
an annual savanna grass following a fire-induced crash. Australian Journal of 
Ecology 23: 509-513. 

Looney PB, Gibson DJ (1995) The relationship between the soil seed bank and above-
ground vegetation of a coastal barrier island. Journal of Vegetation Science 6: 
825-836. 



166 | R e f e r e n c e s 

Lord J, Egan J, Clifford T, Jurado E, Leishman M, Williams D, Westoby M (1997) Larger 
seeds in tropical floras: Consistent patterns independent of growth form and 
dispersal mode. Journal of Biogeography 24: 205-211. 

Lunt ID (1995) Seed longevity of six native forbs in a closed Themeda triandra grassland. 
Australian Journal of Botany 43: 439-449. 

Lyruu HVM (1998) Seed dynamics and the ecological restoration of hill slopes of Kondoa 
Irangi, Central Tanzania (PhD thesis). (Uppsala University: Uppsala, Sweden). 

Martin RE, Cushwa CT (1966) ‘Effects of heat and moisture on leguminous seed’. In 
Proceedings of the 5th Annual Tall Timbers Fire Ecology Conference, pp. 159-
175 (Tall Timbers Research Station: Tallahassee). 

Mayor MD, Bóo RM, Peláez DV, Elía OR, Tomás MA (2007) Influence of shrub cover on 
germination, dormancy and viability of buried and unburied seeds of 
Piptochaetium napostaense (Speg.) Hackel. Journal of Arid Environments 68: 
509-521. 

McDonald CK (2000) Variation in the rate of hard seed breakdown of twelve tropical 
legumes in response to two temperature regimes in the laboratory. Australian 
Journal of Experimental Agriculture 40: 387-396. 

McDonald NS, McAlpine J (1991) ‘Floods and droughts: the northern climate’ In: 
Monsoonal Australia: Landscape, Ecology and Man in the Northern Lowlands 
(eds CD Haynes, MG Ridpath, MAJ Williams), pp. 19-30 (A. A. Balkema: 
Rotterdam). 

McIvor JG (1987) Changes in germinable seed levels in soil beneath pastures near 
Townsville, North Queensland. Australian Journal of Experimental Agriculture 
27: 283-289. 

McIvor JG, Gardener CJ (1994) Germinable soil seed banks in native pastures in north-
eastern Australia. Australian Journal of Experimental Agriculture 34: 1113-
1119.  

McIvor JG, Howden SM (2000) Dormancy and germination characteristics of herbaceous 
species in the seasonally dry tropics of northern Australia. Austral Ecology 25: 
213-222. 

McNicoll DJ (2004) Soil Seed Banks as a Long Term Indicator of Rehabilitation Success 
Following Surface Mining in Northern Australia (Honours thesis) (Charles 
Darwin University: Darwin). 

Menaut J, Abbadie L (2006) ‘Vegetation’ In: Lamto – Structure, Functioning and 
Dynamics of a Savanna Ecosystem (eds L. Abbadie, J. Gignoux, X. Le Roux, M. 
Lepage) pp. 63-74 (Springer: New York). 

Miles G (2003) Fire and spear grass: a case for wet-season burning in Kakadu. Savanna 
Links 25: 6-7, 11. 

Mistry J (2000) World Savannas - Ecology and Human Use (Prentice Hall: New York).   
Mooney HA, Hobbs RA (1986) ‘Resilience at the individual plant level’ In: Resilience of 

Mediterranean-type Ecosystems (eds B Dell, AJM Hopkins, BB Lamont), pp.65-
82 (Kluwer Academic Publishers, now Springer-Verlag: New York). 

Moreira AG (2000) Effects of fire protection on savanna structure in Central Brazil. 
Journal of Biogeography 27: 1021-1029. 

Morgan JW (1998) Composition and season flux of the soil seed bank of species-rich 
Themeda triandra grasslands in relation to burning history. Journal of 
Vegetation Science 9: 145-156. 

Morgan JW, Lunt ID (1999) Effects of time-since-fire on the tussock dynamics of a 
dominant grass (Themeda triandra) in a temperate Australian grassland. 
Biological Conservation 88: 379-386. 

Morrison DA, Auld TD, Rish S, Porter C, McClay K (1992) Patterns of testa-imposed seed 
dormancy in native Australian legumes. Annals of Botany 70: 157-163. 

Morrison DA, McClay K, Porter C, Rish S (1998) The role of the lens in controlling heat-
induced breakdown of testa-imposed dormancy in native Australian legumes. 
Annals of Botany 82: 35-40.  

Mott JJ (1978) Dormancy and germination in five native grass species from savannah 
woodland communities of the Northern Territory. Australian Journal of Botany 
26: 621-631. 



167 | R e f e r e n c e s 

Mott JJ, Andrew M H (1985) The effect of fire on the population dynamics of native 
grasses in tropical savannas of north-west Australia. Proceedings of the 
Ecological Society of Australia 13: 231-239. 

Mott JJ, McKeon GM, Moore CJ (1976) Effects of seed bed conditions on the germination 
of four Stylosanthes species in the Northern Territory. Australian Journal of 
Agricultural Research 27: 811-823. 

Mouissie AM, Lengkeek W, Van Diggelen R (2005) Estimating adhesive seed-dispersal 
distances: Field experiments and correlated random walks. Functional Ecology 
19: 478-486. 

Nix HA (1983) ‘Climate of tropical savannas’ In: Ecosystems of the World - Tropical 
Savannas (ed F Bourlière), pp. 37-62 (Elsevier: New York). 

Noble IR (1981) ‘Predicting successional change’ In: Fire regimes and Ecosystem 
Properties (eds HA Mooney, TM Bonnicksen, NL Christensen, JE Lotan, WA 
Reiners), pp. 278-300 (USDA Forest Service general technical report WO-26). 

Noble IR, Slatyer RO (1980) The use of vital attributes to predict successional changes in 
plant communities subject to recurrent disturbances. Vegetatio 43: 5-21. 

Norman MJT (1962) Response of native pasture to nitrogen and phosphate fertiliser at 
Katherine, N.T. Australian Journal of Experimental Agriculture and Animal 
Husbandry 2: 27-34. 

Norman MJT (1969) The effect of burning and seasonal rainfall on native pastures at 
Katherine N.T. Australian Journal of Experimental Agriculture and Animal 
Husbandry 9: 295-298. 

O’Connor TG (1985) A synthesis of field experiments concerning the grass-layer in the 
savanna regions of southern Africa. South African National Scientific 
Programmes Report 114 (CSIR - Commonwealth Scientific and Industrial 
Research: Pretoria, South Africa). 

O’Connor TG (1991) Local extinction in perennial grasslands: a life-history approach. The 
American Naturalist 137: 753-773. 

O’Connor TG (1994) Composition and population responses of an African savanna 
grassland to rainfall and grazing. Journal of Applied Ecology 31: 155-171. 

O’Connor TG (1996) Hierarchical control over seedling recruitment of the bunch-grass 
Themeda triandra in a semi-arid savanna. Journal of Applied Ecology 33: 1094-
1106. 

O’Connor TG, Everson TM (1998) ‘Population dynamics of perennial grasses in African 
savanna and grassland’ In: Population Biology of Grasses (ed GP Cheplick), pp. 
333-365 (Cambridge University Press: Cambridge). 

O’Connor TG, Pickett GA (1992) The influence of grazing on seed production and seed 
banks of some African savanna grasslands. Journal of Applied Ecology 29: 247-
260. 

Orr DM (1998) ‘A life cycle approach to the population ecology of two tropical grasses in 
Queensland’ In: Population Biology of Grasses (ed GP Cheplick), pp. 366-389 
(Cambridge University Press: Cambridge). 

Overbeck GE, Müller SC, Pillar VD, Pfadenhauer J (2006) No heat stimulated germination 
found in herbaceous species from burned subtropical grassland. Plant Ecology 
184: 237-243. 

Parr, KL, Christopherson P, Andersen AN (2004) ‘Burning for biodiversity in northern 
Australia’ In: Bushfire Cooperative Research Center Inaugural Conference 
Abstracts (Perth, 7-9 October 2004), pp. 52-54 (Bushfire Cooperative Research 
Centre: Melbourne). 

