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Preface 

This work was undertaken under the auspices of a conservation project to 

determine factors effecting the survival of the Gouldian Finch in northern Australia. 

Gouldian finches have been observed to feed on Triodia spp. seed during the early 

wet season at a time when the seed bank from the previous season has been 

exhausted and the seed of annual species is yet to be set (Garnett and Crowley 1994). 

As fire is the dominant disturbance in this environment management of fire in a way 

that ensures the supply and resilience of these food resources is important for the 

conservation of granivorous species. It was therefore deemed important to explore 

the post-fire regeneration strategies of Triodia spp. in northern Australia to inform 

fire management regimes that would not impact on the seed availability for Gouldian 

Finches and other granivorous species. While the research path taken in this thesis 

was one of pure botanical research, focusing on plant species coexistence, the 

findings have provided the knowledge necessary to inform fire management in the 

Kimberley of Western Australia. This will prove useful given the active fire 

management which is undertaken in this region through the EcoFire project managed 

by the Australian Wildlife Conservancy operating out of Mornington Wildlife 

Sanctuary. The findings of this work will be broadly applicable across other Triodia 

communities in Australia and may enhance fire management practices in these areas 

also 

The thesis has been written as a series of papers with all but one chapter 

published. This remaining chapter is deemed ready for submission to a suitable 

journal. To make the thesis a unified document all chapters have been uniformly 

formatted and sequentially numbered. An introductory chapter outlines the 
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background and research aims of the project and the methods and summary of each 

chapter. The concluding chapter is a synthesis of the work with directions for future 

research. Each of the data chapters begins with an introduction to link it to the 

preceding chapters with the abstracts written for the publications removed. These are 

provided as an appendix to the thesis. Publication citations and author contributions 

to each chapter are provided. 

Appendices are included at the end of some chapters, including those only 

available online in the published papers. The undescribed species Triodia sp. nov. 

(aff. T schinzii) is expressed in full at the start of chapters where necessary, 

otherwise it is referred to as Triodia sp. or Triodia sp. nov. depending on the specific 

requirements ofjournal editors. 
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Abstract 

The processes which structure plant communities enabling species 

coexistence over time remains an area of active research. Current theory has, at its 

extremes, deterministic niche and stochastic neutral theory, however several recent 

explanations reconcile these extremes into stochastic niche theory. Central to this is 

the recognition that sympatric species have differential regeneration success after a 

disturbance over both time and space. To investigate this proposition I collected 

ecological and phenological data on eight sympatric Triodia spp., in the Kimberley 

of Western Australia, to determine and compare their regeneration responses to fire. 

Species distributions in the landscape were correlated to habitat variables to 

determine the degree of habitat specialisation. Regeneration responses to fire were 

determined through direct observation of natural and experimental fires and the 

historical coexistence of three species, from different regeneration functional groups, 

was determined using coalescence analysis. A spatially explicit model, parameterized 

with the life history matrices of these species, was used to investigate how they 

competed under a range of fire scales and probabilities. The study demonstrated that 

while the majority of Triodia spp. in this community are habitat generalists, 

differences in relative abundance across different substrates suggests other factors 

lead to differential competition between species. Strong inter-specific competition 

was also suggested by species forming mono-specific stands. The molecular analysis 

demonstrated that species from different functional groups have coexisted since the 

Pleistocene and the model demonstrated that this can only occur in a narrow range of 

fire probabilities. Considered together these results indicate that disturbance by fire 

facilitates the coexistence of these Triodia species. This is possible because each 

species differentially utilizes opportunities, after fire, arising in the regeneration 
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niche space. Hence, stochastic niche theory best describes the processes operating in 

this community leading to the patterns observed across a range of spatial and 

temporal scales. 
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Chapter 1 

Introduction 



1: Introduction 

1.1 Theoretical background and general literature review 

Ever since Darwin (1859) described the entangled bank, biologists have 

sought to explain the processes which enable species to coexist. However, a 

fundamental theory to explain the patterns and processes which shape communities, 

particularly plant communities, remains elusive despite over 150 years of research 

(Hult 1885, Clements 1936, Herrera 1992). This problem is due in large part to the 

wide range of temporal and spatial scales over which plant communities grow. 

Recognisable associations of plants are observed at regional scales correlated to 

climatic zones, with change occurring over geological time scales (Clements 1936), 

while local communities can form "shifting mosaics", which change over decades, in 

which the spatial context is influenced by microhabitats, species life histories and 

community level interactions (Watt 1947, Clarke 1991, Davis et al. 2000). 

Attempts to determine the processes operating in plant communities have 

relied predominantly on the interpretation of observable patterns and, to a lesser 

degree, on manipulative experiments. With some plant demographic processes, such 

as the growth of forests, taking centuries to unfold, it is impossible to mirror these 

processes experimentally. The longest running ecological experiment, the Park Grass 

Experiment, has been running for 155 years by 2011 (huh: \V\\ \\ .tiianiied.hhic.:tc.uk), 

representing a small fraction of the life span of the oldest plant species. Relatively 

short-term observation and theory have therefore dominated plant community 

ecology. Two independent, yet related, schools have developed based on 

deterministic (Warner and Chesson 1985) and stochastic models (Herrera 1992, 



Hubbell 2001, Tilman 2004), which attempt to explain the processes which shape 

alpha (local) and beta (regional) diversity in plant communities, and the reasons why 

assemblages change over time. 

Niche theory (Hutchinson 1957), in which resources form the axes of 

hyperdimensional niche space for which species have differential abilities to exploit, 

has been influential among deterministic models from which several sub-theories 

have evolved (Silvertown 2004). While early interpretations of niche theory were 

concerned with the allocation of tangible resources such as nutrients, space or light 

(Whittaker 1972), Grub (1977) expanded this to include differences in regeneration 

traits. If, for example, sympatric perennial species have different recruitment 

strategies (niches), such as dormant versus non-dormant seed, each species will 

recruit at different times dependent on the timing and frequency of their respective 

regeneration cues. Warner and Chesson (1985) termed this circumstance, whereby 

access to regeneration niche space occurs intermittently, as the 'storage effect' 

because reproduction is stored in adults or seed banks between regeneration events. 

A further important element of species coexistence under niche theory is that 

all species exhibit trade-offs in the allocation of resources to, for example, either 

storage organs or propagules (Chesson 2000). Species which allocate a large 

proportion of their energy resources to having large or numerous seeds, do so at the 

expense of other organs such as a large root system or epicormic shoots. This results 

in regeneration strategies which are only competitively advantageous under some 

circumstances. Temporal or spatial changes in environmental resources, due to 

seasonal or disturbance effects, will favour different regeneration strategies at 
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different times, resulting in differential exploitation of the environment between 

species. This prevents any one species becoming dominant. While population growth 

increases when circumstance are advantageous at particular times this is offset by 

compensating disadvantages at other times. For example, species with numerous 

seeds may experience large recruitment events and population growth after rain, 

however this may be tempered by compensatory deaths and an inability to regrow 

after a disturbance, such as fire. This will limit competitiveness enabling coexistence 

with species having different regeneration niche requirements. 

While niche theory has been successful in predicting community patterns 

across resource gradients (Rees el al. 2001) it has been less successful in explaining 

species relative abundances and is unable to predict a limit on the number of species 

which can potentially coexist (Tilman 2004). These problems are claimed to be 

overcome by incorporating partial (Tilman 2004) or total (Hubbell 2001) 

stochasticity into community processes. Tilman (2004) claims that more realistic 

community patterns are predicted by incorporating uncertainty into community 

assemblage processes. This is achieved by allowing for stochasticity in propagule 

dispersal and establishment success. Hubbell (2000) took stochasticity further by 

abandoning the central tenet of niche theory; Gauses' competitive exclusion principle 

(Gause 1934). Instead, Hubbell described a process for species coexistence and 

community structure based on species being ecologically equivalent (Hubbell 2005). 

Community structure, according to this theory, develops solely by the stochasticity of 

seed fall, in the short term, and speciation, in the long term. Some proponents of this 

view claim these are the only rules needed to predict and explain community 

patterns, including relative abundance and species richness (Volkov et al. 2003). 



Individuals of a particular species are simply found where they are due to their 

relative position to their parents. No other factors, such as selection, are needed. 

Neutral theory remains controversial (Gewin 2006), however, its ability to 

predict species abundance distributions has been seductive. In the decade since its 

formulation however, even its most ardent proponents have been reincorporating 

competition and the niche into neutral theory (Chave 2004, Hubbell 2005). 

Numerous examples of community patterns, which cannot be explained by a neutral 

process (McGill 2003, Dornelas et al. 2006), have revealed neutrality is not a general 

theory, but instead is a special case of community structure only applicable to very 

stable communities (Chave 2004). Community patterns, which cannot be accounted 

for by neutral theory, reveal species are not ecologically equivalent and hence are in 

competition. Coexistence between competing species is facilitated by fluctuations in 

resources, which often occurs after environmental disturbances (Dornelas et al. 

2006). 

1.2 Disturbance 

Maximum species diversity within a community is believed to occur under an 

intermediate disturbance regime (Ward and Stanford 1983). While originally 

observed in stream ecosystems where diversity was reduced under severe 

disturbances (pollution) or stable conditions (below water storage reservoirs), it was 

also later shown to account for community patterns in the intertidal zone (Sousa 

1979) and tropical forests (Molino and Sabatier 2001). However, it has not proven to 

be a general theory suitable for all habitats (Collins and Barber 1986, Schwilk et al. 

1997, Beckage and Sout 2000) due to complexities arising from specific responses to 
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different disturbances and the interactions resulting from different disturbances 

(Collins and Barber 1986, Shea et al. 2004). Specifically, Schwilk et al. (1997) found 

that there was no simple correlation between patterns of species diversity, and hence 

coexistence, with disturbance by fire in African fynbos communities. This was 

because species responses to fire were dependent on spatial and temporal scale, with 

the highest diversity observed at the largest spatial scales and the least frequently 

burnt sites. The process is further complicated by the differential regeneration 

responses to fire of species from different functional groups (Tester 1989,   Pausas and 

Lloret 2007). However, despite these subtleties, disturbance, and in particular fire, is 

recognised as an important structuring process in plant communities, with strong 

evidence that it enhances species coexistence through exploitation of different 

regeneration niches (Grubb 1977, Kirkman et al. 2001, Thuiller et al. 2007). As such, 

the processes whereby fire structures plant communities remains an active and 

fruitful area for ecological research. 

This research, undertaken in the Triodia spp. grasslands of the Kimberley in 

northern Western Australia, was able to take advantage of the relatively high species 

richness of this Triodia community, compared to those in the arid-zone, and the high 

fire frequency of this region. Triodia spp. have long been recognised as having a 

strong regeneration response to fire with significant inter and intra-specific 

variability in responses across sites (Burbidge 1943, Suijendorp 1981, Bogusiak et 

al. 1990). Predictions have also been made regarding the possible community 

structure of coexisting Triodia spp. in the Kimberley due to the frequency of 

disturbance by fire in this region (Rice and Westoby 1999). This community was 
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therefore regarded as a promising place in which to explore the processes enabling 

the coexistence of plant species. 

1.3 Taxonomy and ecological review of the genus Triodia 

The genus Triodia, colloquially known as spinifex, comprises over 65 species 

(Lazarides et al. 2005) with several taxa awaiting formal description (Armstrong 

unpubi. data, M. Barrett pers. comm.). The present circumscription of the genus 

combines Triodia and Plectrachne as monophyletic based on morphological 

characters (Lazarides 1997) and molecular data shows species previously assigned to 

Plectrachne forming a dade within Triodia (Mant et al. 2000). This dade comprises 

the "soft" leaved species in which the stomata are in rows in the centre of the abaxial 

leaf surface and the leaves are relatively less rigid than the "hard" leaved species in 

which stomatal rows are distributed over the entire abaxial surface. There are 

currently nine informal infrageneric groups based predominantly on floret 

morphology, however these are unlikely to stand when current molecular work is 

concluded. While taxa are still being delineated on morphological and phenological 

differences (Armstrong 2008) preliminary data suggests several widespread taxa and 

those with highly disjunct populations; i.e. T. bitextura and T. claytonia, are likely to 

be polyphyletic (M. Barrett pers. comm.). 

Triodia is the most widespread plant genus in Australia covering 1.4 million 

2  (DEWR 2007). The 'hummock' life form of Triodia is unique among the 

grasses with an accumulation of pungent and highly flammable sclerophyllous 

foliage on many elongating branches forming domes and eventually, in some species, 

rings when the centre senesces. The majority of species grow on low nutrient and 
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skeletal soils throughout the arid and semi-arid region. However, apparently relictual 

populations are also found in various more productive environments, in which they 

appear to be poor competitors against other grass species (Jacobs 1992, Lazarides 

1997). The hummocks are an important resource for many arid and semi-arid zone 

mammals, birds, reptiles and invertebrates, providing protection and an ameliorated 

micro-climate (Pianka 1969, Cogger 1974, 84, Morton and James 1987, Masters 

1996, Letnic et at. 2004). Plants grow in a labyrinthine pattern with individuals 

separated by bare ground. This vegetation structure has been attributed to spatial self-

organisation due to water infiltrating into vegetated ground faster than bare ground 

causing preferential capture of moisture beneath plants (Rietkerek et at. 2002). 

However, seeds of Triodia spp. are observed to fall and germinate around the base of 

adult plants, which would also result in self-perpetuating hummocks. 

Such is the uniformity of appearance of the hummocks that extensive parts of 

arid Australia appear to be dominated by a single species exclusive of other plants, 

including other Triodia species. The uniformity of substrate in these environments 

has led many authors to attribute a degree of substrate specificity to particular 

Triodia species based on mineral content or soil texture (Suijendorp 1981, Jacobs 

1984, Burrows ci al. 1991, Lazarides 1997). Casson (1994) explicitly recorded 

T. hasedowii growing on acidic banded iron formations adjacent to populations of 

T wiseana on basic basalt derived substrates. Distinct boundaries have also been 

observed between Triodia and mulga (Acacia sp.) populations in central Australia 

forming a matrix of discrete identifiable patches (Bowman ci at. 2008, Nano and 

Clarke 2008, Nicholas et al. 2009). Winkworth (1967) however, questioned the 

degree to which species form mono-specific stands unique to particular substrates, 
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suggesting rainfall to be the determining factor for the landscape position of 

T. schinzii and T basedowii in central Australia, where soils are uniform across the 

range of both species. Lazarides (1997) also thought most species to be ecologically 

adaptable, only attributing a degree of substrate specificity to a limited number of 

species. Only T. sauna, found only on salt pans, did he consider to be entirely 

substrate specific. Griffin (1990) also considered climate and topographical position 

to be important in determining species position in the landscape, and noted a 

significant admixture of two species at 24% of sites in central Australia dominated 

by T. schinzii, T. basedowii and T. pun gens. Such admixing was not observed by 

Grigg et at. (2008) who noted a clear division between sympatric populations of 

'soft' leaved, (sensu Mant et al. 2000) T. schinzii, and 'hard' leaved, T. basedowii, 

with the former occupying the dunes and the latter the interdunes in the Great Sandy 

Desert of Western Australia. Since both species occupied both habitats when the 

other was absent, they concluded that, where sympatric the two species competed: T. 

schinzii could extract moisture at a greater depth from the deeper soils of the dunes 

while T basedowii was better able to survive the dry shallow soils between the 

dunes. Griffin (1990) also suggested that soil moisture contributed to the landscape 

arrangement of sympatric Triodia alliances but that the 'soft' leaved T. pungens was 

associated with palaeoriver systems that have a higher water table than the 

surrounding areas. 

Despite varying opinions on the degree of substrate specificity within 

Triodia, there is a general consensus that landscape position is due to anatomical or 

physiological responses to particular environmental variables; be they substrate 



mineral content or soil moisture at the population level, and climate parameters at the 

landscape level. 