Peláez DV, Bóo RM, Elia OR, Mayor MD (2003) Effect of fire on growth of three 
perennial grasses from central semi-arid Argentina. Journal of Arid 
Environments 55: 657-673. 

Peláez DV, Bóo RM, Mayor MD, Elia OR (2001) Effect of fire on perennial grasses in 
central semiarid Argentina. Journal of Range Management 54: 617-621. 

Pérez EM, Santiago ET (2001) Dinámica Estacional del Banco de Semillas en una Sabana 
en los Llanos Centro-Orientales de Venezuela [abstract in English]. Biotropica 
33: 435-446. 



168 | R e f e r e n c e s 

Price O, Edwards A, Connors G, Woinarski J, Ryan G, Turner A, Russell-Smith J (2003) 
Fire heterogeneity in Kakadu National Park, 1980-2000. Wildlife Research 32: 
425-433. 

Prober SM, Thiele KR, Lunt ID, Koen TB (2005) Restoring ecological function in 
temperate grassy woodlands: manipulating soil nutrients, exotic annuals and 
native perennial grasses through carbon supplements and spring burns. Journal 
of Applied Ecology 42: 1073-1085. 

Quinn GP, Keough MJ (2002) Experimental Design and Data Analysis for Biologists 
(Cambridge University Press: Cambridge). 

Ramsay JM, Rose Innes R (1963) Some quantitative observations on the effects of fire on 
the Guinea savanna vegetation of northern Ghana over a period of eleven years. 
African Soils 8: 41-85. 

Ramsay PM, Oxley ERB (1996) Fire temperatures and postfire plant community dynamics 
in Ecuadorian grass páramo. Vegetatio 124: 129-144. 

Read TR, Bellairs SM (1999) Smoke affects the germination of native grasses of New 
South Wales. Australian Journal of Botany 47: 563-576. 

Read TR, Bellairs SM, Mulligan DR, Lamb D (2000) Smoke and heat effects on soil seed 
bank germination for the re-establishment of a native forest community in New 
South Wales. Austral Ecology 25: 48-57. 

Rice B, Westoby M (1985) Structure and local floristic variation and how well it correlates 
with existing classification schemes: vegetation at Koongarra, N.T., Australia. 
Proceedings of the Ecological Society of Australia 13: 129-137. 

Roques KG, O’Connor TG, Watkinson AR (2001) Dynamics of shrub encroachment in an 
African savanna: Relative influences of fire, herbivory, rainfall and density 
dependence. Journal of Applied Ecology 38: 268-280.   

Rowe JS (1983) ‘Concepts of fire effects on plant individuals and species’ In: The Role of 
Fire in Northern Circumpolar Ecosystems (eds RW Wein, DA MacLean), pp. 
135-154 (Wiley: London). 

Russell-Smith J (1995) ‘Fire management’ In: Kakadu, National and Cultural Heritage and 
Management (eds T Press, D Lea, A Webb, A Graham), pp. 217-237 (Australian 
Nature Conservation Agency and Australian National University, Darwin). 

Russell-Smith J, Edwards AC (2006) Seasonality and fire severity in savanna landscapes of 
monsoonal northern Australia. International Journal of Wildland Fire 15: 541-
550. 

Russell-Smith J, Ryan PG, Cheal DC (2002) Fire regimes and the conservation of 
sandstone heath in monsoonal northern Australia: frequency, interval, patchiness. 
Biological conservation 104: 91-106. 

Russell-Smith J, Ryan PG, Durieu R (1997) A LANDSAT MSS-derived fire history of 
Kakadu National Park, monsoonal northern Australia, 1980-1994: Seasonal 
extent, frequency and patchiness. Journal of Applied Ecology 34: 748-766. 

Russell-Smith J, Stanton P (2003) ‘Fire regimes and fire management of rainforest 
communities across northern Australia’ In: Flammable Australia – The Fire 
Regimes and Biodiversity of a Continent (eds RA Bradstock, JE Williams, AM 
Gill), pp. 329-350 (Cambridge University Press: Cambridge).  

Russell-Smith J, Whitehead PJ, Cook GD and Hoare JL (2003a) Response of Eucalyptus-
dominated savanna to frequent fires: Lessons from Munmarlary, 1973-1996. 
Ecological Monographs 73: 349-375. 

Russell-Smith J, Yates C, Edwards A, Allan GE, Cook GD, Cooke P, Craig R, Heath B, 
Smith R (2003b) Contemporary fire regimes of northern Australia, 1997-2001: 
change since Aboriginal occupancy, challenges for sustainable management. 
International Journal of Wildland Fire 12: 283-297.  

San José JJ, Farinas MR (1991) Temporal changes in the structure of a Trachypogon 
savanna protected for 25 years. Acta Oecologica 12: 237-247.  

Sankaran M, Hanan NP, Scholes RJ, Ratnam J, Augustine DJ, Cade BS, Gignoux J, 
Higgins SI, Le Roux X, Ludwig F, Ardo J, Banyikwa F, Bronn A, Bucini G, 
Caylor KK, Coughenour MB, Diouf A, Ekaya W, Feral C, February EC, Frost 
PGH, Hiernaux P, Hrabar H, Metzger KL, Prins HHT, Ringrose S, Sea W, Tews 



169 | R e f e r e n c e s 

J, Worden J, Zambatis N (2005) Determinants of woody cover in African 
savannas. Nature 438: 846-849. 

Sankaran M, Ratnam J, Hanan N (2008) Woody cover in African savannas: the role of 
resources, fire and herbivory. Global Ecology and Biogeography 16: 1-10. 

Sankaran, M, Ratnam J, Hanan NP (2004) Tree-grass coexistence in savannas revisited – 
insights from an examination of assumptions and mechanisms invoked in 
existing models. Ecology Letters 7: 480-490.   

Sarimiento G, Pinillos M, da Silva MP, Acevedo D (2004) Effects of soil water regime and 
grazing on vegetation diversity and production in a hyperseasonal savanna in the 
Apure Llanos, Venezuela. Journal of Tropical Ecology 20: 209-220.   

Sarmiento G (1992) Adaptive strategies of perennial grasses in South American Savannas. 
Journal of Vegetation Science 3: 325-336. 

Scanlon TM, Caylor KK, Manfreda S, Levin SA, Rodriguez-Iturbe I (2005) Dynamic 
response of grass cover to rainfall variability: Implications for the function and 
persistence of savanna ecosystems. Advances in Water Resources 28: 291-302. 

Scholes RJ (1985) ‘Drought related grass, tree and herbivore mortality in a southern 
African savanna’ In: Ecology and Management of the World’s Savannas (eds JC 
Tothill, JJ Mott), pp. 350-353 (Australian Academy of Science: Canberra). 

Scholes RJ, Archer SR (1997) Tree-grass interactions in savannas. Annual Review of 
Ecology and Systematics 28: 517-544.   

Scholes RJ, Bond WJ, Eckhardt HC (2003) ‘Vegetation dynamics in the Kruger ecosystem’ 
In: The Kruger Experience: Ecology and Management of Savanna Heterogeneity 
(eds JT Du Toit, KH Rogers, HC Biggs), pp. 242-262 (Island Press: London).   

Scholes RJ, Frost PGH, Tian Y (2004) Canopy structure in savannas along a moisture 
gradient on Kalahari sands. Global Change Biology 10: 292-302. 

Scholes RJ, Walker BH (1993) An African Savanna: Synthesis of the Nylsvley Study 
(Cambridge University Press: Cambridge). 

Scholes, RJ, Dowty PR, Caylor K, Parsons DAB, Frost PGH, Shugart HH (2002) Trends in 
savanna structure and composition along an aridity gradient in the Kalahari. 
Journal of Vegetation Science 13: 419-428.  

Setterfield SA (2002) Seedling establishment in an Australian tropical savanna: Effects of 
seed supply, soil disturbance and fire. Journal of Applied Ecology 39: 949-959. 