Grigg et at. (2008) also considered that the regenerative traits of a species can 

contribute to its position in the landscape, suggesting that T. schinzii, which resprouts 

after fire, was better suited to dunes than an obligate seeder species because seeds 

may be buried too deeply and seedlings too easily detached from the unstable dune 

surface. However, the presence of T. basedowii on dunes in the absence of T. 

schinzii, and vice versa for T. schinzii on sand plains (Grigg et at. 2008), is consistent 

with a more extensive study by Rice and Westoby (1999), who concluded that 

resprouting could not be causally linked to any particular environmental variables 

due to the degree of intraspecific variation across different sites; including between 

T.schinzii populations. 

Hummock grasslands form vast monocultures and when ignited, wildfires can 

spread for thousands of hectares having a major impact on the landscape (Allan and 

Southgate 2002). Reproduction and regeneration of Triodia is instigated by fire 

(Burbidge 1943, Rice and Westoby 1999, Wells 1999) with post-fire rains initiating a 

successional process that affects both flora and fauna (Burbidge 1943, Dickman et al. 

1999, Southgate and Carthew 2007, Wright and Clarke 2007). A range of 

regeneration traits have been recorded across different Triodia species including 

obligate seeders, which are killed by fire and regenerate solely from a seed bank 

(Cohn and Bradstock 2000), and facultative resprouters in which regeneration is a 

combination of resprouting adults and germination from the seed bank (Armstrong 

2008). Seed production among species is small being recorded at only 5 m 2  with 



very low establishment success (Westoby et al. 1988, Noble and Vines 1993) and 

growth is very slow with estimates of 40-50 years to reach maturity (Griffin 1992, 

Noble and Vines 1993). This equates to a cumulative rainfall of 7-13,000 mm. While 

the majority of research on Triodia spp. has been conducted in the arid zone, Wells 

(1999) also found low productivity in species growing at Argyle in east Kimberley. 

There is currently no consensus as to whether regeneration strategies are 

deterministic within Triodia spp. with, for example, a species observed to be an 

obligate seeder at one site also being recorded as a facultative resprouter at another 

(Suijendorp 1981, Bradstock 1989, Noble and Vines, 1993, Rice and Westoby 1999, 

Wells 1999). However, the presence of greater numbers of seedlings at sites in which 

adults are killed by fire compared to sites where adults resprouted, suggested to Rice 

and Westoby (1999) that 'most of the variation between sites reflects biological 

differences in re-establishment method'; not that adult survival during a fire is solely 

the result of the intensity of the fire. This question remains unresolved because there 

has not been any replicated long-term studies in which populations within a species 

can be compared across a range of fire events. 

The differential resilience of Triodia spp. from different functional groups in 

northern Australia has also been questioned, with obligate seeders hypothesised to be 

more vulnerable to the high fire frequency in northern Australia compared to 

resprouters (Rice and Westoby 1999). This hypothesis has not been tested either, 

with no data available at the population or community level. Studies of other plant 

communities suggest resilience across all functional groups is possible due to the 

temporal and spatial stochasticity of the fire regime creating opportunities for species 

10 



with different regeneration responses to fire (Williams et al. 2003, Andersen et al. 

2005, Thuiller et al. 2007). It is possible therefore, that at the community level, all 

functional groups of Triodia coexist in northern Australia. This may be important for 

granivores, as obligate seeders are likely to have greater seed production than 

resprouters. 

Fire is the most common and widespread disturbance in northern Australia 

and has been a prominent evolutionary force since the Tertiary (Kershaw et al. 

2002). The fire history across northern Australia, derived from marine and terrestrial 

core samples (Moss and Kershaw 2000, Kershaw et al. 2003), shows an increase in 

fire activity and fire tolerant species at approximately 300k years before present (bp) 

and a subsequent decrease in Eucalyptus and increase in Poaceae at 185k years bp 

(Kershaw et al. 2003). The continual presence of both fire and grasslands in northern 

Australia for such a long time period, and Triodia spp. having such strong 

regeneration responses to fire, suggests Triodia spp. may have had a historical 

presence in this landscape. As the Kimberley is a region of high diversity for Triodia 

(Jacobs 1982, Barrett and Barrett 2011) and there is considerable variability in 

regeneration strategies within the genus, this provides an opportunity to explore the 

processes which enable these species to coexist. This is especially pertinent given 

they may have coexisted in this environment over very long time periods. 
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1.4 Summary of research methods 

At the inception of this work, a baseline survey was undertaken to determine 

which Triodia spp. were present at Mornington Wildlife Sanctuary (MWS). Nine 

species were identified of which two were undescribed. One of these species, T 

caelestialis, is formally described in this work (Chap. 2) to provide clarity in the 

following chapters, while the other awaits description and is referred to as Triodia sp. 

nov. 

In attempting to determine what processes are shaping this community and 

whether these can account for why these species are able to coexist, I first explored 

whether the distribution of Triodia spp. in the landscape at Mornington Wildlife 

Sanctuary was random, i.e. ecological generalists, as presumed by Lazarides (1997), 

or whether particular species are associated with one or more environmental 

variables. If the latter was the case and species only coexist at a regional scale but not 

at a landscape scale, this would indicate significantly different processes acting in the 

community than if species intermingled throughout the landscape. Environmental 

variables were recorded at numerous sites for each species across the landscape for 

use in a multivariate analysis to determine if any particular species was associated 

with particular or groups of variables. The results showed Lazarides (1997) to be 

correct, except for T. aeria, which was the only species restricted to a single 

substrate. Despite most species being ecological generalists, they were not 

distributed randomly across the landscape and formed mono-specific stands 

suggesting interspecific competition contributes to the structuring of this community. 

Coexistence of these species was not therefore thought to be due to different niche 
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axes based on environmental parameters but possibly due to differences in 

regeneration strategies. 

To investigate this I undertook detailed phenological analysis of the post-fire 

regeneration strategies of the dominant species; T. epactia, T. bitextura and Triodia 

sp. nov. and collected opportunistic data on a further 5 species. Triodia sp. nov. was 

of particular interest because preliminary observations suggested this was an obligate 

seeder; relying totally on regeneration from seed after a fire in which all adults are 

killed. It has previously been suggested that obligate seeding Triodia spp. may be 

more vulnerable to the frequent fire regime of northern Australia than resprouting 

species (Rice and Westoby 1999). If this species was a true obligate seeder this 

would provide an opportunity to investigate this assumption. 

These studies gave clear results that Triodia sp. nov. is a true obligate seeder 

as is T. aeria. Of the 8 species investigated they could all be classified into 3 distinct 

regeneration strategies; obligate seeder, obligate resprouter and facultative 

resprouter. Intraspecific variability in regeneration responses to fire across different 

sites was small compared to interspecific variability, indicating that regeneration 

strategies are species specific. The degree to which regeneration strategies are 

specific has also been the subject of conjecture due to the apparent variability in 

either resprouting or regeneration from seed observed across different sites in the 

same species (Rice and Westoby 1999). 

Being habitat generalists with distinct regeneration strategies and apparently 

strong interspecific competition, inferred from the formation of mono-specific 
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stands, it was thought likely that coexistence among these species was made possible 

by the differential opportunities created by the stochasticity of the fire regime. This 

hypothesis was tested by modelling the responses of the 3 dominant species to a 

range of fire probabilities and scales, both individually and in competition. For this to 

be realistic however, I first had to show that it was probable that these species had in 

fact coexisted in this landscape for a considerable time. This was inferred from 

molecular data, which showed these species have had stable demographic structures 

for many millennia. Given this, the results of the model can be interpreted in the 

context of historical time scales. The modelling gave a very clear result showing 

these species only persist in the landscape at a particular range of fire probabilities 

and scales, and most importantly they can only coexist within a very narrow range of 

probabilities. Coexistence of these three species, each representing one of the three 

observed regeneration strategies, only occurred around a mean fire probability of 0.2 

across a range of fire scales. This indicates the mean probability of fire at any 

particular site in the landscape is the most important process structuring this 

community. 

The results of this research have been used to make inferences regarding the 

processes, which enable these plant species to coexist in this environment and have 

provided valuable information for the management of fire to ensure the persistence 

of these populations and the species dependent upon them. 
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2: Triodia caelestialis (Triodieae: Chloridoideae: Poaceae), a new species from 

the central Kimberley, Western Australia 

2.1 Introduction 

During the course of research into the reproductive strategies of Triodia 

species at Mornington Wildlife Sanctuary, in the central Kimberley, it became 

apparent that specimens identified as T. acutispicula Laza. may not have constituted 

a single taxon. All individuals in populations identified as T. acutispicula share the 

same unusual floret morphology, described here for the first time; however, some 

individuals are highly stoloniferous while others produce no stolons. Based on the 

premise that this difference in allocation of resources to reproduction indicated a 

taxonomic difference data were collected on the morphology and reproductive 

strategies of the two morphotypes to determine if a taxonomic reassessment was 

warranted. 

Previous taxonomic work on Triodia by Mant et al. (2005), using molecular 

data, resolved a dade of 'soft' leaved species, those with a central row of stomata on 

the abaxial surface, to be nested within the 'hard' leaved species of Triodia. Though 

differing from previous infrageneric groupings based on floral and leaf anatomy 

(Lazarides 1997), this classification did not dispute previous species definitions 

based on the same data sets. It would not be unreasonable therefore, to assume taxa 

within the 'soft' dade sharing similar floral characteristics be assigned as sister 

species. The two morphotypes of interest in this research share 'soft' leaves and the 

same unusual floret morphology suggesting sister species status, thus allowing a 

direct comparison between them. Growing sympatrically suggests observed 
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differences are due to genetic, not environmental factors and the use of both 

morphological and reproductive data provides a good basis for this taxonomic 

reassessment. 

2.2 Methods 

In determining the specific status of T caelestialis morphological characters 

were considered along with comparative reproductive traits of its sister species 

T acutispicula. Morphological descriptions and measurements are based on fresh 

samples collected at locations at Mornington Wildlife Sanctuary and 'Mt. House' 

Station. Reproductive data were collected on populations of both taxa at Mornington 

Wildlife Sanctuary. Specimens of T caelestialis have also been observed in the King 

Leopold Ranges Conservation Park. Coordinates for these locations are in Table 2.1. 

The following 11 acutispicula herbarium specimens were examined to identify 

possible specimens of T caelestialis thereby identifying further localities for the 

latter, Perth 00486442, Perth 00486469, Perth 00879274, Perth 00486426, Perth 

06960170, Perth 02384035, Perth 00486515 and AD 96127037. 

Table 2.1. Location names and coordinates (GDA 94) of specimens of T. caelestialis 

collected and observed. 

Location 

Mornington Wildlife Sanctuary 

Research Centre 

Boundary Pool 

Sir John Gorge 

Narrie Range 

Mt. House 

King Leopold Ranges Conservation Park 

Coordinates 

17030.627'S 12606.530'E 

17029.538'S 12605.404'E 

17031.181'S 126012.791'E 

17024.938'S 126°13.244'E 

17005.098'S 125047.304'E 

17006.930'S 125°10.037'E 
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Reproductive traits were recorded from observation of flowering times and 

quantifying reproductive allocation to stolon and seed production and seed to floret 

ratios at the Research Centre' populations of T. acutispicula (17°30.489'S 

126°6.317'E) and T. caelestialis (17°30.445'S I26°5.804'E).Within both of these 

populations five 5 x 5 m quadrats were placed semi-randomly at least 5 m apart. 

Quadrats were selected as the nearest patch of uniform Triodia located at a right 

angle to a 20 m transect at each 5 m interval. Distances from the transect ranged from 

0 to 10 m due to either patches of bare ground or the presence of trees. Within each 

quadrat stolons were quantified by allocation to one of the following categories; 0-

25, 26-50, 51-75, 76-100 and >100. Stolon number was estimated in categories due 

to the inability of distinguishing a true stoloniferous shoot, which forms an 

independent ramet, from a young side branch. The number of seedlings from the 

current season were also counted within each quadrat. Seedlings were identified by 

being less than 10 cm tall and lacking an established root base. These counts were 

conducted on 16t1  June 2008. Seed number and seed to floret ratio were determined 

by counting the number of reproductive cuims in a 1 x im quadrat within the first 

quadrat, counting the number of spikelets on a subsample of 10 randomly selected 

culms, and counting the number of fertile florets and full caryopses of 70 spikelets. 

This quadrat was selected subjectively as representing an average cuim density 

within the first 5 x 5 m quadrat. These counts were made in February 2008. 

Seed and floret counts were non-normal and of unequal variance and were 

therefore compared using the paired samples Wilcoxon test in Programme R 

http:/,www .r-proj ect. org  
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The predicted species range map was prepared using the Biomap function in 

BIOCLIMS.l (Houlder et al. 2008) http://cres.anu.edu/outputs/anuc1irn.htrn1),  and 

intersecting this with sandstone habitat. Input data for Biomap were location and 

height data of known samples and Geoscience Australia 9 Second DEM Version 2.1. 

The distribution of sandstone was determined from Australian 1:250,000 Geological 

Series maps. 

Choosing the bioclimatic variables to include in the model was based on 

assumptions regarding the most biologically meaningful variables and 

experimentation to look at the outcomes of combinations of variables. Using too 

many or too few variables either over-fits or under-fits the model resulting in a 

predicted range across the entire north of the country or only encompassing the 

known localities. Many variables had little or no effect and it was found that using 

only 'Precipitation of wettest period' and 'Precipitation Seasonality' at full range 

produced a map that appears a realistic compromise between the possible extremes. 

2.3 Taxonomy 

Triodia caelestialis G. Armstrong, sp. nov. 

Planta caespitosa, nec resinosa nec stolonifera, 40 cm alta x 60 cm lata. 

Foliorum laminae flexuosae et torsivae ad 30 cm x 2 mm. Culmi reproductivi 160 

(>200) cm alti x 4-5 mm lati. Inflorescentia panicula in maturitate aperta, 18-40 cm 

(plerunque 30 cm) longa, ramis primariis 11-26. Pedicelli spicularum lateralium 2-5 

mm longarum compositi; spiculae terminalis pedicello ad 1.5 cm longo. Spiculae in 

quoque ramo usque 14 lineares, teres plerunque apice campanulato globum facientes. 

Flosculi 6-10, illis 1-3 basi fertibus, 0-2 caryopsibus in quoque spicula. Glumae 15- 
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24 mm, linearo lanceolatae, glabrae, aduminatae, nervis 6-12. Lemma 5-7 mm 

longum, glabrum praeter seriebus paralellis pilorum adpressorum in quoque latere 

cristae angustae in dimidio indurato; lobi et aristae terni, lobis et aristis lateralibus 6-

11, lobo et arista mediis 10-12 mm longis. Palea 0.6 cm longa. Callus 1-2 mm 

longus pius lateralibus densis adpressis obtectus. Caryopsis 3 mm longa anguste 

oborata. 

T: Mornington Wildlife Sanctuary Research Centre, central Kimberley, W.A. 

17030.627'S I2606.530'E 21 t  January 2008 G. Armstrong holo: PERTH 07842791; 

iso: CANB, NT. 

Caespitose, non-resinous, non-stoloniferous perennial forming compact, non-

branching tussocks 40 cm tall x 60 cm wide. Non-reproductive culms to 4 cm long, 

found only within the basal leaf sheaths*,  therefore not hummock forming. Leaf 

blades originating predominantly from within the basal sheaths; flexuose and 

spiraling, to 30 cm x 2 mm, slightly pungent; abaxial surface nerved in the median 

band and nerveless to margin, 'soft'; leaf orifice with hairs to 4 mm; ligule a 

membrane with cilia to 1mm total length, membrane 1/3 the length of the cilia. 

Reproductive cu/ms smooth, 160->200 cm tall x 4-5 mm wide, with 3-5 prominent 

nodes to 6 mm diameter, often red on, above and below the node for c. 5 mm. Cu/m 

lea/sheath smooth, less than /2  internode length differing from basal leaves by ligule 

membrane being ¼ the length of the cilia and leaves being very pungent. 