Silva JF, Castro F (1989) Fire, growth and survivorship in a Neotropical savanna grass 
Andropogon semiberbis in Venezuela. Journal of Tropical Ecology 5: 387-400. 

Silva JF, Raventos J, Caswell H (1990) Fire and fire exclusion effects on the growth and 
survival of two savanna grasses. Acta Ecologica 11: 783-800. 

Silva JF, Raventos J, Caswell H, Trevisa MC (1991) Population responses to fire in a 
tropical savanna grass, Andropogon semiberbis: A matrix model approach. 
Journal of Ecology 79: 345-356. 

Silva JF, Zambrano A, Farinas MR (2001) Increase in the woody component of seasonal 
savannas under different fire regimes in Calabozo, Venezuela. Journal of 
Biogeography 28: 977-983. 

Sivertsen DP, McLeod PJ, Henderson RL (1980) Land Resources of the Berry Springs 
Nature Park and Proposed Development Area (Land Conservation Unit, 
Northern Territory Government: Darwin). 

Smit GN (2005) Tree thinning as an option to increase herbaceous yield of an encroached 
semi-arid savanna in South Africa. BMC Ecology 5. 

Smith EL (1960) Effects of burning and clipping at various times during the wet season on 
tropical tall grass range in northern Australia. Journal of Range Management 13: 
197-203. 

Snyman HA (2004) Short-term influence of fire on seedling establishment in a semi-arid 
grassland of South Africa. South African Journal of Botany 70: 215-226.   

Solbrig OT, Medina E, Silva JF (eds) (1996) Biodiversity and Savanna Ecosystem 
Processes: A Global Perspective (Springer-Verlag: New York). 

Solomon TB, Snyman HA, Smit GN (2006) Soil seed bank characteristics in relation to 
land use systems and distance from water in a semi-arid rangeland of southern 
Ethiopia. South African Journal of Botany 72: 263-271. 



170 | R e f e r e n c e s 

Specht RL, Specht AS (1999) Australian Plant Communities – Dynamics of Structure, 
Growth and Biodiversity (Oxford University Press: Oxford). 

StatSoft. Inc. (1995) STATISTICA for Windows (computer program manual) (Tulsa, OK, 
USA). 

StatSoft. Inc. (2006) STATISTICA (data analysis software system), version 7.1, 
<http://www.statsoft.com> cited 28th April 2008. 

Stirrat S (1995) Agile Wallaby Census: October-November 1994. Report to the Territory 
Wildlife Park (Parks and Wildlife Commission of the Northern Territory: 
Darwin). 

Stirrat SC (2002) Foraging ecology of the agile wallaby (Macropus agilis) in the wet-dry 
tropics. Wildlife Research 29: 347-361. 

Stocker GC, Mott JJ (1981) ‘Fire in the tropical forests and woodlands of northern 
Australia’ In: Fire and the Australian Biota (eds AM Gill, RH Groves, IR 
Noble), pp. 427-442 (Australian Academy of Science: Canberra). 

Stocker GC, Sturtz JD (1966) The use of fire to establish Townsville lucerne in the 
Northern Territory. Australian Journal of Experimental Agriculture and Animal 
Husbandary 6: 277-279. 

Tapper NJ, Garden G, Gill J, Ferno J (1993) The climatology and meteorology of high fire 
danger in the Northern Territory. The Rangeland Journal 15: 339-351. 

Taylor JA, Tulloch D (1985) Rainfall in the wet-dry tropics: Extreme events at Darwin and 
similarities between years during the period 1870-1983 inclusive. Australian 
Journal of Ecology 10: 281-295. 

Thomas PB, Morris EC, Auld TD (2003) Interactive effects of heat shock and smoke on 
germination of nine species forming soil seed banks within the Sydney region. 
Austral Ecology 28: 674-683.  

Thomas PB, Morris EC, Auld TD (2007) Response surfaces for the combined effects of 
heat shock and smoke on germination of 16 species forming soil seed banks in 
south-east Australia. Austral Ecology 32: 605-616.  

Thompson K (1987) Seeds and seed banks. New Phytologist 106: 23-34. 
Thompson K, Grime JP (1979) Seasonal variation in the seed banks of herbaceous species 

in ten contrasting habitats. Journal of Ecology 67: 893-921. 
Torssell BWR, McKeon GM (1976) Germination effects on pasture composition in a dry 

monsoonal climate. Journal of Applied Ecology 13: 593-603. 
Tozer MG (1998) Distribution of the soil seedbank and influence of fire on seedling 

emergence in Acacia saligna growing on the central coast of New South Wales. 
Australian Journal of Botany 46: 743-755. 

Tracey JG (1968) Investigation of changes in pasture composition by some classificatory 
methods. Journal of Applied Ecology 5: 639-648. 

van Langevelde F, van de Vijver CADM, Kumar L, van de Koppel J, de Ridder N, van 
Andel J, Skidmore AK, Hearne JW, Stroosnijder L, Bond WJ, Prins HHT, 
Rietkerk M (2003) Effects of fire and herbivory on the stability of savanna 
ecosystems. Ecology 84: 337-350. 

van Wilgen BW, Trollope WSW, Biggs HC, Potgieter ALF, Brockett BH (2003) ‘Fire as a 
driver of ecosystem variability’ In: The Kruger Experience, Ecology and 
Management of Savanna Heterogeneity (eds JT du Toit, KH Rogers, HC Biggs), 
pp. 149-170 (Island Press: London). 

Veenendaal EM, Ernst WHO (1991) Dormancy patterns in accessions of caryopses from 
savanna grass species in South Eastern Botswana. Acta Botanica Neerlandica 
40: 297-309. 

Veenendaal EM, Ernst WHO, Modise GS (1996) Effect of seasonal rainfall pattern on 
seedling emergence and establishment of grasses in a savanna in south-eastern 
Botswana. Journal of Arid Environments 32: 305-317. 

Vetaas OR (1992) Micro-site effects of trees and shrubs in dry savannas. Journal of 
Vegetation Science 3: 337-344. 

Vigilante T, Bowman DMJS (2004) Effects of fire history on the structure and floristic 
composition of woody vegetation around Kalumburu, North Kimberley, 
Australia: a landscape-scale natural experiment. Australian Journal of Botany 
42: 381-404. 



171 | R e f e r e n c e s 

Vigilante T, Bowman DMJS, Fisher R, Russell-Smith J, Yates C (2004) Contemporary 
landscape burning patterns in the far North Kimberley region of north-west 
Australia: human influences and environmental determinants. Journal of 
Biogeography 31: 1317-1333. 

Vignolio OR, Laterra P, Fernandez ON, Linares MP, Maceira NO, Giaquinta A (2003) 
Effects of fire frequency on survival, growth and fecundity of Paspalum 
quadrifarium (Lam.) in a grassland of the Flooding Pampa (Argentina). Austral 
Ecology 28: 263-270. 

Vlahos S, Bell DT (1986) Soil seed-bank components of the northern jarrah forest of 
Western Australia.  Australian Journal of Ecology 11: 171-179.   

Vleeshouwers LM, Bouwmeester HJ, Karssen CM (1995) Redefining seed dormancy: an 
attempt to integrate physiology and ecology. Journal of Ecology 83: 1031-1037. 

Walker BH, Gillison AN (1982) ‘Australian savannas’ In: Ecology of Tropical Savannas 
(eds BJ Huntley, BH Walker), pp. 5-24 (Springer-Verlag: Berlin). 

Walker BH, Langridge JL, McFarlane F (1997) Resilience of an Australian savanna 
grassland to selective and non-selective perturbations. Australian Journal of 
Ecology 22: 125-135. 

Walker BH, Ludwig D, Holling CS, Peterman RM (1981) Stability of semi-arid savanna 
grazing systems. Journal of Ecology 69: 473-498. 

Walker BJ, Noy-Meir I (1982) ‘Aspects of stability and resilience of savanna ecosystems’ 
In: Ecology of Tropical Savannas (eds BJ Huntley, BH Walker), pp. 577-590 
(Springer-Verlag: Berlin). 

Walker J (1981) ‘Fuel dynamics in Australian vegetation’ In: Fire and the Australian Biota 
(eds AM Gill, RH Groves, IR Noble), pp. 101-127 (Australian Academy of 
Science: Canberra). 

Wan S, Luo Y, Wallace LL (2002) Changes in microclimate induced by experimental 
warming and clipping in tallgrass prairie. Global Change Biology 8: 754-768. 

Watkinson AR, Lonsdale WM, Andrew MH (1989) Modelling the population dynamics of 
an annual plant Sorghum intrans in the wet-dry tropics. Journal of Ecology 77: 
162-181. 

Weltzin JF, Cougenour MB (1990) Savanna tree influence on understorey vegetation and 
soil nutrients in northwestern Kenya. Journal of Vegetation Science 1: 325-334. 

Weltzin JF, McPherson GR (1997) Spatial and temporal soil moisture resource partitioning 
by trees and grasses in a temperature savanna, Arizona, USA. Oecologia 112: 
156-164.  

Westman WE (1986) ‘Resilience: concepts and measures’ In: Resilience of Mediterranean-
type Ecosystems (eds B Dell, AJM Hopkins, BB Lamont), pp.5-20 (Kluwer 
Academic Publishers, now Springer-Verlag: New York). 

Whelan RJ (1995) The Ecology of Fire (Cambridge University Press: Cambridge). 
Whelan RJ, Rodgerson L, Dickman CR, Sutherland EF (2003) ‘Critical life cycles of plants 

and animals: developing a process-based understanding of population changes in 
fire-prone landscapes’ In: Flammable Australia - The Fire Regimes and 
Biodiversity of a Continent (eds RA Bradstock, JE Williams, AM Gill), pp. 94-
124 (Cambridge University Press: Cambridge). 

Williams PR (2002) The Effect of Fire Regime on Tropical Savannas of North-eastern 
Australia: Interpreting Floristic Patterns Through Critical Life Events (PhD 
thesis) (James Cook University, Townsville). 

Williams PR, Congdon RA, Grice AC, Clarke PJ (2003a) Effect of fire regime on plant 
abundance in a tropical eucalypt savanna of north-eastern Australia. Austral 
Ecology 28: 327-338. 

Williams PR, Congdon RA, Grice AC, Clarke PJ (2003b) Fire-related cues break seed 
dormancy of six legumes of tropical eucalypt savannas in north-eastern 
Australia. Austral Ecology 28: 507-514. 

Williams PR, Congdon RA, Grice AC, Clarke PJ (2004) Soil temperature and depth of 
legume germination during early and late dry season fires in a tropical eucalypt 
savanna of north-eastern Australia. Austral Ecology 29: 258-263. 



172 | R e f e r e n c e s 

Williams PR, Congdon RA, Grice AC, Clarke PJ (2005a) Germinable soil seed banks in a 
tropical savanna: seasonal dynamics and effects of fire. Austral Ecology 30: 79-
90. 

Williams PR, Congdon RA, Grice AC, Clarke PJ (2005b) Effect of season of burning and 
removal of herbaceous cover on seedling emergence in a eucalypt savanna of 
north-eastern Australia. Austral Ecology 30: 491-496. 

Williams RJ (1997) ‘Fire and floral phenology in a humid tropical savanna at Kapalga 
Kakadu National Park’ In: Bushfire 97: Proceedings of the Australasian Bushfire 
Conference (eds BJ McKaige, RJ Williams, WM Waggitt), pp. 54-59 (CSIRO: 
Darwin). 

Williams RJ, Cook GD, Gill AM, Moore PHR (1999) Fire regime, fire intensity and tree 
survival in a tropical savanna in northern Australia. Australian Journal of 
Ecology 24: 50-59. 

Williams RJ, Duff GA, Bowman DMJS, Cook GD (1996) Variation in the composition and 
structure of tropical savannas as a function of rainfall and soil texture along a 
large-scale climatic gradient in the Northern Territory, Australia. Journal of 
Biogeography 23: 747-756. 

Williams RJ, Gill AM, Moore PHR (1998) Seasonal changes in fire behaviour in a tropical 
savanna in northern Australia. International Journal of Wildland Fire 8: 227-
239. 

Williams RJ, Griffiths AD, Allan GE (2003a) ‘Fire regimes and biodiversity in the 
savannas of northern Australia’ In: Flammable Australia – The Fire Regimes and 
Biodiversity of a Continent (eds RA Bradstock, JE Williams, AM Gill), pp. 281-
304 (Cambridge University Press: Cambridge). 

Williams RJ, Lane A (1999) ‘Wet season burning as a fuel management tool in wet-dry 
tropical savannas: Applications at Ranger Mine Northern Territory Australia’ In: 
People and Rangelands. Proceedings of the 6th International Rangelands 
Congress (eds D Eldridge, D Freudenberger), pp. 972-977 (International 
Rangelands Congress Incorporated: Townsville). 

Williams RJ, Müller WJ, Wahren C, Setterfield SA, Cusack J (2003b) Vegetation In: Fire 
in tropical savannas: the Kapalga experiment (Eds. AN Andersen, GD Cook, RJ 
Williams), pp.79-106. (Springer: New York). 

Williams RJ, Woinarski JCZ, Andersen AN (2003c) Fire experiments in northern Australia: 
Contributions to ecological understanding and biodiversity conservation in 
tropical savannas. International Journal of Wildland Fire 12: 391-402. 

Wilson BA, Bowman DMJS (1994) Factors influencing tree growth in tropical savanna: 
studies of an abrupt Eucalyptus boundary at Yapilika, Melville Island, northern 
Australia. Journal of Tropical Ecology 10: 103-120.  

Woinarski JCZ, Risler J, Kean L (2004) Response of vegetation and vertebrate fauna to 23 
years of fire exclusion in a tropical Eucalyptus open forest, Northern Territory, 
Australia. Austral Ecology 29: 156-176. 

Yates C, Russell-Smith J (2003) Fire regimes and vegetation sensitivity analysis: An 
example from Bradshaw Station, monsoonal northern Australia. International 
Journal of Wildland Fire 12: 349-358. 

Yeaton RI, Frost S, Frost PGH (1986) A direct gradient analysis of grasses in a savanna. 
South African Journal of Science 82: 482-486. 

Yibarbuk D, Whitehead PJ, Russell-Smith J, Jackson D, Godjuwa C, Fisher A, Cooke P, 
Choquenot D, Bowman DMJS (2001) Fire ecology and Aboriginal land 
management in central Arnhem Land, northern Australia: A tradition of 
ecosystem management. Journal of Biogeography 28: 325-343. 

Zhang J, Maun MA (1994) Potential for seed bank formation in seven great lakes sand dune 
species. American Journal of Botany 81: 387-394. 

Zimmermann J, Higgins SI, Grimm V, Hoffmann J, Münkemüller T, Linstädter A (2008) 
Recruitment filters in a perennial grassland: the interactive roles of fire, 
competitors, moisture and seed availability. Journal of Ecology 96: 1033-1044. 

 
  



 

Appendix 1 
 
Soil profile descriptions 
Soil profile descriptions to 1 m depth in each compartment of the 
Territory Wildlife Park study site (see Fig. 2.1).  One soil profile was 
described per compartment, randomly located on transects used for 
vegetation surveys (see Chapter 4).  Grey shading indicates the location 
of massive laterite that prevented deeper excavation.  Soil was collected 
after profiles were excavated with a hand auger.  In the laboratory, colour 
was determined with a Munsell colour chart, texture using the moist 
bolus method (McDonald et al. 1990), gravel with a 2 mm sieve and 
weighing the proportion of rocks and dry soil, and pH with a field test kit. 

1Sivertsen et al. (1980).  2Northcote (1979).  Czs-Unconsolidated sand: 
ferruginous and clayey sand; Czl-Nodular, concretionary, pisolitic, and 
vermicular mottled laterite: in situ and reworked remnants of standard 
laterite profile; Qcl-Quaternary colluvial sediments. 
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Continued over page. 