Inflorescence a panicle, contracted when immature, open at maturity, 18-40 (average 

30) cm long with 11-26 primary branches with secondary branching of the basal 

branches; lower panicle branch 6-19 (average 10) cm long; rachis 0.5-1.5 mm diam.; 
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branches and pedicels scabrous; simple hairs to 0.5 mm long sometimes on the sides 

of the branches at the axil; pulvinus commonly found on the inner side of the panicle 

branch at the axil forming a yellow crenulate surface, to 2mm long, often growing 

beyond the outer edges of the branch. Pedicels of lateral spikelets of similar length, 

2-5 mm long; terminal spikelet pedicel longer than laterals, to 15 mm long; hairs to 1 

mm long sometimes present at pedicel axis. Spikelets up to 14 per branch; linear, 

terete, commonly with campanulate apex, forming a ball when dry. Florets 6-10, the 

basal 1-3 florets fertile with 0-2 caryopsis per spikelet, the apical 5-7 florets infertile, 

contiguous, consisting of only the lemma lobes, the middle 2 or 3 of these florets 

with wider lemma lobes than those below or above and having minimal distance 

between them on the rachilla flare at this point into a star shape; the lobes of these 

florets range from purple to straw-coloured, contrasting with the bright green nerves 

running up the centre of the lobe; uppermost florets reduced to awns (Fig. 2.2A). 

Glumes longer than spikelet without awns; +1- equal length, 15-24 mm, linear-

lanceolate, scarious , glabrous, acuminate, 6-16 nerved in lower half, reduced to at 

least 3 in upper half, outer surface grading from smooth at base to asperulous above. 

Lemmas 5-7 mm long excluding lobes and callus, bitextured, indurate below, 

cartilaginous above with a hard thickening at the demarcation line on the inner 

surface 1-4 mm below sinus of lobes, often enclosing the edges of the palea, glabrous 

apart from two parallel rows of adpressed hairs either side of a narrow ridge, running 

up the centre of the lower indurate half (Fig. 2.1); lower indurate half of lemma often 

brown when mature which does not indicate the presence of a caryopsis; 3 lobes and 

awns with lateral awns shorter than mid-awn, mid-lobe and awn 10-12 mm long, 

lateral lobes and awns 6-1 1 mm; awns twisted and recurved, 3 nerved. Rachilla 3 

mm long. Palea 6 mm long, bitextured, cartilagenous in the lower 3/4,  hyaline in the 
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upper ¼, narrowly oblong, emarginate apex; keel margin ciliate, flaps hyaline. 

Callus 1-2 mm long, lateral dense adpressed hairs to 0.5 mm long, tip glabrous, 

sometimes curved, pungent. Caryopsis 3 mm long narrowly obovate, shallow groove 

lengthwise along inner side. 

* see note under fungal infection 

1mm 

Figure 2.1. Lemma with 2 parallel rows of hairs running up the centre of the lower 

half. This contrasts with the glabrous lemma of T acutispicula Lazarides (1997) Fig. 

10. 

2.4 Distribution and Habitat 

Specimens have been collected and observed in the central Kimberley region 

on Mornington Wildlife Sanctuary, 'Mt. House' Station and King Leopold Ranges 

Conservation Park. The herbarium specimens Perth 00486515 and Perth 02384035 

have been identified as T. caelestialis extending the known range of T caelestialis to 

"NE side of CRA camp, Ellendale, 24.3km from Gibb River Road 17030'S 

124°50'E" and "Charnely River Crossing, 55km Nth Beverley Springs 16°43'S 
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125°27'E" respectively. The coordinates given for Perth 02384035 refer to Beverley 

Springs Homestead and the actual site 55km north of this point would be located at 

approximately 16°13'S 125°27.4'E. Populations range from a few dozen individuals 

to several hectares, predominantly on quartzite sandstone pediment along the edge of 

a range or isolated outcrop, extending marginally onto the surrounding depositional 

sand (Fig. 2.213). In the sandy areas stands of T. caelestialis and T. acutispicula abut 

and intermix at their margins. T. epactia stands abut those of T caelestialis on the 

upward slope of sandstone ranges. A population grows on shale on Mt. House 

Station. This population abuts T aeria. 

2.5 Etymology 

Alluding to the star shaped cluster of infertile florets at the apex of the 

spikelet; caelestialis: heavenly body, star. 

2.6 Distinguishing characters 

Current keys for identifying Triodia species are adequate to place T. 

caelestialis in T. acutispicula with some minor adjustments. In Lazarides (1997) the 

character of "plants resinous" at 4A must be ignored while accepting "blade on the 

lower (abaxial) surface strongly nerved or grooved in a median band". This is 

corrected in Lazarides et al. (2005). Sharp and Simon (2002) also places T. 

caelestialis successfully in T acutispicula providing one of the final characters 

"cuims to 1 .5m tall" is treated as conservative. 

T caelestialis is distinguished from its closest relative T. acutispicula by the 

absence of stolons and exposed non-reproductive cuims. Taller mean (160 cm vs. 

22 



140 cm) and maximum (>200  cm vs. 170 cm) reproductive culms in T. caelestialis 

and greater number of panicle branches (26 vs. 13) and spikelets per branch (14 vs. 

7). The lemma of T. caelestialis has 2 parallel rows of hairs on the back of the lemma 

while the lemma of T. acutispicula is glabrous. The hairs at the leaf orifice are longer 

in T caelestialis (4mm vs. 1.5 mm) and the ligule is longer in total length (1 vs. 0.5 

mm) and proportionally different with the membrane 1/3 the length of the cilia vs. 

equal length. 

2.7 Phenology 

Specimens of T. caelestialis at all localities within Mornington Wildlife 

Sanctuary flowered over a period of approximately 6 weeks from late January to the 

middle of March 2008. Specimens observed at 'Mt. House' Station and King 

Leopold Ranges National Park in late March 2008 retained reproductive culms but 

had lost all florets suggesting a similar flowering period. Specimens at the type 

locality were burnt in October 2006, regrew and flowered during January to March 

2007. 

2.8 Results of Reproductive Trait Analysis 

The average number of seeds per floret is significantly greater in T 

acutispicula at 0.8 than T caelestialis at 0.53 (V = 503, p = 0.004), there is no 

significant difference between the number of fertile florets per spikelet, 2.5 to 2.4 (V 

= 234, p = 0.07) but there is significantly more spikelets per culm, 106 to 27.9 (V= 0, 

p = 0.005) and culms per m2, 184 to 87.4 (V = I, p = 0.003) in T. caelestialis than T. 

acutispicula. This results in a much greater number of seeds per m2  in T. caelestialis, 

10,337 compared with 1 ,950 in T acutispicula. The ratio of seeds to florets is similar 
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at 1:4.7 and 1:3 for T. caelestialis and T acutispicula respectively. The mean number 

and standard deviation of seedlings in 5 x 5 in plots at approx. 4 months age for T 

caelestialis was 28 (SD =2 5) compared with a mean of 0.2 (SD = 0.45) for I 

acutispicula. No stolons were recorded in T. caelestialis plots while T. acutispicula 

plots contained a mean of 85 (SD = 20). 

The lack of stolons in I caelestialis reflects resource partitioning into a direct 

reproductive trait, however, the taxon shows limited vegetative reproduction through 

the separation of parts after senescence of the centre of the plant (Fig. 2.21)). 
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Figure 2.2. Photographs of T. caelestialis. A - florets showing star structure; B - 

habit and usual habitat; C - fungal infection in leaf axils; D - division of adult plant. 
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2.9 Predicted range 

The range predicted for T. caelestialis from the BIOCLIM model shows a 

continuous band from the Dampier Peninsula following the King Leopold Ranges 

across to Mornington in the east. Two outlying populations are predicted, one south 

of Wyndam and the other further east into the Victoria River district in the Northern 

Territory. No specimens of either T. caelestialis or T. acutispicula have been 

collected from the Northern Territory to support this prediction. The disjunction 

between the western and eastern Kimberley populations is also treated as an artefact 

due to the small sample size in the model and it is assumed these populations are 

joined. Removing the Dampier Peninsula due to lack of suitable sandstone habitat 

gives a predicted range following the King Leopold Ranges in a curve around the 

bottom of the Kimberley (Fig. 2.3). The error in the model must be ackrowledged 

and it is deemed biologically reasonable to assume the actual range may extend north 

into areas of higher precipitation. 
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Figure 2.3. Predicted distribution range shown with small dots and known localities 

shown with large dots. 

2.10 Fungal infection. 

Individuals of both T acutispicula and T. caelestialis show fungal infection 

in leaf axils, identified as the ergot Claviceps sp. in T. acutispicula PERTH 

00879274. However, a diagram of the Ascostromata Nigrocornus scieroticus on T. 

epactia in Ryley (2003) has the same appearance as those found on T. acutispicula 

and T. caelestialis. When this fungal infection occurs on T. caelestialis the non-

reproductive cuims elongate and appear externally as in T. acutispicula. Clay (1988) 

hypothesized that the close association of fungal hyphae with rapidly dividing plant 

cells would enhance the ability of the fungus to gain nutrient from the host plant 

while influencing plant growth through the release of phytohormones. This may 
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explain the unusual elongation of non -reproductive culms in infected T. caelestialis 

(Fig. 2.2C). 

2.11 Discussion 

Morphological data alone distinguishes T caelestialis from other Triodia 

species including its sister species T. acutispicula. However, this data only provides a 

pattern from which to derive a taxonomic delimitation which has no need of either a 

species definition or speciation process (Harrison 1998). The use of ecological data, 

in this case reproductive traits, allows the utilisation of information regarding the 

processes which are acting and have acted to unify a group of individuals and 

distinguish them from others. The reproductive traits, acting as multiple covarying 

characters, are a usable unified taxonomic character. The extent to which resources 

are devoted to sexual or asexual reproduction through seed density, floret number 

and stolon presence differs between the two related taxa and are taken to be the 

consequences of divergent evolution. Growing sympatrically reaffirms the genetic 

basis for this conclusion. The delimitation is therefore, given extra rigour through the 

use of the ecological data which reveals evolutionary processes. This conclusion 

provides a useful position from which to begin studies of speciation in Triodia. 
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3: Landscape partitioning among Triodia spp. (Poaceae) in the fire 

prone Kimberley, north-west Australia 

3.1 Introduction 

If plant community structure was determined solely by the physico-chemical 

environment, species would be found wherever suitable habitat existed. However the 

realised niche of a species rarely corresponds to the fundamental niche (Hutchinson 

1957) being limited by a range of biotic and abiotic factors including historical 

sorting (Herrera 1992), demographic and genetic processes (Bell 1981, Whitlock et 

at. 2007, Silvertown et al. 2009) and fluctuations in environmental conditions 

(Hoffman and Parsons 1977). This enables coexistence because no one species can 

ever dominate all available resources, particularly in environments where resource 

availability fluctuates over time (Ellner 1987, Davis et at. 2000). This occurs across 

widely different temporal and spatial scales leading to differences in local and 

regional species diversity. For example while the regional diversity in south African 

fynbos communities remains stable over decades, local diversity fluctuates to an 

extent that there is a complete turnover of species within patches (Thuiller et al. 

2007). Stability at the regional scale is likely to be influenced by landscape scale 

variables which change relatively slowly such as climate (Clements 1936, Dirnbock 

et at. 2002). However, in this case, rapid changes in distributions at the local scale 

were attributed to disturbance by fire. Fire initiated regeneration events by releasing 

resources such as space, light and nutrients enabling differential recruitment across 

sympatric species depending on their regeneration niche (Grubb 1977). Species 

turnover within patches and patch boundary dynamics can therefore be transitory or 

stationary (Peters et at. 2006) depending on deterministic differences in species 
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regeneration traits but also on the stochasticity of propagules invading and becoming 

established in available sites (Tilman 2004). Plant communities can therefore be 

visualised as a shifting mosaic (Watt 1947, Clarke 1991) in which it is difficult to 

predict which underlying processes shape the community at a particular temporal or 

spatial scale. 

To investigate the processes which shape the Triodia dominated vegetation 

community in the Kimberley region of northern Western Australia we collected data 

on six species at different spatial scales. This study is important because Triodia 

dominated landscapes form by far the most extensive of the 13 major structural plant 

communities in Australia; hummock grasslands (Specht and Specht 1999) covering 

almost 1.4 million km2  (DEWR 2007). The uniformity of appearance of Triodia 

communities across extensive regions of and Australia gives the impression that the 

community is dominated by a single Triodia species, exclusive of all other plants, 

including other Triodia species. The uniformity of substrate in these environments 

has led many authors to attribute a degree of substrate specificity to particular 

Triodia species based on mineral content or soil texture (Suijendorp 1981, Burrows 

et at. 1991, Jacobs 1984, Lazarides 1997). Casson (1994) noted explicitly that 

T basedowii were growing on acidic banded iron formations adjacent to populations 

of T. wiseana on basic basalt derived substrates. Winkworth (1967) however, 

questioned the degree to which species form mono-specific stands unique to 

particular substrates, considering rainfall to be the determining factor for the 

landscape position of T schinzii and T basedowii in central Australia where soils are 

uniform across the range of both species. Lazarides (1997) also thought most species 

to be ecologically adaptable, only attributing a degree of substrate specificity to a 
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limited number of species. Only T. sal/na, found exclusively on salt pans, did he 

consider to be entirely substrate specific. Griffin (1990) also considered climate and 

topographical position to be important in determining species position in the 

landscape and noted a significant admixture of Triodia species in central Australia 

growing on the same substrate. Grigg et al. (2008) also noted a clear division 

between sympatric populations of T.schinzii and T. basedowii, with the former 

occupying the dunes and the latter the interdunes in the Great Sandy Desert of 

Western Australia, however they attributed this to interspecific competition operating 

at a population scale. Since both species occupied both habitats when the other was 

absent they concluded that, where sympatric, the two species competed. 

Grigg et al. (2008) also considered that regeneration traits could contribute to 

local patterns in Triodia communities, suggesting that T. schinzii, which resprouts 

after fire, was better suited to survival on sand dunes than an obligate seeding species 

because establishment from seed in this environment is difficult due to detachment or 

burial from wind exposure. However, Rice and Westoby (1999) found no correlation 

between regeneration strategy and site attributes in a survey of 22 Triodia spp. at 116 

locations spread across the continent. Unlike the study of Thuiller et at. (2007) in 

which local patterns were attributed to variation in the fire regime, this has not been 

demonstrated in Triodia communities despite different species occupying a range of 

different fire induced regeneration niches (Burbidge 1943, Noble and Vines 1993, 

Casson 1994,Wells 1999, Rice and Westoby 1999, Armstrong 2008). These include 

species which are killed by fire and others which resprout, with intraspecific 

variation for both traits (Rice and Westoby 1999). 
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It remains unclear which processes shape Triodia dominated communities 

across different scales or whether it is possible to disentangle them. This study 

identifies several different processes operating both within and across scales which 

shape the Triodia communities at Mornington Wildlife Sanctuary, WA. 

3.2 Methods 

Site description 

The study was conducted at Mornington Wildlife Sanctuary, 17°30.519'S, 

12606.584'E, which covers 325,000 ha within the savanna biome of the wet/dry 

tropics in the south central Kimberley of northern Western Australia (Fig 3.1). The 

property is situated on the northern edge of the King Leopold Ranges in the south 

central Kimberley of Western Australia. The landscape is dominated by sandstone 

ranges rising to 250 in above the plain in the south and east, low basalt hills and 

plains in the central region and borders the shale plain of Glenroy in the west 

(Australia 1:250,000 Geological Series maps, Stanton 2005). The sedimentary 

successions are derived from several geologic units dating to the Mesoproterozoic, 

1800 mya. These units are interbedded with the Carson Volcanics which are now 

exposed through erosion of the overlying sandstone units. Tectonic movement some 

1600-1000 mya, buckled the previously flat landscape, which, after glacial erosion 

670 mya, has remained relatively stable. The surface of the uplifted sandstone units 

is composed of fractured sheet and large boulders grading to pediments at the base. 

Narrow strips of depositional sand, less than 100 in wide, accumulate along the base 

of the escarpments in which water accumulates to form "sand seeps". These are 

semi-permanent to permanent moist areas in an otherwise seasonally dry 

environment allowing a more complex vegetation assembly to grow. Small sand flats 
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also develop in depressions on the escarpments. The basalt and doleritic volcanic 

units form low domed hills and eroded flows composed of residual weathered 

surfaces ranging from massif terraces to rubbles with red soils and some minor black 

soils with gilgai formation. The deeply weathered soils are shallow over most of the 

property, lying over rock sequences. 