Compartment  

N1 N2 N3 N4 N5 N6 C1 C2 C3  

Terrain1 Footslope Footslope Midslope Midslope Plateau Plateau Plateau Plateau Plateau 

 

Soil profile type Czs/Czl Czs/Czl Czs/Czl Czs/Czl Czs/Czl Czs/Czl Czs/Czl Czs/Czl Czs/Czl 

Exposed laterite 
pavements 

No No Yes Yes No No No No No 

Exposed laterite 
outcrop 

Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Principal profile form2 Um1.43 Uc1.43 Um1.44 Gn2.41 Gn2.01 Um1.43 Um1.43 Gn2.41 Um1.41 

Indicative soil profiles  
         

0
-1

0
 c

m
 

Colour code 7.5 YR 3/2 m 7.5 YR 3/2 m 5 YR 3/2 m 10 YR 3/2 m 10 YR 3/2 m 2.5 YR 3/2 m 10 R 3/2 m 7.5 YR 4/2 m 10 YR 4/2 m 

Colour name Dark brown Dark brown 
Dark reddish 

brown 
Dark greyish 

yellowish brown

Dark greyish 
yellowish 

brown 

Greyish reddish 
brown 

Greyish 
reddish brown 

Dark brown 
Dark greyish 

brown 

Texture Clay loam Sandy loam Loam Loam Loam Clay loam Clay loam Sandy loam Clay loam 

% gravel 37% 52% 43% 60% 86% 18% 28% 37% 54% 

pH pH 6 pH 6.5 pH 6.5 pH 6 pH 6.5 pH 6 pH 6 pH 6.5 pH 6 

1
0

-2
0

 c
m

 

Colour code 7.5 YR 4/2 m 10 YR 4/2 m   10 YR 4/2 m 7.5 YR 3/2 m 10 R 3/2 m 2.5 YR 3/2 m 10 YR 4/4 m 10 YR 4/4 m 

Colour name Dark brown 
Dary greyish 

brown 

  

Dark greyish 
brown 

Dark brown 
Greyish reddish 

brown 
Greyish 

reddish brown 

Dark 
yellowish 

brown 

Dark yellowish 
brown 

Texture Clay loam Loam   Loamy clay Clay loam Clay loam Loam clay Clay loam Clay loam 

% gravel 16% 36%   37% 42% 11% 11% 48% 26% 

pH pH 6.5 pH 6.5   pH 6 pH 6 pH 6 pH 6 pH 6.5 pH 6.5 

2
0

-3
0

 c
m

 

Colour code 5 YR 4/4 m 10 YR 4/2 m   10 YR 4/4 m   2.5 YR 4/6 m 10 R 4/4 m 10 YR 4/4 m 10 YR 5/4 m 

Colour name Reddish brown 
Dark greyish 

brown 

  

Dark 
yellowish 

brown   

Red Weak red 
Dark 

yellowish 
brown 

Yellowish 
brown 

Texture Clay loam Sandy loam   Clayey loam   Loamy clay Loam clay Loam Clay loam 

% gravel 15% 39%   40%   9% 14% 41% 20% 

pH pH 6 pH 6   pH 6   pH 6 pH 6 pH 6 pH 6 

3
0

-4
0

 c
m

 

Colour code 7.5 YR 4/6 m 10 YR 4/4 m         2.5 YR 4/6 m     

Colour name Strong brown 
Dark yellowish 

brown 

        

Red 

    

Texture Loamy clay Sandy loam         Clay loam     

% gravel 17% 41%         16%     

pH pH 6 pH 5.5         pH 6     
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Compartment 
Indicative soil profiles  N1 N2 N3 N4 N5 N6 C1 C2 C3 

4
0

-5
0

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   

5
0

-6
0

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   

6
0

-7
0

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   

7
0

-8
0

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   

8
0

-9
0

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   

9
0

-1
00

 c
m

 Colour code                   

Colour name                   

Texture                   

% gravel                   

pH                   
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Compartment 
C4 C5 C6 S1 S2 S3 S4 S5 S6 

Terrain1 Plateau Plateau Plateau Plateau Plateau Footslope Footslope Plateau Plateau 

Soil profile type Czs/Czl Czs/Czl Czs/Czl Czs/Czl Qcl Qcl Qcl Qcl Qcl 

Exposed laterite pavements No No No No No No No No No 

Exposed laterite outcrop No No No No No No No No No 

Principal profile form2 Gn2.81 Db1.51 Uc1.44 Db1.51 Uc1.44 Db2.51 Db2.51 Dr3.51 Dr3.51 

Indicative soil profiles  
         

0
-1

0
 c

m
 

Colour code 10 YR 3/2 m 10 YR 3/2 m 10 YR 4/2 m 10 YR 4/2 m 10 YR 3/2 m 5 YR 4/1 m 10 YR 3/2 m 10 YR 3/2 m 10 YR 3/2 m 

Colour name 
Dark greyish 

yellowish brown 
Dark greyish 

yellowish brown
Dark greyish 

brown 
Dark greyish 

brown 
Dark greyish 

yellowish brown 
Dark grey 

Dark greyish 
yellowish 

brown 

Dark greyish 
yellowish 

brown 

Dark greyish 
yellowish brown 

Texture Loam Loamy sand Sandy loam Sandy loam Loam Sandy loam Loam Sandy loam Loamy sand 
% gravel 54% 56% 72% 73% 49% 8% 8% 52% 23% 
pH pH 6.5 pH 6.5 pH 7 pH 6.5 pH 6.5 pH 6 pH 6 pH 5.5 pH 5.5 

1
0

-2
0

 c
m

 Colour code 10 YR 4/2 m 10 YR 4/4 m 10 YR 4/1 m 10 YR 5/2 m 2.5 Y 4/2 m 10 YR 3/2 m 7.5 YR 3/2 m 5 YR 3/2 m 10 YR 3/2 m 

Colour name 
Dary greyish 

brown 
Dark yellowish 

brown 
Dark grey 

Greyish 
yellowish brown 

Moderate olive 
brown 

Dark greyish 
yellowish brown

Dark brown 
Dark reddish 

brown 
Dark greyish 

yellowish brown 
Texture Clay loam Loamy sand Sandy loam Sandy loam Sandy clay loam Clay loam Loam Loamy sand Loamy sand 
% gravel 36% 37% 42% 42% 28% 2% 4% 35% 18% 
pH pH 6 pH 6.5 pH 6.5 pH 7 pH 6 pH 6 n/a pH 6 pH 6 

2
0

-3
0

 c
m

 

Colour code  10 YR 5/6 m 7.5 YR 4/6 m 7.5 YR 4/4 m 10 YR 4/2 m 2.5 Y 4/2 m 10 YR 4/2 m 5 YR 4/4 m 5 YR 4/2 m 

Colour name 

 

Strong 
yellowish brown

Strong brown Brown 
Dark greyish 

brown 
Moderate olive 

brown 
Dary greyish 

brown 
Reddish brown Dark reddish grey 

Texture 

 

Clay loam Sandy loam 
Clay loam 

(sandy) 
Clay loam (sandy) Clay loam Clay loam Sandy loam Loamy sand 

% gravel  35% 51% 59% 36% 2% 3% 26% 16% 
pH  pH 6.5 pH 6.5 pH 6.5 pH 6.5 pH 6 pH 6 pH 6 pH 6 

3
0

-4
0

 c
m

 

Colour code   10 YR 5/2 m 

 

10 YR 4/4 m 10 YR 4/2 m 10 YR 3/2 m 5 YR 4/4 m 7.5 YR 4/4 m 

Colour name 

  

Greyish 
yellowish 

brown 
 

Dark yellowish 
brown 

Dary greyish 
brown 

Dark greyish 
yellowish 

brown 
Reddish brown Brown 

Texture   Sandy loam 
 

Sandy loam Clay loam Clay loam Sandy loam Sandy clay loam 

% gravel   57% 
 

34% 2% 12% 23% 19% 

pH   pH 6.5 
 

pH 6 pH 6.5 pH 6 pH 6.5 pH 6 

Continued over page. 
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Compartment 
Indicative soil profiles C4 C5 C6 S1 S2 S3 S4 S5 S6 

4
0

-5
0

 c
m

 Colour code         10 YR 3/1 m 10 YR 4/4 m 10 YR 4/2 m 5 YR 4/4 m 5 YR 4/4 m 

Colour name 

        
Very dark 

grey 
Dark yellowish 

brown 
Dark greyish brown Reddish brown Reddish brown 

Texture         Sandy loam Clay loam (sandy) Clay loam Sandy loam Loamy sand 
% gravel         30% 1% 4% 53% 44% 
pH         pH 6.5 pH 6 pH 5.5 pH 6.5 pH 6 

5
0

-6
0

 c
m

 

Colour code          10 YR 5/2 m 10 YR 4/2 m 5 YR 4/6 m 5 YR 4/4 m 

Colour name 

         

Greyish yellowish 
brown 

Dark greyish brown Strong brown Reddish brown 

Texture          Clay loam (sandy) Clay loam Sandy loam Sandy clay loam 
% gravel          2% 5% 41% 10% 

pH          pH 6 pH 5.5 pH 6 pH 6.5 

6
0

-7
0

 c
m

 

Colour code          10 YR 4/4 m 10 YR 5/2 m 2.5 YR 4/6 m 5YR 4/6 m 

Colour name 

         

Dark yellowish 
brown 

Greyish yellowish 
brown 

Red Strong brown 

Texture          Clay loam (sandy) Clay loam (sandy) Sandy loam Clay loam (sandy) 
% gravel          5% n/a 25% 9% 

pH          pH 5.5 pH 5.5 pH 6.5 pH 6 

7
0

-8
0

 c
m

 Colour code          7.5 YR 5/2 m 10 YR 4/4 m 2.5 YR 4/6 m 2.5 YR 4/6 m 

Colour name 

         

Brown 
Dark yellowish 

brown 
Red Red 

Texture          Sandy clay loam Clay loam Sandy loam Clay loam 
% gravel          5% 3% 18% 6% 
pH          pH 6 pH 6.5 pH 6 pH 6 

8
0

-9
0

 c
m

 

Colour code          10 YR 5/6 m 10 YR 4/4 m 2.5 YR 4/6 m 2.5YR 4/6 m 

Colour name 

         

Strong yellowish 
brown 

Dark yellowish 
brown 

Red Red 

Texture 

         

Light clay 
Light-medium 

clay 
Sandy clay loam Clay loam (sandy) 

% gravel          12% 17% 21% 5% 
pH          pH 6.5 pH 6.5 pH 5.5 pH 5.5 

9
0

-1
00

 c
m

 Colour code          7.5 YR 4/6 m 7.5 YR 4/6 m 2.5 YR 4/6 m  

Colour name          Strong brown Strong brown Red  

Texture          Light clay Light clay Clay loam  

% gravel          31% 54% 17%  

pH          pH 6.5 pH 7 pH 6  
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Appendix 2 
 
Flora of the Territory Wildlife Park, 
Berry Springs, with particular 
reference to the grass-layer 
This paper has been published as: 

Scott K (2007) Flora of the Territory Wildlife Park, Berry Springs, with 
particular reference to the grass-layer. Northern Territory Naturalist 19: 
25-34. 

Note: Sarga intrans (F.Muell. ex Benth.) Spangler is used as a synonym 
of Sorghum intrans (F.Muell. ex Benth.) 
 
Original styles have been maintained. 
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Abstract 

The Territory Wildlife Park (TWP) near Darwin is often used as a study site for 

ecological research.  As a consequence of this research activity, a detailed 

discussion of vegetation in the grass layer is required by present and future 

researchers.  This study presents a comprehensive species list of grass layer plants 

found within the TWP, compiled from published and unpublished surveys in the 

period 1980 to 2004.  Additionally, the current composition of the grass layer 

vegetation was compared with information contained in a description of the TWP 

area undertaken in 1980.  There are 242 grass layer plant species present at the 

TWP, represented by 56 families and 145 genera.  The number of species at the 

TWP is much than in another popular experimental site nearby (Solar Village), 

although the proportion of the different life-form groups (e.g. grasses, forbs, vines) 

is generally similar.  In at least the north-western area of the TWP, the dominant 

grass layer species have changed.  Aristida sp. and Sarga intrans have decreased in 

abundance in areas where they were dominant in 1980.  The cause of this decline 

may be related to the Park’s unusual fire history or grazing activities.  
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INTRODUCTION 

 The Territory Wildlife Park (TWP) in Berry Springs, 40 km south-west of 

Darwin, is often used as a study site for ecological research owing to its proximity 

to the Northern Territory capital.  A survey of the vegetation within the Park was 

performed in 1980 (Sivertsen et al. 1980), although a detailed discussion of the 

grass layer (e.g. grasses, sedges, forbs, etc.) was not included.  Twenty-six years 

after that survey and with the development of the Park, the composition of the 

grass layer appears to have changed in some areas.  So, current and prospective 

researchers could benefit from a detailed description of the grass layer.  The 

composition of the grass layer within the north-western corner of the TWP is 

described here and compared with observations from the same area in 1980, to 

examine whether any changes have occurred in the last 26 years.  Additionally, a 

comprehensive species list of grass layer plants is provided. 

METHODS 

Vegetation structure and grass layer composition 

 The undeveloped north-western section of the TWP is dominated by a 

Eucalyptus tetrodonta / E. miniata open forest (sensu Specht et al. 1995).  A small 

area in the vicinity of Goose Lagoon (c. 5-10 ha; Fig. 1a) has a higher density of 

mid-storey plants (hereafter referred to as the dense mid-storey community) than 

the area further to the north (c. 30 ha; Fig. 1b).  Much of the ground in the dense 

mid-storey community is shaded and covered by leaf litter, resulting in low grass 

density and cover, and the presence of essentially only one grass species (Eriachne 

triseta) and very few forb species. 

 The vegetation further to the north has a lower density of mid-storey plants 
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Fig. 1. Open forest communities of the Territory Wildlife Park’s north-western 

corner, a) surrounding Goose Lagoon with a dense mid-storey of shrubs and b) 

further to the north, with a sparse mid-storey shrub layer.  

a 

b 
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 (hereafter known as the sparse mid-storey community) and supports a continuous 

and species rich layer of grasses and forbs.  The grass species in this area are 

typically low-growing perennials such as Eriachne triseta and E. avenacea (20-60 

cm), or annuals of intermediate height such as Pseudopogonatherum contortum 

(50-100 cm).  Alloteropsis semialata, Sarga plumosum, and Chrysopogon spp. are 

relatively common taller grass species, growing up to 1.5 m.  The exotic grasses 

Andropogon gayanus and Pennisetum pedicellatum are present throughout the 

TWP and adjacent rural properties, although P. pedicellatum is more abundant. 

 There are differences in the composition of the grass layer between the 

north-western area of the TWP mentioned above and adjacent privately owned land 

to the west.  Whilst the tree layer appears similar to that immediately inside the 

TWP, tall annual and perennial grasses such as Sarga intrans and Heteropogon 

triticeus are the dominant species in the adjacent privately owned land, yet only 

occur in low abundance within the TWP. 

 A land resource survey of the TWP area provided a description of 

vegetation and several photographs (Sivertsen et al. 1980) and is used here to 

describe changes to the grass-layer composition within the north-western corner 

since 1980. 

Species list  

 A list of vascular plants found within the grass layer of the TWP is 

presented as a compilation of surveys undertaken by Sivertsen et al. (1980, 40 

species contributed), Green Corps (2003; 155 species contributed), the author’s 

own records (82 species contributed), and Schatz (unpublished data, 15 species 

contributed; Table 1).  Species in the list contain superscripted letters to denote 
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which species were contributed by the various authors.  Species lists are presented 

in full by Sivertsen et al. (1980) and Green Corps (2003), while the author and 

Schatz (unpublished data) provide species detected in vegetation surveys. 