The monsoon dominated rainfall occurs predominantly in the summer 

months, November to April (www.boni.ov.au), with a mean latitudinal gradient 

from 750 mm in the south of the property to 900 mm 80 kms to the north, but total 

and seasonal rainfall can vary from year to year. 

The vegetation is typical savanna with sparse trees and an extensive 

understory of grasses. Overstorey vegetation on the sandstone escarpments is 

generally very sparse, consisting of Cochlospermumfraseri, Hakea spp. and Acacia 

spp.. The grass layer is composed entirely of Triodia spp. Waterways, sand seeps and 

isolated patches with greater soil development stand out as areas of more complex 

vegetation with open to closed tree cover of Eucalyptus and Coiymhia spp. and 

dense stands of Acacia spp. and Hakea spp. The grass layer is also more complex 

with both annuals and perennials, including Triodia spp., and a diverse herb layer 

including water tolerant species. Triodia spp. are absent from the sward in areas of 

greater soil depth and structure, including black self-mulching clays. 

Fire history 

With fire frequencies being as high as every 1 or 2 years in northern Australia 

(Williams et al. 2002) and Triodia species having different responses to fire, fire was 
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considered as a potential predictor variable for species distributions. This was tested 

by comparing monthly fire scar maps from 2001 -2006 collated by North Australian 

Fire Information (www.http ://138.80.128. 152/nafi21) with species distributions at 

Mornington Wildlife Sanctuary. No correlations between fire regime and species 

presence could be detected with the majority of the property having been burnt 

several times during different seasons over the analysed period. The resolution of 

250 in pixels precluded distinguishing fire histories for small populations in sand 

seeps or waterways. The general trend before management by Australian Wildlife 

Conservancy (AWC) in 2004 was for extensive fires across the landscape 

encompassing all landforms. Fire history could not therefore be used as an 

environmental variable based on this data set. 

Data collection 

Of the nine Triodia species identified on and adjacent to the property, six 

were sufficiently abundant for a true representation of their habitat association to be 

sampled; T epactia, found only in the south of the property, T. bitextura, Triodia sp. 

nov. (aff. T. schinzii), T acutispicula and T. caelestialis, all found throughout the 

property and T. aeria, restricted to the western side of the property. Triodia epactia 

and T. caelestialis are facultative resprouters, having a high proportion of individuals 

resprouting after fire plus some degree of seed germination, Triodia sp. and T aeria 

are obligate seeders, being killed by fire and relying totally on germination of seeds 

and T. bitextura and T. acutispicula are obligate resprouters relying almost entirely 

on resprouting after fire and the production of ramets with little to no recruitment 

from seed. A further three species, T wiseana, T intermedia and T bynoei, were not 
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considered sufficiently abundant that a true representation of their potential habitat 

could be sampled. 

Species distributions at both a continental and regional scale were compared 

with the 30 year mean annual rainfall (www.bom.gov.au) and geological maps 

(Australia 1:250,000 Geological Series) to look for any correlations between species 

and rainfall or substrate. 

To test whether species distributions in the landscape were correlated with 

particular environmental variables sampling was stratified by species. At each of a 

total of 47 sampling sites (Fig. 3.1), defined as a discrete population of a particular 

species and ranging in size from tens to hundreds of m2,4 environmental variables 

were recorded to describe land morphology, creeks, soil drainage and dominant 

vegetation structure (Table 3.1).Species populations were located and sampled 

during extensive searches of Mornington Wildlife Sanctuary and adjacent areas of 

the neighbouring property Glenroy (Fig. 3.1). On the major landform units; 

sandstone escarpments, sandstone pediment, basalt hill, basalt flats and shale, 

populations were extensive and the environmental variables were recorded at ten 

replicate sites 100 in apart within each population. As, when present, populations of 

T epactia, T. bitextura and Triodia sp.nov. covered the sandstone escarpment from 

base to summit including every aspect, slope and particle size, these three variables 

were not recorded as they made no difference to the analysis when comparing among 

species growing on escarpments. Populations in sand seeps and along watercourses 

were far smaller and only a single sample was recorded at these sites. Creek was 

coded as a binary presence/absence character as there were no apparent differences 
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between the presence of Triodia species along small creeks or the largest waterway, 

the Fitzroy River. Drainage was also a binary character coded as high or low. Low 

drainage areas were permanent or ephemeral creek beds and sand seeps along the 

edge of the escarpments where surface water is exposed during the wet season and 

the water table remains high during the dry season. These areas supported a higher 

density and complexity of vegetation than surrounding areas. All other areas were 

considered to have high drainage. Vegetation structure was an ordinal character 

coded using standard overstorey percentages except that sparse, 10-30% cover, and 

open, 30-70% cover, were combined as 'open' because, at the landscape scale, tree 

patches within extensive Triodia populations are often clumped. 

To determine if Triodia species form distinct boundaries where populations 

of different species meet, and whether this is correlated with changes in 

environmental variables, we identified ten sites at which populations of two Triodia 

species abutted (Table 3.2) and recorded plant species and substrate at 1 in intervals 

from approximately 100 in within the pure stand of the first species, across the 

species boundary for a further 100 m into the pure stand of the second species. See 

appendix for locations. The substrate and vegetation structure were recorded at and 

on either side of the boundary. Transects followed the contour to minimize any 

potential confounding effects which may have been caused by the propensity of fire 

to travel up slopes. This was investigated with a second set of three transects, 

recording the same variables, running from the valley floor up the escarpments, 

replicated at the three sites (Appendix 3.1). These sites shared similar fire histories 

over the last decade (unpubl. AWC data). At each of the three sites three transects 

were situated randomly at least 500 in apart along a 3 km stretch of the escarpment. 

36 



Each transect ran from a point 100 in from the escarpment edge on the valley floor 

and continued up the escarpment until no more variation occurred in the sample. 

Transects varied in length from 100-350 m. The length of the transition zones in 

transects running along the gradient was compared to those running across with a 

two sided Wilcoxon test using R 2.9.2 (R Development Core Team 2009). 

Analysis 

An exploratory multivariate analysis of the similarity among samples was 

performed using PRIMER v6 (Clarke and Gorley 2006). As the object of this 

analysis was to explore whether particular environmental variables, singly or in 

combination, determined species presence in the landscape, not species relative 

abundance in particular habitats, each sample reflects a particular combination of 

species and habitat. For example, T aeria was only represented once in the analysis 

despite being sampled at four locations because at each location the same set of 

environmental variables was recorded; i.e. this species was only found in one habitat. 

A hierarchical cluster analysis and non-metric multidimensional scaling 

(nMDS) were performed on the Euclidean distance matrix to compare a discrete and 

continuous analysis of the data. The significance of the dendrogram structure was 

tested against the null hypothesis that there was no difference between the samples 

with a similarity profile test (SIMPROF). This permutation test randomly rearranges 

all the variables across the samples to determine the significance level which the test 

statistic, it differs from 999 simulated arrangements; see Clarke et al. (2008) for 

details. An ANOSIM (Clarke 1993) was undertaken, with species as factors, to 

enable a comparison of the similarity within and between species based on the same 
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set of environmental variables. The analysis derives an R statistic of which a score of 

I indicates samples are more similar to each other within than between factors and 0 

if the average within group similarities are equal to the between group similarities. 

The data labels were then permuted to test the significance of the statistic. Thorne et 

al. (1999) recommend a minimum of 4 samples per site to achieve enough power to 

obtain a significance level of <0.05. This was achieved for all species except T. aeria 

and T. acutispicula as they were confined to one and three habitats respectively. 



Table 3.1 Environmental variables collected at each site. Each state was recorded for 

presence or absence. 

Category Subcategory 

Land Morphology Basalt hill 

Basalt flat 

Sandstone hill 

Sand flat 

Sandstone pediment 

Shale 

Creek Present 

Absent 

Drainage High 

Low 

Vegetation Structure Open woodland 

Closed woodland 

Grassland 

Table 3.2 The transition distance over which individuals of two different 

Triodiaspecies intermix where their populations adjoin. Distances are means for 2 

samples. 

Species pair Transition distance 

(rn) 

T. caelestialis/T. acutispicula 18 (n=2) 

T caelestialis/ T. sp. 5.5 (n=2) 

T caelestialis/ T. bitextura 28 

T. caelestialis/ T. epactia 24 

T. hitextura / T aeria 0 (n=2) 

T. hitexteira / T. sp. 20 

T. epactia / T. sp. 0 
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3.3 Results 

Continental and regional scale 

Triodia aeria was the only species restricted to a single substrate and being 

restricted to the central Kimberley, along with T. caelestialis and Triodia sp., all are 

confined to within the 600-1000 mm rainfall isohyets. The remaining species, having 

larger distributions, are found across a wider rainfall gradient with Triodia bitextura 

and T acutispicula being found in regions with 300-1200 mm and T. epactia in 

regions with 300-1000 mm of rainfall. The latter species range does not extend north 

beyond the southern-most driest region of the Kimberley. 

Landscape scale 

At the landscape scale 12 'habitats' were distinguished in the cluster analysis 

(dendrogram branch tips) with a marginal level of significance (71: = 0.23 at a 

significance level of 5.1%). The broadest categories among the 12 were based on 

land morphology with further subdivisions of vegetation structure and drainage 

nested within these but not associated with any particular land morphology (Fig. 3.2). 

The vegetation and drainage categories were distributed widely across the terminal 

branches indicating, for example, that low drainage areas such as creeks were present 

on all substrates as were the different vegetation structural types. Only one species, 

T aeria, was restricted to a single habitat, the shale plain, and though T acutispicula 

was present only in the sand categories, these were distributed across two branches 

representing closed woodland and grassland. The other species were distributed 

across several branches of the dendrogram indicating they are habitat generalists at 

the landscape scale. 



The nMDS also grouped the samples into 12 clearly defined 'habitats' (Stress 

= 0.05) with samples overlapping due to the data being categorical (Fig. 3.3). All the 

samples were grouped closely together except one, indicating the commonality of 

variables shared across samples and the unique combination of variables in the 

outlying sample; a basalt creek. Stratification of sampling by species did not result in 

samples of the same species grouping together; shown by the spread of species 

across samples in the plot. The results suggest all but one of these Triodia species are 

habitat generalists, the exception being T. aeria which is represented by a single 

sample. This was supported by an ANOSIM test, in which species were assigned as a 

priori factors, accepting the null hypothesis (R=0.037, signif. level of 0.28%) that the 

average within group similarity is equal to the between group similarity. This 

indicated there was no set of environmental variables that distinguished one species 

from another. 

Local scale 

Transects running along the contour through the transition zone between 

adjacent species populations showed that species formed mono-specific stands with 

relatively small distances over which individuals of both species intermixed (mean = 

19.9 m, with 4 of the 10 samples being zero, Table 3.3). Population boundaries were 

not correlated with any changes in substrate or vegetation structure. Conversely, only 

one transect out of the 9 running across the contour, from the sandy valley floor up 

the sandstone escarpments, had a discrete boundary between species with all other 

transition zones being significantly longer than those following the contour (V=43, 

p=O.Ol 8). The smallest transition zone, in which several species intermixed, was 20 

m while the remainder were up to 200 m wide within which were patches of different 
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species 1-20 m across. These transition zones occurred on the lower slopes of the 

escarpments and were not correlated with any changes in substrate or vegetation 

structure. While T. epactia dominated the upper slopes of all the escarpments except 

one, in which Trioclia sp. was found, the valley floors were variously occupied by 

T bitextura, T. caelestialis, T acutispicula, Triodia sp. or T epactia in patches of 

varying size. As with the landscape analysis, these results fail to show any 

correlation between species presence and obvious environmental parameters. 

However, the presence of mono-specific stands indicates strong interspecific 

competition which breaks down on escarpment hill sides. 
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Figure 3.1 Sampling sites for T acutispicula (A), T aeria (B), I. bitextura (C), T 

caelestialis (D), T epactia (E) and Triodia sp. (F). Site names and the location of 

Mornington Wildlife Sanctuary are included in map B and the property boundary is 

overlaid onto each map. Sandstone escarpments are indicated by uniform grey, basalt 

flats and hills by vertical lines and shale plain by diagonal lines. 
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3.4 Discussion 

Different processes appear to be operating at different spatial and temporal 

scales in the Triodia dominated community within and adjacent to Mornington 

Wildlife Sanctuary. There is some evidence that rainfall restricts the distribution of 

some species at a regional scale with three species, Triodia sp., T. caelestialis and 

T. aeria, restricted to within the rainfall gradient between 600-1000 mm. While 

T. hitextura and T acutispicula and T epactia are found across a much wider rainfall 

gradient (up to 900 mm) the latter is restricted to areas with less than 1000 mm 

annual rainfall. With only T. aeria restricted to a single substrate this lends some 

support to the conclusions of Winkworth (1967) and Griffin (1990) that rainfall 

quantity, not substrate composition, is a determining factor in the distribution of 

Triodia species. It is not apparent whether physiological limitations of T epactia or 

competition from the apparently more mesic adapted species, Triodia sp. and T 

bitextura, accounts for the absence of T. epactia in the wetter north of the property. It 

may be that competition from other plant species or increased fire frequency and 

intensity in the higher rainfall areas, due to increased fuel loads, makes conditions 

unsuitable for T. epactia. 

There was no evidence for a direct correlation between the environmental 

variables measured and species presence at the landscape scale, supporting the 

observations of Lazarides (1997) that most Triodia spp. are 'ecological generalists'. 

Only one species, T. aeria, was restricted to a single habitat; grassland on shale. 

While this result suggests there are no strong environmental niche dimensions 

shaping community structure at the landscape scale, the observed differences in 
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relative abundance of species on different substrates (T bitextura is only dominant 

on sandstone in the absence of T. epactia) suggest local interspecific competition. 

Strong interspecific competition at a local scale is suggested by the discrete 

boundaries observed between mono-specific stands of adjacent species. However, 

boundary stability appears to depend on the slope of the landscape, with greater 

variability in the transition zone distance and patch size between populations on 

hillsides compared to the flat valley floor. This difference is likely to be a 

consequence of greater disturbance by fire on hillsides than flat land because fire has 

a greater propensity to run up rather than along hills. This is supported by the fact 

that nearly 30% of the area burns in successive years (Steve Murphy unpubi. satellite 

data) confirming fire as the dominant disturbance in this environment. 

The frequency, timing and pattern of fires across this landscape through time, 

creating a range of regeneration niche axes, would enable coexistence of these 

species at the local scale given their range of regeneration strategies. However, 

unlike fire prone African fynbos communities where instability of species presence 

and abundance at the local scale is thought to be driven by the patchiness of fire 

(Thuiller et at. 2007), the extent of mono-specific Triodia spp. stands (up to 100's 

m2) in this community far exceeds the observed scale of the fire mosaic. If 

population patches and boundaries reflect biological processes and environmental 

parameters (Peters et at. 2006) neither fire behaviour nor the habitat variables 

measured in this study can explain local and landscape pattern individually. Nicholas 

et at. (2009) also found that the abrupt boundaries between adjacent mono-specific 

stands of mulga (A. aneura) and T. pungens did not correspond to any obvious 



edaphic discontinuities. They concluded that a feedback ioop between fire, 

vegetation and soil maintained the boundary between these species due to differences 

in post-fire regeneration and establishment. Without knowledge of the establishment 

requirements of the species in this study it is not possible to attribute this hypothesis 

as the process which shapes this community at a landscape scale. However, given the 

apparent dominance of T. epactia over T. bitextura when in sympatry on sandstone 

escarpments and the differences in their post-fire regeneration strategies, it is 

possible to draw a similar inference for these species. After fire both species 

resprout, however T. epactia also produces a vast quantity of seed while T. bitextura 

produces a limited number of stolons, some of which establish to form free living 

ramets. Suitable establishment sites on sandstone escarpments are limited to cracks 

in the sheet rock or accumulated sand along nonconformities in the rock surface. 