 The author used 648 permanent 1 m2   quadrats throughout the site annually 

in the late wet season between 2004 and 2006, as part of a project surveying the 

abundance of grass layer species.  Schatz (unpublished data) used the same 

quadrats, but surveyed in the late wet season on just one occasion in 2004.  The 

plants in the author’s list at least, were identified by experienced field personnel or 

plant taxonomists.  Voucher specimens in the author’s collection are kept at 

Charles Darwin University, Darwin, to be transferred to the Northern Territory 

Herbarium (DNA) in 2007.  The remaining three sources of data used to compile 

the species list have not lodged voucher specimens at a particular location, and as 

such the identification of their specimens should be treated with caution. 

 Plants were included in the list if noted as forbs (FO), vines (VN), sedges 

(SE), grasses (G), ferns (F), or a combination of those life-forms (e.g. shrub/forb, 

SH/FO), by Brennan (1996).  The few remaining species not listed by Brennan 

(1996) were assigned life-form classifications which are present in the literature or 

from photographs.  Trees, shrubs, epiphytes, hydrophytes and mangrove species 

were excluded from the list.  To avoid possible duplication, specimens identified to 

generic level only were included if no other plants from that genus were 

represented.  Plant families are arranged alphabetically under the headings of 

Pteridophyta (Ferns and fern allies) followed by Angiospermae (Flowering plants).  

Exotic species are indicated by an asterisk (*). 
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RESULTS 

Grass layer composition 

 The dense mid-storey community currently surrounding Goose Lagoon was 

described by Sivertsen et al. (1980) as having a grass layer dominated by Aristida 

sp.  This area is now dominated by Eriachne triseta, and Aristida sp. is uncommon 

both within this vegetation type and within the TWP generally.  Descriptions of 

open Eucalypt woodlands by Sivertsen et al. (1980) often note that the grass layer 

is dominated by Sarga intrans.  This species now has a very low abundance within 

the Park, but is very common immediately adjacent to the TWP. 

Species list 

 The list contains a total of 242 grass layer species, represented by 56 plant 

families and 145 genera.  Half of the families (28) contain only one species.  Not 

included in the list are 19 species from the author’s records and 11 species from 

Sivertsen et al. (1980) which are identified to generic level only.  The Poaceae 

contain the highest number of species (57), followed by the Cyperaceae and 

Fabaceae (29 and 21 species respectively).  The genus with the most number of 

species is Fimbristylis (12 spp., Cyperaceae), followed by Eriachne (8 spp., 

Poaceae), and Ipomoea (7 spp., Convolvulaceae).  Forbs are the most common life-

form with 117 species, followed by the grasses (57 species), vines (32 species), 

sedges (30 species), and ferns (6 species).  Exotic species comprise 5.4% of the 

flora (13 species). 
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DISCUSSION 

Grass layer composition 

 Changes to the grass layer species composition of the north-western corner 

of the TWP could involve the land-use history of the Park in the last two decades.  

Firstly, most of the north-western area has experienced just one fire since the Park 

opened in 1989 (Green Corps 2003), a much lower fire frequency than for other 

tropical savanna sites in the Top End which are typically burnt every 1-3 years 

(Russell-Smith et al. 1997; Edwards et al. 2001).  As fire exclusion promotes the 

growth of woody seedlings, it contributes to increased shading and litter 

production, thereby leading to different microsites which may not suit the 

recruitment of existing species (Vazquez-Yanes and Orozco-Segovia 1993; 

Woinarski et al. 2004). 

 Secondly, the TWP is surrounded by a 3 m high predator-exclusion fence 

which has prevented the movement of wallabies, both in and out of the TWP, and 

excluded cattle.  The interaction between herbivores and the grass layer can be 

profound, affecting grass fuel loads, the flammability of the landscape, and the 

growth and mortality of seedlings (Werner et al. 2006).  Isolating the specific 

factor(s) which have shaped the current composition of the grass layer at the TWP 

will require a thorough investigation of site history, and direct experimentation 

with fire and herbivory. 

Species list 

 The number of grass layer plant species listed in Table 1 represents 

approximately 5% of the flora recorded in the Northern Territory (Cowie and 

Albrecht 2005).  The number of grass layer species at the TWP is approximately 
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three times that detected at Solar Village in 2002, 15 km to the north-east 

(Woinarski, unpublished data).  Such differences could simply reflect a higher 

sampling intensity at the TWP.  The proportion of forb, grass, vine and fern species 

is similar between the TWP and Solar Village, although sedges represent a higher 

proportion of the flora in the TWP (Woinarski, unpublished data).  The TWP may 

contain a greater area of poorly drained soils (e.g. in the vicinity of Goose Lagoon), 

which may favour such species. 
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Table 1.  Species list of vascular plants found within the grass layer of the 

Territory Wildlife Park.  Life-form classifications follow Brennan (1996): G-grass, 

SE-sedge, FO-forb, VN-vine, F-fern, SH-shrub.  Plant families are arranged 

alphabetically under the headings of Pteridophyta (Ferns and fern allies) followed 

by Angiospermae (Flowering plants).  Exotic species are indicated by an asterisk 

(*).  Data provided by: aSivertsen et al. (1980), bGreen Corps (2003), cScott 

(unpublished data), dSchatz (unpublished data). 

 

 Life-form 

PTERIDOPHYTA  

ADIANTACEAE  

Cheilanthes sp. F 

BLECHNACEAE  

Stenochlaena palustrisb F 

PARKERIACEAE  

Ceratopteris australisb F 

Ceratopteris thalictroidesb F 

PTERIDACEAE  

Acrostichum aureumb F 

SCHIZAEACEAE  

Schizaea dichotomab F 

ANGIOSPERMAE  

ACANTHACEAE  

Barleria prionitis*b FO/SH 

Thunbergia arnhemicab VN 

AMARANTHACEAE  

Gomphrena flaccidab FO 

APIACEAE  

Trachymene didiscoidesb FO 

APOCYNACEAE  

Ichnocarpus frutescensb VN 

ARACEAE  

Amorphophallus galbraa, b FO 

Typhonium russell-smithiib FO 
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ASCLEPIADACEAE  

Gymnanthera oblongad VN 

Marsdenia connivensb VN 

Marsdenia glanduliferab VN 

Marsdenia velutinab VN 

Marsdenia viridiflorad VN 

ASTERACEAE  

Allopterigeron filifoliusb FO 

Bidens bipinnata*b FO 

Blumea integrifoliac FO 

Blumea saxatilisb, c FO 

Cyanthillium cinereumb FO 

Elephantopus scaberb FO 

Pluchea indicab FO/SH 

Tridax procumbens*b FO 

BORAGINACEAE  

Heliotropium ventricosumb, c FO 

CAESALPINIACEAE  

Chamaecrista nomameb FO 

CAMPANULACEAE  

Sphenoclea zeylanicab FO 

CAPPARACEAE  

Capparis sepiariab VN/SH 

CAROPHYLLACEAE  

Polycarpaea holtzeib FO 

Polycarpaea violaceab FO 

CLUSIACEAE  

Hypericum gramineumb FO 

COLCHICACEAE  

Iphigenia indicab FO 

COMMELINACEAE  

Cartonema parviflorumb FO 

Cartonema spicatumb FO 

CONVOLVULACEAE  

Cressa creticab FO 
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Evolvulus alsinoidesc FO 

Ipomoea abruptad VN 

Ipomoea copticab VN 

Ipomoea eriocarpac VN 

Ipomoea gracilisc VN 

Ipomoea gramineac VN 

Ipomoea lonchophyllad FO 

Ipomoea polymorphab FO 

Jacquemontia brownianab FO/SH 

Merremia dissectab VN 

Merremia quinatab VN 

Polymeria pusillab FO 

Xenostegia tridentatab, c VN 

CYPERACEAE  

Bulbostylis barbatac SE 

Crosslandia setifoliab SE 

Cyperus castaneusb, c SE 

Cyperus digitatusb SE 

Cyperus haspanb SE 

Cyperus javanicusb SE 

Eleocharis sp. Coonjimba Billabong (T.S. Henshall 3365)b SE 

Fimbristylis acicularisb SE 

Fimbristylis cymosab SE 

Fimbristylis densab, c SE 

Fimbristylis denudatab SE 

Fimbristylis ferrugineab SE 

Fimbristylis littoralisb SE 

Fimbristylis macassarensisb SE 

Fimbristylis microcaryab SE 

Fimbristylis oxystachyab SE 

Fimbristylis piliferac SE 

Fimbristylis sp. Charles Darwin (J.L. Egan 5300)c SE 

Fimbristylis tetragonab SE 

Fuirena ciliarisb SE 

Lipocarpha microcephalab, c SE 
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Rhyncospora longisetisb SE 