While seeds can easily fall or wash into these microsites stolons are limited in the 

direction and distance they can grow outward from the adult plant. This would result 

in a vastly greater number of establishment opportunities for T. epactia compared to 

T. bitextura. Despite both species occupying different regeneration niches and 

therefore being differentially competitive under certain fire regimes, T epactia is 

likely to be more competitive on this substrate due to a greater likelihood of 

propagule establishment. Triodia epactia is not dominant on basalt soil substrates 

however, where establishment microsites would be comparatively more abundant. In 

this situation stolons may establish and grow at a greater rate than seeds due to the 

higher availability of nutrients and water able to be passed from the mother plant to 

the stolon (Winkler and Fischer 2001). Interactions between the other species in this 

study do not lend themselves as easily to such an interpretation. It does not seems 

unreasonable however, that the strong interspecific competition that determines 
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community structure at the local scale may also have other feedback loops 

determined by differential establishment success leading to patterns at the landscape 

scale. 

3.5 Conclusion 

This study indicates that different processes operate at different spatial scales in this 

Triodia dominated community. Differences in the post-fire regeneration niches 

between species are likely to shape the community locally. However, differential 

establishment success between different functional groups on different substrates 

prevents local patterns being mirrored at the landscape scale. The structure of this 

community is therefore likely to be relatively stable at the landscape scale, similar to 

that observed in mulga/Triodia communities (Nicholas et al. 2009) but different to 

the shifting mosaic observed in fire-prone African fynbos (Thuiller et al. 2007). The 

processes which shape Triodia communities may be specific to the 'hummock' 

vegetation life form, unique to Australia, preventing global generalizations regarding 

post-fire responses of plants apparently sharing the same regeneration niche (see 

Pausas et al. 2004). This must be acknowledged in fire management plarming to 

avoid importing strategies inappropriate to the local vegetation community. 
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Appendix 3.1 

Site names and coordinates 

Site name Location 

Narrie 17026.329'S 126014.381'E 

Narrie 17024.461'S 126013.189'E 

Camp 17030.448'S 12605.801'E 

Camp 17030.046'S 12606.024'E 

Narrie 17023.411'S 126014.061'E 

Camp 17030.217'S 12606.350'E 

Glenroy 17°19.455'S, 126011.866'E 

Glenroy 17019.984'S 12605.719E 

Clean Skin 1701.375'S 126039.642'E 

Camp 17030.381'S 12605.120'E 

Central location for the 3 transects running across the contour gradient. 

Site name Location 

Narrie 17025.654'S 126013.855'E 

Lady Forest 17032.720'S 12605.464'E 

Camp 17030.447'S 12605.689E 
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4: The post-fire response of an obligate seeding Triodia species 
(Poaceae) in the fire-prone Kimberley, north-west Australia 

4.1 Introduction 

Obligate seeding plants, those which are killed by fire and reproduce only by 

seed, must either germinate, grow to maturity and set seed within the fire interval or 

have dormant seeds which germinate after subsequent fires in order to survive. If 

complete germination occurs from non-dormant seed, the population will consist of a 

single aged cohort; observed in certain perennial shrubs and trees (O'Dowd and Gill 

1984, Keeley et al. 2006) and annual grasses and forbs (Russi et al. 1992, Lunt 1995, 

Crowley and Garnett 1999). Species with this life history strategy may be vulnerable 

to localized extinction in regions with high fire frequencies if they are unable to 

mature and set seed before being killed in subsequent fires (Keith 1996). Plants with 

a dormant seed bank or which survive and resprout after fire do not have this 

problem and are therefore thought to be more resilient in fire prone habitats (Keeley 

and Zedler 1978). However, variability in the frequency, season, scale and intensity 

of fire may reduce the vulnerability of obligate seeders at the meta-population scale 

by ensuring the survival of a critical proportion of source populations from which to 

repopulate those which are removed in fatal fires (Keeley et al. 2006, Thuiller et al. 

2007). Given the extensive interest in understanding plant demographics in fire prone 

ecosystems, particularly those which are experiencing changes in the fire regime due 

to changes in land use practices (Foley et al. 2005) and climate (Flannigan et al. 

2009) it is important to collect data on both plant species and community responses 

to fire. In particular it is important to study the response of obligate seeding species 

to fire because these have been observed to decline under anthropogenic changes to 
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the fire regime, particularly in northern Australia (Crowley et at. 2009, Russell-

Smith et at. 2009). 

Triodia grasslands are the most extensive plant structural group in Australia 

and despite research dating back to the 1940's we still have little understanding of 

individual species or population responses to fire (Burbidge 1943, Jacobs 1992). This 

is partly due to the diversity and remoteness of most species within the genus 

(Lazarides et at. 2005). Post-fire succession in Triodia dominated communities 

begins with increased species richness due to a flush of ephemeral grasses and forbs 

which is gradually replaced by regrowth and recruitment from seed of Triodia spp. 

and woody species (Burbidge 1943, Suijendorp 1981, Griffin 1990, Wright and 

Clarke 2007). Triodia behaves functionally like a shrub in this regard as plants 

slowly accumulate sclerophyllous above ground biomass (Rice et al. 1994, Rice and 

Westoby 1999). 

Triodia spp. occur mainly in and and semi-arid regions. Plants are highly 

flammable due to the build-up of both dead and dry perennial leaves, and the 

presence of resinous oils in some species (Lazarides 1997). However, as Triodia 

communities grow in a labyrinthine pattern, with bare ground between plants, they 

will only carry a fire after plants grow to a size at which flames can jump between 

discretely growing hummocks; this in turn is determined by the accumulated rainfall 

(Griffin 1990), with threshold estimates ranging from 1200 mm (Southgate and 

Carthew 2007) to 6300 mm (Allan and Griffin 1986). Fuel loads sufficient to carry a 

fire have been estimated between 13 t ha1  in and regions (Burrows et at. 1991) and 

20 t ha' in northern monsoonal regions (Williams and Cook 2001). 
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Rice and Westoby (1999) postulated that the shorter fire return intervals in 

northern Australia compared with southern Australia (Andersen et al. 2005) might 

drive a latitudinal trend in Triodia spp. in which there is a greater proportion of 

resprouters than obligate seeders in the north. Following fire, some Triodia species 

regenerate by resprouting; other species can only regenerate from seed (obligate 

seeders). Compared with other grasses, many Triodia species are slow to reach 

reproductive maturity following fire or germination, with estimates for some species 

ranging up to nine years (Westoby ci at. 1988). Thus, under some conditions, Triodia 

communities may produce enough biomass to carry a fire before they are 

reproductively mature (Craig 1992, but see Westoby et at. 1988). High fire 

frequencies could therefore limit the persistence of obligate seeders, and cause local 

extinctions, by suppressing seed production and the maintenance of a seed bank 

(Bowman and Panton 1993, Russell-Smith et at. 2002).However, there is presently 

not enough information about the ecology of northern species to assess whether 

resprouters are relatively more common, or if the northern obligate seeders have 

shorter life histories in step with more frequent fire intervals than southern 

equivalents. 

Northern obligate seeders with slow maturation rates could also avoid the 

problem of short fire intervals by having a mixed strategy for breaking seed 

dormancy following fire. Seed dormancy and germination response following fire is 

known to vary both among and within species of Triodia (Rice and Westoby 1999). 

For example, Cohn and Bradstock (2000) described T scariosa as an obligate seeder 

with fire induced germination while Bogusiak ci al. (1990) found that fire did not 

stimulate germination of several obligate seeding populations of T schinzii, T 
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pungens or T basedowii in central Australia. Wells (1999) found no consistent 

patterns during in-situ smoking trials of the resprouting species T bynoei, T pungens 

and T bitextura (Plectrachne pungens) at Argyle in the east Kimberley; he 

concluded that due to the large number of seed remaining ungerminated in the seed 

bank 'polymorphic' dormancy mechanisms were present in the seed of these species. 

Gradual germination following fire (Suijendorp 1981, Jacobs 1984, Westoby 

et al. 1988, Noble 1989, Bogusiak et al. 1990) and spasmodic germination under 

various experimental temperature, light and moisture regimes (Jacobs 1984) is also 

suggestive of seed dormancy mechanisms. While Jacobs (1984) recorded a possible 

positive germination effect from burning litter over buried seed this is inconsistent 

with the results of Bogusiak et al. (1990) and Wells (1999), possibly indicating 

interspecific differences for this trait. Noble (1989) and Bogusiak et al. (1990) also 

considered allelopathic suppression of seeds for which the latter authors controlled 

for in their experiments but found no effect. 

The available evidence suggests several regeneration strategies occur within 

Triodia spp. including variability in seed dormancy between species. Dormancy 

mechanisms and the processes for removing inhibition remain unknown and may 

include species-specific biotic and abiotic factors, reflecting the variability seen 

between other genera (Baker et al. 2005) and within other species (Gasque and 

Garcia-Fayos 2003). It is not currently possible to predict the resilience of obligate 

seeding species to fire in northern Australia without further knowledge regarding life 

history parameters of seed production and dormancy. 
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Research at Mornington Wildlife Sanctuary in the central Kimberley 

indicates Triodia sp. nov. (aff. T.schinzii) is an obligate seeder; all above ground 

organs are destroyed by fire, often leaving little trace of the plant and no plants are 

observed to resprout during rainfall events subsequent to fire (pers. obs). Stands of 

Triodia sp. nov. at Mornington attain enough above-ground biomass to carry another 

fire within two wet seasons of being burnt. This inter-fire period is much shorter than 

for central Australia, and is driven by higher rainfall (750 mm per year) (Allan and 

Griffin 1986). In order to avoid local extinction under such short fire return intervals 

the plants must either achieve reproductive maturity more quickly than arid zone 

species, or possess seed dormancy that is not wholly broken by one fire event. 

Our observations suggest Triodia sp. nov. is a good model to test the 

vulnerability of an obligate seeding Triodia species to fire in northern Australia. This 

study reports the effect of experimental fire and wildfire on the germination of seed 

from the soil seed bank of Triodia sp. nov. and the degree to which seedlings 

successfully establish to survive into the next wet season. 

4.2 Methods 

Study area 

The study was carried out at Mornington Wildlife Sanctuary, a large (325,000 

ha) property in the central Kimberley, northern WA. It is owned by the Australian 

Wildlife Conservancy and managed for conservation. The study took place between 

November 2006 and December 2008. The property receives 600-800 mm of rain per 

year (data from 1976-2005), with 90% of rain falling in the summer months 

(November to April) with a moderate index of rainfall variability 

55 



(w\vw.bom. ovau). The average annual daily temperature for the region is relatively 

stable ranging between 27-35°C while relative humidity varies considerably from 

20% in the dry season to 60% in the wet season (Fig. 4.1). Analysis of fire scar 

images from satellite data indicates the fire return interval at MWS during the last 

decade was, on average, every 2 years (Steve Murphy 2009 unpubi.). 

Two sample sites were established, 4.7 km's apart, in mature Triodia sp. nov. 

stands that had not been burnt for at least six years (Landsat data and local 

knowledge). One site is called 'Termite Trail' (-17.536S; 126.154E) and the other 

'Sir John' (17.528S; 126.200E). 

The substrate at 'Termite Trail' is basaltic red soil and cobbles. 'Sir John' is 

depositional quartzite sand. Both sites are very sparse woodland with a continuous 

grass layer. 'Termite Trail' is dominated by Corymbia terminalis, Bauhinia 

cunninghamii, Hakea arborescens and Cochiospermum fraseri with a grass layer of 

perennial Triodia sp. nov., and Triodia bitextura. The 'Sir John' site is dominated by 

Corymbia polycarpa, C. cadophora and Acacia perlyi over Triodia sp. nov. 

Triodia sp. nov. is one of two undescribed taxa identified at MWS during the 

course of associated research; the other, T caelestialis, has since been described in 

Armstrong (2008). Extensive searches have shown the taxa is confined to the 

southern, central Kimberley (Fig. 4.2). It has affinities with T. schinzii which has also 

been reported as an obligate seeder in central Australia (Bogusiak et al. 1990). 

Extensive, monospecific stands are found across a range of substrates and habitats 

(Armstrong and Garnett 2011). The flowering phenology of Triodia sp. nov. is 
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strongly correlated with the onset of the wet season with seed fall occurring between 

January and February. Sample sites were established and experimental manipulations 

were carried out before flower development to ensure any seed germination was 

from the soil seed bank. 

Sampling methods 

Rainfall data were collected from four Onset data logging rain gauges (Onset 

Computer Corp. MA. USA) distributed within several kilometres of the two sample 

sites. One (at Sir John) operated between November 2007 and November 2008 

(when it was destroyed by a lightning-strike fire). Three more gauges (Mt. Brennan, 

6.5 km's to the north west, Lady Forest Range 11.1 km's to the east and Narrie 

Range 9.5 km's to the east) operated for the duration of the study. A total of 889mm 

of rain was recorded at the Sir John site and 902 mm as an average across the 4 

loggers from November 2007 until the end of the wet season in April 2008. The 

only dry season rainfall recorded was in June 2008 with 43 mm at Sir John and an 

average of 31 mm across all loggers. No further rain was recorded until October 

2008 after which an average of 267mm fell to the end of December 2008 (Fig. 4.1). 

The projected foliage cover of Triodia sp. nov. was estimated from aerial 

photographs taken at 500 ft from a helicopter using Definiens Professional Earth 

LDH software; coverage was 71% at Sir John, and 46% at Termite Trail. 

Caryopsis density was determined at each site, in November 2006 before they 

were burnt, by first counting the number of flowering cuims in 10 replicate lxi m 

plots. Secondly, the mean number of spikelets per cuim was determined from 10 
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culms from each plot and then the mean number of caryopses per spikelet from 7 

spikelets from each cuim. Multiplying these means gave caryopsis density per m 2  

The colloquial term 'seed' will be used for caryopsis hereafter. 

Experimental design 

1. To determine the influence ofJlre and removal of adult plants on seed germination 

and seedling survival 

At both Termite and Sir John sites we established three plots, one for each 

treatment, with each comprised of ten contiguous 1 x im quadrats surrounded by a 

2m wide buffer strip, following Crowley and Garnett (1999). In the 'fire' treatment, 

the plot (plus the 2 m buffer) was burnt during November 2006 (at the end of the dry 

season) in a low intensity fire during the afternoon, following rain the previous night. 

Due to the level of moisture in the plants it was difficult for the fire to spread and 

numerous ignitions were required to ensure all plants in the plot were burnt. In the 

'hand-pulled' treatment, we removed all plants in the plot and the 2 in buffer by 

hand, with minimal disturbance to the soil. The hand-pulled treatment was included 

to control for the removal of adult plants, but in the absence of fire. The third plot 

was a control (i.e. no treatment). We counted the number of emergent seedlings, 

noting the numbers that were still alive and those that had died within each plot in 

March 2008, near the end of the first wet season after the fires and again in 

September 2008, toward the end of the next dry season and again in December 2008 

and January 2009 during the next wet season. 



2. To determine the influence of season offire on germination 

Wild fires, ignited by lightning, occur between October and December and 

prescribed management burns in April to May. These fires are less intense, due to 

higher moisture content in the leaves, than unplanned anthropogenic fires occurring 

toward the end of the dry season prior to October. To examine whether the season of 

fires affected germination rates we compared the number of emergent seedlings at 

the experimental fire plot at Termite Trail, burnt in the early wet season in November 

2006, with those in a prescribed fire plot, accidentally burnt in the early dry season 

May 2007. The experimental design was identical to that described above. Control 

plots were established in an unburnt patch near each treatment. A further wildfire at 

Sir John in November 2007 enabled a replicate comparison, in the same season, of 

germination between this fire and the initial experimental fire in November 2007. No 

data was available on the intensity of the unplanned fires, however local rainfall, 

measured as the average across the rain gauges, was compared at each site between 

seasons as a surrogate for intensity. 

In all treatment and control plots, we estimated seedling survival by counting 

live and dead seedlings in March, September and December 2008 and January 2009. 

The presence and persistence of a viable seed bank was determined by counting the 

number of seedlings which germinated in the treatment plots (and also the control 

plots) during two subsequent wet seasons. A timeline of the study is shown in Fig. 

4.3. 
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Analysis 

We used GLM with Program R (version 2.3.0, R Development Core team) to 

examine germination among treatments within and between sites. Specifically we 

compared the number of seedlings which germinated in the control plots, plots in 

which adult plants were removed by hand and plots where they were removed by fire 

with site as a secondary, potentially interacting factor. Seedling survival over time 

was examined with a repeated measures model, with site as a random effect. The 

data was In (x+1) transformed to normalize residuals. Seed density was compared 

between species and combined rainfall across rain gauges between seasons with 

Wilcoxon tests. 

4.3 Results 

1. Influence of fire and removal of adult plants on seed germination and seedling 

survival 

A significantly greater number of seedlings germinated in the plots that were 

burnt compared to the plots where adult plants were removed by hand-pulling, with 

both of these having greater germination rates than the controls (Fig. 4.4a). There 

was a significant interaction between Treatment and Site: germination rates were 

higher at the basaltic Termite Trail site than the sandstone Sir John site (Table 4.1). 

Fire treatment apparently induced total germination of the seed bank during 

the first wet season following the fire, because no further germination was recorded 

in the second wet season following the fire. In contrast, in the hand-pulled plots, the 

initial number of germinants was lower than the fire treatment plots (Fig. 4.4a) and a 

second germination event was recorded in the second wet season following the hand- 



pulling (Fig. 4.4c). The hand-pulled plots at both sites were exposed to subsequent 

unplanned fires; in May 2008 at Termite Trail and November 2008 at Sir John which 

may have contributed, along with rain, to the second germination event. The mean 

density of seedlings germinating in the hand-pulled plots over both seasons was 

approximately half of that in the fire treatment plots at both sites with 17 vs. 29 m 2  

at Sir John and 21 vs. 50 m 2  at Termite Trail. 

Seedling survival in the burnt plots was very high with no significant 

difference in the density of seedlings between March 2008 and January 2009 at either 

the basaltic nor sandstone sites (F(1 ,38)  = 0.09, P = 0.76). Seedlings that germinated 

during the first wet season survived to the second year (i.e. we counted no dead 

seedlings), and as described above, there was no germination during the second wet 

season. 

The density of seedlings in the 'control' plot at Termite Trail, established 

after the May 2008 fire, was similar to the density of seedlings in the hand pulled 

plot in September 2008 (F( I 18)  = 0.4, P = 0.54). However, seedlings in the control 

plots were uniformly around 10 mm tall compared to a range of 2-28 mm in the hand 

pulled plot and the density in the 'control' plot dwindled to 0.9 + 0.43 m 2  by January 

2009 compared to a mean of 19 m 2  in the pulled plots. 

2. Influence of season of fire on germination 

There was no significant difference between the density of seedlings which 

germinated after the late dry season fire in November 2006 compared to the early dry 

season fire in May 2007 at Termite Trail (F(118)  = 0.34, P = 0.57) although full 
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germination in the latter was delayed until the next wet season (Fig 4.4b). The 

density of seedlings which germinated at Sir John after the November 2006 

experimental fire was similar to those germinating after the November 2007 

unplanned fire (F(1,18) = 0.008, P = 0.93). These results do not account for possible 

differences in fire intensity however, there was no significant difference in rainfall 

across the area, measured from September to December in 2007 compared to the 

same period in 2008, (W= 18, P = 0.6286). 

3 .Seed production 

The seed density was higher at Termite Trail (15,459 m 2) than Sir John 

(7,316 m 2) due to significantly more seeds per spikelet (W = 250, P = 0.02 198, 

n=70) and culms m 2  (W= 5, P = 0.01953, n = 10). 
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Table 4.1 Summary of 2 factor linear model of treatment and substrate with the 

interaction term between factors at the bottom of the table. All results are highly 

significant at the 0.05 level. 

Source of variation estimate std. error t value P-value 

pull 0.7455 0.1491 4.998 <0.001 

fire 3.1067 0.2109 14.729 <0.001 

substrate 1.9555 0.2109 9.271 <0.001 

F-statistic: 107.7 on 5 and 54 DF, p-value: <0.0001 
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Figure 4.1 Average rainfall across the study region from November 2007 to 

December 2008 derived from rainfall gauges. The average relative humidity and 

temperature over the period 1993-20 10 (www.bom.gov.au). 
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Figure 4.2 Known localities of Triodia sp. nov. (grey dots) and boundary of MWS 

(grey line). 

Figure 4.3 Timeline of project events. Experimental treatment plots (T) were 

established at both sites in Nov. 2006. A prescribed fire (F) occurred at Termite Trail 

in May 2007 and a wildfire (F) at Sir John in Nov. 2007. Sites were sampled (S) in 

March, Sept. and Dec. 2008 and Jan. 2009. 
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Figure 4.4 Seedling density, counted in March 2008, in (a) control, burnt and hand-

pulled treatments at Sir John and Termite Trail and (b) burnt plots at Termite Trail 

burnt in the late (Nov. 2006) and early (May 2007) dry season. (c) Seedling density 

in the hand-pulled plots at Sir John and Termite Trail in March 2008 and January 

2009. Bars plot means with whiskers showing standard errors. 
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Figure 4.5 Patch structure within a Triodia sp. nov. stand in February 2009 at 

'Termite Trail' following an early dry season (May 2008) fire. The dotted line 

indicates the boundary between the burnt and unburnt patches with a typical unburnt 

patch to the right of the line and at the base of the rise, showing bare ground between 

adult plants and no seedlings. The intervening recently burnt patch, to the left of the 

line, in which all adults have been killed, is densely populated with Triodia sp. nov. 

seedlings amongst which there are also sparse ephemeral herbs. The Triodia sp. nov. 

seedlings exhibit high establishment success having survived through the first dry 

season after fire. 



4.4 Discussion 

This study confirmed that Triodia sp. nov. is obligate seeder. All regeneration 

occurred from seedlings rather than regrowth, and seedling survival was high. The 

soil seed bank for this species can last at least two years, but fire appears to induce 

total commitment of the seed bank to germination, thus exhausting the seed bank. 

Our results suggest that mature stands must inhibit germination, because the removal 

of adult plants resulted in substantial germination and establishment, although at a 

lower rate than if the adult plants were burnt. This is illustrated by comparing the 

lack of seedlings in stands of unburnt adult plants to the high number of seedlings in 

adjacent burnt patches (Fig. 4.5). 

Germination 

The higher germination rate in the burnt plots concurs with previous 

experimental (Noble 1989) and observational (Burbidge 1943, Wells 1999) studies 

except that these studies could not control for the possible inhibitory effect of adult 

plants. The only study in which adult plants were also removed found no positive 

effect of fire on germination in T. schinzii, T. hasedowii or T pungens (Bogusiak ci 

al. 1990). This suggests Triodia sp. nov. has evolved a regeneration strategy that is 

more strongly correlated with fire than these arid-zone species, possibly due to the 

greater fire frequency in the Kimberley compared to the arid-zone. 

Germination in the control plots was extremely variable, ranging from zero to 

29 m 2, however establishment was poor with the vast majority of these seedlings 

being dead by the end of the subsequent dry season. The physical removal of adult 

plants produced a germination effect intermediate between the fire and control plots. 
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Establishment following germination however, was equally as successful as in the 

fire plots. This indicates that germination in the fire plots was not due to fire alone 

and there must also be some inhibitory effect from adult plants which suppresses 

both germination and establishment. Removal of adult plants by hand did not induce 

total commitment to germination, as did fire, with seeds continuing to germinate into 

the next season. It is possible that the seedlings which germinated in the first season 

fail to inhibit any seeds remaining in the seed bank due to the low density and small 

size of these seedlings. It is also possible that any other inhibitory mechanisms would 

have been removed after one full and a second partial wet season. 

The consistently lower germination response in both control and treatments at 

the Sir John site compared to the Termite Trail site suggests a substrate effect, 

possibly due to the lower nutrient status of quartzite sands at the former site 

compared to the basaltic soils at the latter (Gray and Murphy 1999). This is 

supported by the lower seed production at Sir John. Interestingly, the rate of change 

across treatments appears to very similar, simply numerically less at Sir John. This 

may be interpreted as meaning that substrate does not influence inhibitory 

mechanisms directly, with differences in seedling number simply being due to less 

overall seed production. 

Germination inhibition and seed dormancy 

The number of seeds observed to germinate was minimal in the control plots, 

increased in the hand pulled plots, with the greatest number in the fire treatment plots 

suggesting multiple inhibitory effects are operating on the soil seed bank. 

Suppression of germination by adult plants is likely to be due to an autotoxic effect 
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because soil moisture, nutrients and light appear to be equally available to adults and 

germinants during the wet season. Germination in the fire plots was far greater than 

that in the pulled plots, suggesting fire may have broken some form of seed 

dormancy. This was not only total but rapid: the number of seedlings in the Sir John 

control plot after the November 2008 fire was equal to that of the experimental fire 

plot within one month. Germination in Triodia sp. nov. therefore appears to require 

release from an autotoxic effect from adult plants and release from non-deep seed 

dormancy which occurs completely during fire. It is not possible to determine from 

this study whether dormancy is broken by physical or chemical means. 

Seed bank and establishment 

The regeneration strategy of Triodia sp. nov. differs from that of other 

Triodia species studied by having total commitment to germination after fire and 

rain, with high seedling density (of between 30 and 50 per m 2) and high 

establishment success. Germination after fire in other species has been gradual over 

time (Suijendorp 1981, Jacobs 1984, Westoby et at. 1988, Noble 1989, Bogusiak et 

at. 1990) with seedling densities ranging from less than 5 m 2  in arid environments 

(Bogusiak ci al. 1990, Westoby et al. 1988) to 26.9 m 2  in T. bitextura in the 

monsoonal north (Wells 1999). Seedling establishment success, during the first dry 

season after germination, was almost 100% for Triodia sp. nov. despite high 

temperatures, low rainfall and low relative humidity which would normally be 

considered hostile to seedlings. This is in stark contrast to the high mortality rate 

observed by Wells (1999) in which mortality was as high as 80%. If gradual 

germination evolved in other species as insurance against fire returning prior to 

regaining regeneration capacity or for drought avoidance, either these pressures are 
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small for Triodia sp. nov. or this species has other mechanisms for dealing with 

them. 

One such mechanism would be rapid seed production following germination. 

Seedlings in the experimental fire plots were observed to produce a small number of 

reproductive culms and seed set in the first season after germination. Such rapid seed 

production has not been recorded in other obligate seeding Triodia species and is 

only matched by T caelestialis which can regrow and set seed within three months 

of a fire (Armstrong 2008). These life history traits may be explained by the 

comparatively reliable and substantial rainfall received in the monsoonal north 

compared to the and and semi-arid regions where most research on Triodia spp. has 

been undertaken. Unlike T caelestialis however, which has some regenerative 

capacity (it forms a tight root butt from which it can regrow after fire), Triodia sp. 

nov. appears to rely solely on rapid growth and seed production. While this may 

make this species more vulnerable to localized extinctions at shorter fire return 

intervals than resprouting species this may be alleviated by rapid growth. 

Latitudinal gradient in obligate seeders 

While Rice and Westoby (1999) were unable to show a latitudinal gradient in 

the proportion of obligate seeders among Triodia spp., purportedly reflecting a 

negative correlation with fire frequency, this has been shown in Eucalypt 'mallee' 

communities in southern Australia (Pausas and Bradstock 2007). However, these 

authors stressed the importance of considering the covariance between productivity 

and disturbance due to more productive environments producing more fuel enabling 
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more frequent fires. It is not possible to determine if obligate seeding Triodia spp. 

are proportionally less common in northern Australia without a comprehensive 

survey of the regeneration strategies within the genus. While only two of the eight 

species found at MWS are known to be obligate seeders this is irrelevant without 

knowing the proportion found in other regions. Perhaps, questioning the relative 

proportion of obligate seeders compared to resprouters in fire prone environments 

may not be as important as considering the processes which enable their persistence. 

Clearly Triodia sp. nov. is a locally successful species in this environment, despite 

higher productivity and fire frequency compared to the arid zone. The importance of 

spatial and temporal patchiness in the fire regime (the fire patchiness paradigm: see 

Felderhof 2007) is widely recognized as a means by which species meta-populations 

persist under frequent disturbance (Thuiller et al. 2007). The ability for species, 

including Triodia sp. nov., to disperse between burnt patches after fire may be 

critical for persistence in fire prone environments and is worth further investigation. 
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Appendix 4.1 

The intrinsic rate of germination, as a function of treatment response, was compared 

between sites by deriving a polynomial equation fitted through the control and 

treatment means, calculating the instantaneous rate of change (ROC) for each 

equation at x = 10, 30, 50 and 100 seedlings and plotting a regression line of the 

ROC against seedling number. 
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Figure 4.6 Boxplots of seedling number at controls and treatments at the Sir John and 

Termite Trail sites in March 2008. 
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Figure 4.7 The intrinsic rate of change of germination as a function of treatment 

plotted against seedling number for Termite Trail (black circles) and Sir John (open 

circles) with regression lines fitted and 95% confidence interval (dashed lines) for Sir 

John data. This analysis suggests the increase in germination as a function of 

treatment is independent of substrate despite significant differences between 

treatments and substrate. 
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Chapter 5 

Post-fire regeneration strategies of 

Triodia species in the Kimberley, north 

west Australia 



5: Post-fire regeneration strategies of Triodia species in the 
Kimberley, north west Australia 

5.1 Introduction 

The persistence of individual plants in fire prone habitats occurs by 

resprouting, regenerating from seed or a combination of these strategies (Zammit and 

Westoby 1987). Generally, a particular strategy is considered to be species specific 

(Pausas et al. 2004). As such, classification systems which attribute species as either 

resprouters or seeders are used to predict and model community level effects under 

different fire regimes (Bradstock and Myerscough 1988, Groeneveld et al. 2002, 

Cornelissen et al. 2003). However, considerable intraspecific variation in 

regeneration strategies have been recorded, with inconsistent post-fire responses 

between individuals within sites and between populations across sites (Vivian et al. 

2010). This has variously been attributed to (a) site effects (e.g. fire protected 

microhabitats, fire severity), (b) time effects (e.g. differences in vulnerability at 

shorter inter-fire periods, during different stages of the life-cycle and seasonal or 

post-fire conditions) and (c) genotypic effects (e.g. species are phenotypically plastic 

within populations or different populations have evolved individual ecotypes) (Price 

et al. 2003, Vivian et al. 2010, Segarra-Moragues and Ojeda 2010). The extent of 

functional variability within a species may be overlooked if the trait is not observed 

across a range of possible environmental gradients (Albert et al. 2010), which is of 

particular interest when considering processes which structure plant communities. 

Jung et al. (2010) argue that intraspecific variability has a role to play in enabling 

plant species to coexist through the greater ability for resource partitioning at the 

local and individual scales. 
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Within the grass genus Triodia a number of different post-fire regeneration 

strategies have been observed across different species, including obligate seeding, in 

which plants are killed by fire and regenerate solely from a seed bank (Cohn and 

Bradstock 2000), facultative resprouting, in which regeneration is a combination of 

resprouting adults and germination from the seed bank (Armstrong 2008) and 

obligate resprouting, in which regeneration is almost wholly from regrowth with very 

little regeneration from seed (Wells 1999). Intraspecific variability, in which 

individual species exhibit more than one of these strategies at different sites and 

times has also been recorded (Suijendorp 1981, Bradstock 1989, Noble and Vines 

1993, Rice and Westoby 1999). A comprehensive survey of 144 'species x site' 

observations across Australia by Rice and Westoby (1999) attempted to determine if 

the source of inter and intraspecific variation in regeneration strategies in Triodia 

spp. was due to differences between species; i.e. genotypic, or due to site or time 

effects such as substrate or fire conditions. The study was inconclusive in identifying 

any definitive source for the observed variation but the authors noted that since 

seedlings were relatively more abundant at sites in which adults were killed by fire 

'most of the variation between sites reflects biological differences in re-

establishment method'. If correct, it is possible that both the inter and intraspecific 

variation observed in Triodia spp. may, as Jung et al. (2010) suggest, contribute to 

niche differentiation and coexistence among Triodia and other plant species in these 

communities. 