Schoenus falcatusb SE 

Scleria lithospermab SE 

Scleria novae-hollandiaeb SE 

Scleria psilorrhizab SE 

Scleria pygmaeab SE 

Scleria rugosab SE 

Scleria sp. McMinns Lagoon (M.M.J. van Balgooy 1272)b SE 

DILLENIACEAE  

Pachynema dilatatumb FO/SH 

DROSERACEAE  

Drosera indicaa, b FO 

Drosera petiolarisa, b, c FO 

ERIOCAULACEAE  

Eriocaulon cinereumb FO 

Eriocaulon setaceumb FO 

Eriocaulon shultziib FO 

EUPHORBIACEAE  

Euphorbia hirta*b, c FO 

Euphorbia schultziib FO 

Phyllanthus exilisb FO 

Phyllanthus minutiflorusc FO 

Phyllanthus sulcatusb FO 

Phyllanthus urinariac FO 

Sauropus paucifoliusb FO 

Sauropus stenocladusc FO 

Sebastiania chamaeleab FO/SH 

FABACEAE  

Abrus precatoriusb VN 

Alysicarpus browniib FO 

Alysicarpus schomburgkiib, c FO 

Canavalia papuanab VN 

Chaemachrista mimosoidesc FO 

Crotalaria brevisc FO 

Crotalaria goreensisb FO 
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Crotalaria medicagineac FO 

Crotalaria montanad FO 

Crotalaria trifoliastruma FO 

Cyclocarpa stellarisb FO 

Desmodium browniic FO 

Dunbaria singuliflorac VN 

Eriosema chinenseb, c FO 

Flemingia parviflorad FO 

Galactia muellerid FO 

Macroptilium lathyroides*b FO 

Stylosanthes scabra*b FO/SH 

Tephrosia remotiflorac, d FO 

Vigna vexillatac VN 

Zornia prostratab VN 

FLAGELLARIACEAE  

Flagellaria indicab VN 

GOODENIACEAE  

Goodenia armstrongianaa, b, c FO 

Goodenia byrnesiid FO 

Goodenia purpurascensb FO 

HAEMODORACEAE  

Haemodorum sp. FO 

HALORAGACEAE  

Gonocarpus leptothecusc FO/SH 

HYPOXIDACEAE  

Hypoxis nervosab FO 

LAMIACEAE  

Hyptis suaveolens*a, b FO 

LAURACEAE  

Cassytha filiformisd VN 

LENTIBULARIACEAE  

Utricularia chrysanthab FO 

Utricularia lasiocaulisb FO 

Utricularia odoratab FO 

LILIACEAE  
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Protasparagus racemosusb VN 

Sowerbaea alliaceab FO 

Thysanotus chinensisb FO 

LOGANIACEAE  

Mitrasacme aggregatab, c FO 

Mitrasacme connatab FO 

Mitrasacme exsertab FO 

Mitrasacme multicaulisb FO 

Mitrasacme subvolubilisb FO 

MALVACEAE  

Abelmoschus moschatusb FO/SH 

MENISPERMACEAE  

Stephania japonicab VN 

Tinospora smilacinab VN 

NAJADACEAE  

Najas tenuifoliab FO 

ONAGRACEAE  

Ludwigia hyssopifoliab FO 

OPILIACEAE  

Opilia amentaceab VN/SH 

PASSIFLORACEAE  

Adenia heterophyllad VN 

Passiflora foetida*d VN 

POACEAE  

Alloteropsis semialataa, c G 

Andropogon gayanus*c G 

Aristida holatherab G 

Aristida hygrometricaa, c G 

Aristida pruinosaa G 

Bothriochloa bladhiia G 

Chrysopogon fallaxa, c G 

Chrysopogon latifoliusa G 

Digitaria gibbosac G 

Digitaria violaescensc G 

Dimeria acinaciformisb G 
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Dimeria ornithopodab G 

Ectrosia agrostoidesc G 

Ectrosia leporinaa G 

Ectrosia scabridaa G 

Eragrostis cumingiib, c G 

Eragrostis pubescensb G 

Eragrostis rigidiusculab G 

Eriachne agrostideab, c G 

Eriachne avenaceaa, c G 

Eriachne burkittiia, c G 

Eriachne ciliatab, c G 

Eriachne schultzianaa G 

Eriachne squarrosaa G 

Eriachne stipaceac G 

Eriachne trisetaa, b, c G 

Germania grandifloraa G 

Heterachne abortivab G 

Heteropogon contortusa G 

Heteropogon triticeusa, c G 

Imperata cylindricaa, c G 

Melinus repens*c G 

Mnesithea formosac G 

Mnesithea rottboellioidesa, b, c G 

Panicum decomposituma G 

Panicum mindanaenseb, c G 

Panicum trachyrhachisa G 

Paspalum scrobiculatuma, b G 

Pennisetum pedicellatum*a, b, c G 

Perotis rarab G 

Pseudopogonatherum contortuma, b, c G 

Sacciolepis indicab, c G 

Sarga intransa, c G 

Sarga plumosuma, c G 

Sarga stipoidiuma G 

Schizachyrium fragilea, c G 
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Schizachyrium pachyarthronc G 

Sehima nervosuma G 

Setaria apiculataa, b, c G 

Sporobolus pulchellusc G 

Thaumastochloa majora, b, c G 

Themeda arguensb G 

Themeda triandraa, c G 

Triodia bitexturaa, b, c G 

Urochloa holosericeac G 

Whiteochloa sp.c G 

Xerochloa imberbisa, b G 

POLYGALACEAE  

Polygala eriocephalab FO 

Polygala linearifoliac FO 

Polygala longifoliab FO 

Polygala orbicularisc FO 

Polygala pycnophyllac FO 

Polygala sp. Kakadu (L.A. Craven 5464)c FO 

PORTULACACEAE  

Calandrinia gracilisb FO 

Calandrinia uniflorab FO 

RESTIONACEAE  

Dapsilanthus spathaceusa SE 

RUBIACEAE  

Kailarsenia suffruticosad FO 

Knoxia strictab FO 

Mitracarpus hirtus*b, c FO 

Oldenlandia galioidesb, c FO 

Spermacoce articularisb FO 

Spermacoce auriculatab FO 

Spermacoce callianthab FO 

Spermacoce heterospermac FO 

Spermacoce stenophyllab FO 

SCROPHULARIACEAE  

Buchnera gracilisb FO 
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Buchnera linearisc FO 

Buchnera tetragonab FO 

Buchnera urticifoliac FO 

Centranthera cochinchinensisb FO 

Limnophila fragransb, c FO 

Lindernia sp. Mount Bundey (C.R. Dunlop 8840)b FO 

Scoparia dulcis*c FO 

Stemodia lythrifoliaa, c FO/SH 

SMILACACEAE  

Smilax australis VN 

STACKHOUSIACEAE  

Stackhousia intermediac FO 

STERCULIACEAE  

Helicteres sp. Darwin (S.T. Blake 16793)c FO 

Melochia corchorifoliab FO/SH 

Waltheria indicab, c FO/SH 

STYLIDIACEAE  

Stylidium capillareb FO 

Stylidium fissilobumb FO 

Stylidium schizanthumb FO 

Stylidium semipartitumc FO 

VERBENACEAE  

Clerodendrum inermeb VN/SH 

Clerodendrum tateic FO 

Huxleya linifoliab FO 

VITACEAE  

Ampelocissus acetosab VN 

XYRIDACEAE  

Xyris complanatac FO 

Xyris pauciflorab FO 

 