To investigate variability in the regeneration strategies of sympatric Triodia 

species further detailed phenological data was collected on two species, plus 
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opportunistic data on a further six, at Mornington Wildlife Sanctuary (MWS) in the 

Kimberley region of northern Western Australia. MWS is located in the north 

Australian savanna where fire is ubiquitous with up to 20% of the area being burnt 

every year and where fire can occur annually (Russell-Smith and Yates 2007). This 

provided the opportunity to observe and compare the post-fire responses of Triodia 

spp. across sites over time, at the scale of the population and the individual, and 

consider the degree of niche separation between sympatric species. 

5.2 Methods 

Sampling 

Data were collected for eight Triodia species at MWS in the southern 

Kimberley of Western Australia. MWS, with an area of 320,668 ha, is managed for 

conservation by the Australian Wildlife Conservancy and is located in the wet/dry 

tropics savanna biome. The mean annual rainfall is 750 mm with the majority falling 

in the summer months, October to April (www.bom.gov.au). All the species sampled 

reproduce after rain during the wet season. Access to some species during 

reproductive events was restricted by the rise of ephemeral rivers and creeks. 

Detailed phenological sampling was therefore only undertaken for T. bitextura and T 

epactia for which several populations were accessible during the entire wet season. 

Limited opportunistic sampling was undertaken for T. intermedia, T aeria, T 

wiseana, Triodia sp., T. caelestialis and T acutispicula with additional data from 

Armstrong (2008). As Triodia spp. at MWS form mono-specific stands (Armstrong 

and Garnett 2011), each site was able to be correlated back to a particular species. 
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Sampling for T epactia and T bitextura 

Sampling sites for T. epactia and T bitextura were stratified according to 

time since fire determined from MWS staff knowledge, satellite imagery or 

observation. For each of these two species, four replicate sites with different fire 

histories were established centred around Mornington Research Station (Table 5.1, 

Fig. 5.1). The patchiness of fires meant that most sites encompassed patches with 

different post-fire ages, allowing the establishment of several sampling sites at each 

location. Matched quadrat sets, in which one set had been burnt in the season of first 

sampling and another in a previous fire, classified as unburnt, were established in 

proximity to each other. Within each time-since-fire cohort, ten 5 x 5 m quadrats, at 

least 50 but predominantly 100 m apart, were established. Sampling began in the 

2006/7 wet season and continued for a further two wet seasons, enabling up to three 

sequential sampling times at the oldest fire sites. As the earliest known fire occurred 

in 2001 and all sites had been burnt at least once since then, sampling ranged from 

zero to seven years after fire across the entire suite of sites (Table 5.2). To determine 

the regeneration strategies of each species, the number of seedlings, stolons, 

resprouting adults and populations were counted and seed production quantified. The 

number of seedlings which germinated after the first post-fire rains were recorded in 

each quadrat and again in the subsequent wet season to determine establishment 

success. As stolons grow continuously throughout the year, they were counted during 

each sampling session and categorised as 0-25, 26-50, 51-75, 76-100 and 101-125 

per quadrat. Seedlings were distinguished from individuals that had regrown after 

fire by their small size and lack of an established root butt, which is a strong 

predictor for resprouting in Triodia spp. (Rice and Westoby 1999). Stolons were 

defined as single branches that grow beyond the projected foliage and have a discrete 
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group of terminal leaves and adventitious roots with the potential to form a free-

living ramet. Stolons were quantified into categories to allow for a degree of error in 

mistaking a procumbent branch for a true stolon to limit the potential counting bias. 

The presence and frequency of regrowth by adult plants after fire was quantified by 

counting the number of killed and resprouting plants within a 1 x 1 in subplot in each 

quadrat. If any individuals, within discrete populations, were found to be resprouting 

after fire, this was recorded to determine the proportion of populations with no 

resprouters compared to those with at least some. To determine the extent of seed 

production in a 1 x I in subplot within each quadrat, the number of full seeds per 

spikelet was counted in at least 70 spikelets pooled from ten randomly selected 

reproductive culms from each site. This number was then multiplied by the number 

of spikelets per cuim, multiplied by the number of culms per m2, enabling a 

comparison between sites and species. 

The rate of growth and time to reach maximum vegetation density, measured 

as projected foliage cover, was determined from digital photographs taken from a 

helicopter at 1000 ft. using Definiens Professional LDH image classification 

software. As the classification procedure is iterative and involves a degree of 

subjectivity each final classification was replicated until estimates were within 5% of 

each other. 

Additional sampling 

Opportunistic sampling for the presence of resprouting adult plants, seedling 

number and resprouting frequency, following the methods above, was quantified for 

two T. intermedia sites and a single T wiseana site on Dimond Gorge Road in 



December 2008 following a prescribed fire in November 2007. The extremely rigid, 

sharp leaves of these species prevented the establishment of matched unburnt plots. 

Therefore, extensive searches were conducted over approx. 400 m2  looking for 

seedlings on the bare ground between hummocks, in which none were found. The 

same procedure was undertaken for T. aeria at Top Bore in July 2009 following a 

wildfire in November 2008. The density of seedlings at this site was greater than that 

of the other species by a factor of ten and so individuals were counted in 1 xl in 

quadrats to ensure a similar level of accuracy. Seedling and stolon data for T. 

caelestialis and T. acutispicula were taken from Armstrong (2008) and the presence 

of any resprouting individuals recorded opportunistically after fires across several 

sites. Triodia sp. nov. was treated as two distinct ecotypes; Triodia sp. N, found 

north of the Adcock River and Triodia sp. S, found south of the Adcock River. Data 

on seedling germination for the northern population, at the Termite Trail site, was 

collected after experimental burns in 2007 and 2008: see Armstrong and Legge 

(2011) for details, and for the southern population at Mick Connor Valley in October 

2009 which burnt in November 2008. The extent of this fire meant no matched 

unburnt plots were available for comparison. The frequency of populations in which 

some individuals resprouted after fire was also recorded opportunistically. 

An exploratory multivariate analysis using non-Metric Multidimensional 

Scaling (nMDS) was undertaken in Primer v6 (Clarke and Gorley 2006) using the 

untransformed data in Table 5.3 (Fig. 5.4). The significance of this result was 

assessed with an analysis of similarity test (ANOSIM). 
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Figure 5.1. Location of sampling sites within Mornington Wildlife Sanctuary and 

sanctuary location (inset). Mornington Research Station is represented by a diamond. 

DG = Dimond Gorge Rd sites. 

Mf 



5.3 Results 

For T. bitextura, seedlings were only observed in the Lady Forest quadrats, 

which had been burnt earlier in the sampling season (mean = 6.4, SE = 9.8, n = 10). 

Densities dwindled to a mean of I m 2  the following dry season. The only other 

recorded seedlings for this species were in a single recently burnt quadrat at the 

Wren site in which over 200 were counted, of which the majority persisted to the 

following wet season. No seedlings were recorded at any other site. Seed number 

increased linearly and at a greater rate than culm density each wet season after fire 

(Fig. 5.2a). Stolon production began within the first season after fire and remained 

stable over time (Fig. 5.2b). Maximum projected foliage cover was reached 

approximately three years following fire (Fig. 5.2c). Resprouting occurred in all 

populations but the frequency of resprouting individuals was the lowest among the 

resprouting species (Table 5.3). 

Seed production in T epactia increased exponentially after fire, reaching a 

maximum within three years. Seed numbers were approximately ten times greater for 

T epactia than for T bitextura. Culm production also reached a maximum three 

years post-fire, however, as in T bitextura, the actual number and rate was far less 

than for seeds; the ratio of seeds to culms increasing over this time (Fig. 5.3a). The 

majority of seeds germinated following the first rain event after fire with subsequent 

minor germination in the following wet seasons (Fig. 5.3b). Projected foliage cover 

reached approximately 60% six years after fire (Fig. 5.3c) with very strong 

resprouting in most populations (Table 5.3). No stolons or ramets were produced at 

any sites during the study. 
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Resprouting after fire occurred in seven of the eight species (Table 5.3). Five 

species exhibited a single regeneration strategy; T bitextura, T wiseana, T. 

intermedia and T. acutispicula resprouted in 100% of sampled populations and T 

aeria in none. The populations of Triodia sp. that resprouted after fire were all south 

of the Adcock River and those that were killed all occurred to the north, whereas the 

sites at which T .epactia and T. caelestialis were killed by fire occurred randomly 

amongst the resprouting sites. The obligate seeders Triodia sp. N and T aeria both 

had a much higher number of seedlings than the facultative resprouters T. 

intermedia, T wiseana and Triodia sp. S (Table 5.3). 

The arrangement of species into three groups, based on post-fire regeneration 

strategies, in the nMDS (Fig. 5.4) is supported by the ANOSIM with Global R = I (p 

<0.0079) with 378 possible permutations of the data set. 
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Table 5.1. Sampling site locations for T epactia and T bitextura 

Species Site name Location 
T. epactia Camp 17030.519'S, 12606.584'E 

Narrie 17027.506'S, 126015.333'E 
Lady Forest 17033.076'S, 12605.697'E 
Magpie 17031.222'S, 126012.955'E 

T. bitextura Bog Rd 17030.615'S, 12606.095'E 
Lady Forest 17033.362'S, 12606.061'E 
Mt Brennan 17028.741'S, 126010.067'E 
Wren 17031.573'S, 12608.244'E 

Table 5.2. Sampling sites for each species with time since fire for the first sampling 

event and the number of further sequential sampling times. Times are seasons after a 

fire with zero representing a sampling event after a fire in the same wet season in 

which the fire occurred. 

Species Site name Time since fire 
(no. times sampled) 

T. epactia Camp 0 (2), 3 (2), 5(2) 
Narrie 0 (2), 6 (2) 
Lady Forest 1 (2), 6 (2) 
Magpie 0 (1),6 (1) 

T. bitextura Bog Rd 1 (2), 6 (2) 
Lady Forest 0 (2), 6 (2) 
Mt Brennan 1(1),4(1)  
Wren 1 (2), 5 (2) 

T. wiseana Dimond Gorge Rd1 0 (1) 
T. intermedia Dimond Gorge Rd2 0 (1) 

Dimond Gorge Rd3 0 (1) 
T. aeria Top Bore 0 (1) 
T. caelestialis Camp 0 (1) 
T. acutispicula Camp 0 (1) 
Triodia sp. S Mick Connor 0 (1) 
Triodia sp. N Termite Trail 0 (3) 
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Table 5.3. Post fire regeneration responses for Triodia spp. at MWS with the number 

of replicates for each variable in parentheses. Resprout. pop. is the percentage of 

observed populations in which some individuals resprouted after fire, Resprout. 

individuals is the percentage of individuals which resprouted within these 

populations (derived from the mean of ten I x I in plots in n populations). The mean 

number of established seedlings and stolons were derived from ten S x 5 in plots 

burnt several months earlier. 

Species Resprout. Resprout. Mean no. Mean no. 
pop. % individuals % seedlings after stolons 

fire 
T. epactia 88 (8) 84 (3) 27 (4) 0 (4) 
I bitextura 100 (10) 54 (3) 0 (4) 80 (4) 
T. wiseana 100 (1) 100 (1) 48 (1) 0 (1) 
T. intermedia 100 (2) 88 (2) 6 (2) 0 (2) 
T. caelestialis* 83 (6) 94 (1) 28 (1) 0 (1) 
T. acutispicula* 100 (2) 91  1 (1) 85 (1) 
T. aeria 0 (1) 0  1200 (2) 0 (2) 
Triodia sp. North 0 (9) 0 (2) 1000(2) 0 (2) 
Triodia sp. South 100 (3) 93 (1) 6 (1) 0 (1) 

*data  from Armstrong 2008. Five replicate plots were used for these species, not 
ten as in the others. 
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Figure 5.4. nMDS using species and variables in Table 5.3. Species align into three 

groups which may be classified obligate seeders (OS) comprising Triodia sp. N and 

T. aeria, obligate resprouters (OR) comprising T. bitextura and T. acutispicula and 

facultative resprouter/seeder (FR) comprising T. epactia, T caelestialis, T. 

intermedia, Triodia sp. S. and T. wiseana. This grouping is significant in the 

ANOSIM. 

5.4 Discussion 

Fire induced a strong regeneration response in all the species observed, but 

they differed in the extent to which regeneration occurred asexually from resprouting 

of adult plants and/or the production of ramets, or via sexual reproduction from 

seeds. This result concurs with those from previous studies showing a strong 

correlation between fire and regeneration in other Triodia spp. (Burbidge 1943, 



Casson and Fox 1987, Wells 1999, Armstrong and Phillips 2012). With three species 

(37.5%) in this study recorded as 'variable' for resprouting after fire, the result is 

similar to that of Rice and Westoby (1999) who recorded this for 7 of the 22 (32%) 

species observed. The manifestation of variability among the three species in this 

study was not the same however, with those populations of T. epactia and T. 

caelestialis, which were killed by fire intermingling in the landscape with those 

which resprouted. Whereas all the populations of Triodia sp. nov. which were killed 

by fire were found north of the Adcock River and those which resprouted were found 

to the south of the river. Spatially discrete regeneration ecotypes have also been 

observed in populations of T. irritans (Bradstockl989). While T. epactia and T. 

caelestialis are recorded as 'variable' for this trait, one fire event which killed all the 

T. epactia individuals in the population at Magpie Range, occurred under extreme 

conditions of high temperatures and wind speeds at the beginning of the wet season. 

This fire also killed all the other plant species, including normally strongly 

resprouting Kapok trees (Cochiosperinurn fraseri), suggesting that at least in this 

instance, differences in post-fire regeneration between populations may be due to fire 

conditions. 

While there was no variability for resprouting between populations for the 

majority of species, there was also no variability within populations of the obligate 

seeders Triodia sp. N and T. aeria (noting small sample size) and very little amongst 

the other species (Table 5.3). When this is considered along with the average 

percentage of individuals resprouting in a population (greater than 80% for all 

species except T. hitextura at 54%) and the number of stolons and seedlings 

produced, it is possible to categorise species within functional groups based on 
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regeneration strategies (Fig. 5.4). The species killed by fire consistently have the 

most seedlings across all sites (obligate seeders), those with the most stolons have 

the least number of seedlings and persistent resprouting (obligate resprouter) and 

those with no stolons, form an intermediate group with high resprouting and some 

seedling germination (facultative resprouters). The definitions are not faultless with a 

single quadrat of T. bitextura having over 200 seedlings contrasting with a mean of 

zero across the other 280 quadrats. It is interesting to note that Wells (1999) also 

found a single densely populated quadrat of T bitextura out of the remaining 

sparsely populated 63 quadrats at Argyle in the east Kimberley. 

The presence of these different functional groups appears to reflect trade-offs 

in resources between sexual and asexual reproduction, which being more apparent in 

less fertile substrates (Obeso 2002), is applicable in this study where the majority of 

species grow in unfertile, poorly structured soils. 

In conclusion, this work builds on previous research, from other ecosystems, 

showing fire to be an important ecological process for species within the genus 

Triodia. Existing along different fire regeneration niche axes enables Triodia spp. to 

coexist with other plants, including other Triodia spp. (Bowman et al. 2008, 

Armstrong 2011, Armstrong and Phillips 2012), and the intraspecific variation 

observed in some species in this study may contribute to this as predicted by Jung et 

al. (2010). However, this topic would benefit from further research as this study is 

essentially qualitative and the strength of the assumptions could be increased by 

more robust quantitative analysis. 
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6: Evidence for the equal resilience of Triodia spp. (Poaceae), from 

different functional groups, to frequent fire dating back to the late 

Pleistocene 

6.1 Introduction 

Plant functional groups are defined by a common set of physiological or 

phenological responses to environmental conditions or disturbances (Hooper and 

Vitousek 1997). Applicable over a range of scales the concept distinguishes annual 

from perennial, tree from herb or resprouter from obligate seeder, among many 

others. As such, using functional groups to classify plants provides a tractable means 

to study large scale ecosystem processes (Ustin and Gamon 2010). Plant functional 

groups defined by their regeneration strategies are hypothesised to differ in their 

resilience (sensu Holling 1973) to the same fire regime. This is due to differential 

allocation of resources to vegetative or sexual reproduction, which determines the 

probability of persisting through the fire return interval (Verdu 2000). If the time 

taken to return to reproductive maturity is not achieved before the next fire event 

populations will decline and suffer localised extinctions (Bradstock et al. 1996, 

Russell-Smith ci al. 2002). Slow growing obligate seeding species, those which rely 

entirely on seed germination after fire for regeneration, are considered to be the most 

vulnerable to this scenario (Hoffmann 1998) and localised reductions and extinctions 

have been observed (Russel-Smith ci al. 2002, Prior el al. 2007). However, the 

temporal and spatial scale and the reasons for which this occurs differs across plant 

structural groups, meaning there is no single fire frequency which favours all species 

in a community (Pausas and Lloret 2007). Tree species which require decades to 
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reach maturity will be far more vulnerable than grasses to sub-decadal fire intervals 

(Genries et al. 2009). The impact of the fire regime can therefore be species specific 

and variable across functional and structural groups. However, coexistence of both 

groups is widespread, with disturbance, particularly fire, hypothesised to mediate 

fluctuations in dominance of particular groups over time (Chesson 2000, Clarke and 

Dorji 2008). 

The stable coexistence of species from different functional groups is possible 

due the covariance between environmental and competitive responses among 

species; the storage effect (Sears and Chesson 2007). Empirical evidence for this has 

been shown across a range of fire prone habitats on different continents for periods 

of up to several decades (Williams et at. 2003, Andersen et al. 2005,Thuiller et al. 

2007). Thuiller et at. (2007) showed that, while species presence and abundance was 

highly unstable at the local scale, it was stable at the meta-community scale. These 

results help resolve contradictions that arise in regard to the vulnerability of 

particular functional groups to fire, i.e. obligate seeders vs. obligate resprouter, 

dependent on the spatial and temporal scale of the observation. Given global changes 

in fire regimes across the world due to climate change and changes in land use 

practices (Beerling and Osborne 2006, Shlisky et al. 2007), the ability to generalise 

and therefore predict, long term responses of functional groups to the fire regime is 

important for conservation management practices. If the resilience of different 

functional groups in a community could be resolved over historical time periods this 

would provide a much more robust analysis than studies spanning years or even 

decades. 
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Coalescence (Kingman 1982) provides a technique for such an analysis 

enabling the demography of a species to be inferred over times beyond that available 

from direct observation (see Kuhner 2009 for a recent review). The ideal system to 

test the comparative historical resilience between plants from different functional 

groups would be in a region with high fire frequency using plants in which 

reproduction is initiated by fire. 

The tropical savannas of northern Australia provide such a model system as 

there are many plant species which rely on fire for regeneration and the average fire 

return interval is 5 years in lower rainfall areas, increasing to biannual at lower 

latitudes which have greater rainfall and therefore greater fuel accumulation 

(Felderhof and Gillieson 2006). Taxa within Triodia provide ideal model species 

because they are reliant on fire for reproduction (Burbidge 1943, Noble 1989, Rice 

and Westoby 1999) and encompass several functional groups, including obligate 

seeders (Casson and Fox 1987), facultative resprouters, and obligate resprouters 

(Wells 1999). As with other species of obligate seeders, the resilience of obligate 

seeding Triodia spp. to short fire return intervals, as occurs in northern Australia, has 

been questioned (Rice and Westoby 1999). However, as with all other predictions 

regarding the resilience of particular functional groups to particular fire regimes, the 

evidence is based on short-term observations. Here I use coalescent analysis to 

determine the minimum time that three Triodia species, each from a different 

functional group, have persisted in the landscape where fire has been present for 

millennia. 
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6.2 Methods 

Site details and sampling 

The study was carried out at Mornington Wildlife Sanctuary (MWS), in the 

south central Kimberley of northern Western Australia. The property, owned and 

managed by the Australian Wildlife Conservancy, covers 325,000 ha within the 

savaima biome of the wet/dry tropics. It receives 600-800 mm of rain per year, with 

90% falling during the summer months: November to April (\\\v\\ .bom.govau). The 

landscape is dominated by the quartzite sandstone escarpments of the Proterozoic 

King Leopold Sandstone and low basaltic hills and valleys of the Carson Volcanics 

(Geol. Survey W.A. 1:250,000 Geol. Series). Fires in the area are both temporally 

and spatially stochastic at a local scale, due to heterogeneity of stand structure, which 

is dependent on fuel loads, in turn being dependent on preceding rainfall and ignition 

from lightning strikes (Allan and Southgate 2002). This is illustrated by fire scar 

mapping from remote sensing data (Appendix 6.1). 

Leaf samples were collected from sixteen individuals from each of the three 

species T epactia, T. bitextura (17°30.627'S, 12606.514'E) and Triodia sp., 6 kms 

away at (17032.325'S, 126°9.452'E). T. epactia is a facultative resprouter with strong 

regrowth after fire plus some seed germination, T. bitextura is an obligate resprouter 

which has strong regrowth after fire, produces ramets and has virtually no seed 

production and Triodia sp. is an obligate seeder in which all adults die during fire 

with total regeneration from the seed bank (unpubl. data). Seeds are observed to be 

dispersed by both wind and surface water during rain events in the wet season. 
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Plants were sampled along a transect of exponentially increasing inter-plant 

distances in an attempt to capture potentially autocorrelated samples for which the 

scale was unknown. Plants were sampled, in the first half of the transect, not by fixed 

distances, but by the number of individuals between those sampled, following the 

sequence; 0, 1, 1, 1, 1, 4, 4, 4, 8, 8, 16, 16, with the numbers being the number of 

plants between those sampled (Fig. 6. 1). This was done because plants grow in a 

labyrinthine pattern with bare ground separating individual 'hummocks' at varying 

distances (Fig. 6.4). This means any potential spatial autocorrelation would not be 

based on regular distances, but by the number of individuals which separate those 

which are sampled. Sampling in the latter half of the transect used predetermined 

fixed distances at 50, 50, 100 and 100 metres because many individuals are included 

at this scale. Total distances of each transect were therefore slightly different, being 

372 m for T. bitextura, 366 m for T. epactia and 383 m for Triodia sp. 

Leaf tissue samples, approximately 3 cm long, were stored in Eppendorf 

tubes in a refrigerator until analysis, whereupon samples were ground in liquid 

nitrogen and total DNA extracted using DNneasy Plant Mini Kit (Qiagen USA) 

following the manufacturer's protocol. Chloroplast microsatellites were chosen to 

determine demographic histories as they are non-recombining, haploid and 

effectively uni-parentally inherited (Birky 1995) providing direct evidence of a 

lineage. The availability of 'universal primers' for highly conserved primer sites 

either side of polymorphic repeat regions has made such analyses possible (Provan et 

al. 2004, McGrath 2006). 
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Microsatellites 

A total of ten non-coding microsatellites were tested from those developed by 

McGrath et al. (2006) and Provan et al. (2004) from which only four, trnK, 

atpl/atpH, atpB/rbcL and TeaSSR4 (23S-5S internal transcribed spacer), were able to 

be amplified. Only the last three had polymorphic alleles and were used in the 

analysis. PCR amplification was performed with the following parameters for atpl 

and atpB: initial denaturation of 72°C for 3 minutes followed by 35 cycles of 94°C 

for 1 mm., 56°C for 1 mm., 72°C for 1 mm. with final extension 72°C for 5 minutes. 

The parameters for Tea4 were; 95°C for 1 mm. with 35 cycles of 95°C for 1 mm., 

60°C for 1 mm., 72°C for 1 mm. with a final extension of 72°C for 10 minutes. Total 

genomic samples were amplified in a 15tl PCR reaction containing 1tl genomic 

DNA,1.5tl lox Gold buffer, 2.5mM MgCl2, 0.5U Ampli Taq Gold, lOuM 

fluorescent labelled forward primer and 1 OuM reverse primer (Applied Biosystems) 

and 0.2mM dNTPs. Fragments were analysed with ABI PRISM® 3100 Genetic 

Analyser (Applied Biosystems, California) using LIZ 500 size standard with sizes 

determined with Genemapper software. Mean haplotype diversity (Schneider et al. 

1997) and expected variance (Gordon 1997) were determined for each species and 

the spatial autocorrelation of samples tested with GENALEX v.6 (Peakall and 

Smouse 2001). 

Analysis 

Genealogies of the samples were inferred through coalescent analysis 

(Kingman 1982) using the application BATWING v.1.03 (Wilson et al. 2003). The 

method uses a Bayesian paradigm in which the posterior distribution of 0, being the 

conditional probability of the prior given the data (haplotypes), is obtained, where 0= 



2NeiLI (Ne  being the effective population size and ,u the mutation rate). The number of 

steps taken to reach coalescence depends on the variability in the data and is 

measured as TMXV.  The application uses linked multi-locus haploid data in a step-

wise mutation model which, in the absence of recombination or selection, can be 

used to derive a genealogical tree (Wilson et al. 2003). Chloroplasts are not subject 

to recombination, being passed predominantly through the maternal line in 

angiosperms (Birky 1995) and because microsatellites are deemed to be non-coding 

they are not subject to the same selective pressures as functional genes (Provan et al. 

2001). The assigned prior distribution for 0 was uniform on the interval (0,100) 

giving equal probability between these values. Given an upper estimate of 

chloroplast 1u at 3.2x10 5  (Provan et al. 1999) Ne can range from 0 to over 1.5 

million, increasing with lower estimates of p, allowing a diffuse prior. Numerous 

trials were conducted to assess the influence of different values of 0 and the number 

of chain runs in the MCMC resulting in the above distribution for 0 and 10,000 runs 

with the first 200 discarded. Determination of satisfactory convergence of the chain 

and post-processing was undertaken with the package BOA (Smith 2005) in TIBCO 

Spotfire S+ 8.1 (http: spothrc.tibco.coiii ili1 ). Posterior distributions were derived 

for 8 and T,,2i. a  in coalescent units. A lower bound for T,,1 ,( .( , in generations T(ge,l)  was 

derived using ,u above and the mean of the posterior of 0 where T(ge,l)= T,ncrc, x Ne. 

Generation times for plants in fire prone environments are correlated with the fire 

frequency (Bond and van Wilgen 1996), in this case 5 years (Williams et al. 2002, 

Felderhof and Gillieson 2006), which was used to derive T,? ,.( .a  in years by simply 

multiplying T(ge,i)  by 5. The justification for this methodology was that a fire event 

either a) results in a complete turnover of individuals in the population (i.e. Triodia 

sp.) or that b) resprouting and regeneration by ramets also initiates a periodic somatic 

97 



mutation event equivalent to that which occurs in meiosis. Consensus trees were 

produced in Phylip (Felsenstein 1989) and drawn in Fig Tree vl.2 (Fig. 6.2) to show 

the topology common to all trees produced in the analysis. 

6.3 Results 

The size of the microsatellite fragments (Table 6.1) closely matched those of 

other grass species reported in Provan et al. (2004) and McGrath et al. (2006) and all 

species had similar, low levels of mean haplotype diversity and similar expected 

variance (Triodia sp. H = 0.443, V = 0.735), T bitextura (H = 0.482, V = 0.641) and 

T epactia (H = 0.438, V = 0.715). No spatial autocorrelation was detected among the 

samples of any species. 

The growth signatures of the coalescent trees (Fig. 6.2) suggests each of the 

three samples has had a stable population size since Tmrca  (see Kuhner 2009). 

However, tree lengths differ which is reflected by different values of 0 (Fig. 6.2, 

Table 6.2). Triodia sp., having the lowest values of 0 and Tmrca, is both the 

comparatively smallest and youngest population (Fig. 6.3). T bitextura, with the 

largest value of 0 and an equally small indicates a larger population of equally 

closely related individuals while T epactia having an intermediate 0 value and the 

longest T,,irc.a  indicates a comparatively intermediate sized population with the 

greatest diversity among individuals of the population. Despite T. bitextura and 

Triodia sp. having similar values for Tni,.a, differences in 0 between them result in 

T(gen)  being twice as long for T bitextura. Given a generation time of 5 years, based 

on the mean fire frequency in this landscape, mean Tni j.ca  in years for Triodia sp., T 

bitextura and T. epactia is 203k, 328k and 556 k years respectively. 
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Table 6.1 The number of alleles per locus and size ranges in base pairs. 

Locus No. alleles Size range, bp 

atpl/atpH 5 74-80 

atpB/rbcL 5 144-148 

23S-5S ITS 4 196-199 

Table 6.2 Posterior mean, median and 95% probability density interval for theta (0) 

and T,,i,.c.a , in coalescent units (T) and generations (T(gefl) ), for T bitextura (obligate 

resprouter), Triodia sp. (obligate seeder) and T. epactia (facultative resprouter) using 

a constant population size model with uniform theta prior of (0,100). See text for 

details. 

Species - mean median 95% PDI 

T. bitextura theta 4.20 3.76 (1.56, 9.4) 

T 1.33 1.15 (0.45, 3.27) 

T(gc ,i)  65,625 (10,969, 480,281) 

Triodiasp. theta 2 1.76 (0.6, 4.76) 

T 1.30 1.13 (0.42, 3.20) 

T(gcn )  40,625 (3,938, 238,000) 

T. epactia theta 3.28 2.96 (1.22, 7.25) 

T 2.17 1.94 (0.75, 4.82) 

T(gen)  111,212 (14,297,546,016) 



oo•o•o •os o ••••o •••• o 
Figure 6.1 Representation of sequential sampling method. The black dots represent 

individual plants and leaf samples were collected from those with white dots. The 

sequence is counted as the number of individuals between samples: 0,1,1,1,1,4,4 etc. 

See text for further details. 

L 

Figure 6.2 Consensus trees for T bitextura (top), T epactia (middle) and Triodia sp. 

(bottom) scaled to equivalent Tm,.ca. Branch lengths indicate the comparative diversity 

between adjacent branch tips, with longer branches requiring more mutation steps 

before they coalesce. Branch tips are the haplotypes of the sampled individuals. 

Scale bar = 0.1 mutation steps. 
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Figure 6.3 Estimated posterior density plots of Theta and time to most recent 

common ancestor (Tmrca) for T bitextura (solid line), Triodia sp. (dotted line) and 

T. epaclia (dashed line). T bitextura and Triodia sp. are nearly superimposed over 

each other in Tmrca. See text for definitions of Theta and Tmrca. 
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Figure 6.4 A: Typical hummock structure common to many Triodia spp. (plants are 

approx. 1 in in height and growing on a rock pavement) and B: the labyrinthine stand 

structure, seen from the air, showing considerable bare ground between individual 

plants, in this case growing on sand. 
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6.4 Discussion 

The study shows that each of the three species, regardless of functional 

group, have existed in this environment for millennia. The shortest possible Tnirca, 

based on the minimum range of the 95% PDI, is approximately 19k years for Triodia 

sp. given a 5 year generation time. While it is unknown whether the fire regime has 

been fixed at this interval during the T,?),.(.(, the figure is derived simply to illustrate the 

time scales over which these species have coexisted. Even at shorter fire return 

intervals the mean period is still considerable. The presence of these fire adapted 

species, which are totally (Triodia sp., T. epactia) or partially (T bitextura) reliant on 

fire to initiate regeneration, reflects the fact that fire is the most common disturbance 

in this environment and has been a prominent evolutionary force since the Tertiary 

(Kershaw et at. 2002).The fire history across northern Australia, derived from marine 

and terrestrial core samples (Moss and Kershaw 2000, Kershaw et at. 2003), shows 

an increase in fire activity and fire tolerant species at approximately 300k years 

before present (bp) and a subsequent decrease in Eucatyptus and increase in Poaceae 

at 185k years bp (Kershaw et at. 2003). While the mean T,,1/ .( .( , of Triodia sp., at 203k 

years, is similar to this date, T. bitextura and T. epactia, with mean of 328k and 

556k years respectively, may have been early colonizers into this environment. 

However, given the large 95% probability density intervals (Table 6.2) it is only 

possible to infer with any certainty that they have all been present, and therefore 

successful species in this environment, for a significant number of generations. 

Stable population size during T,,.(.(1, inferred by the structure of the three 

genealogical trees (Fig. 6.2), also suggests T epactia, and possibly Triodia sp., have 

been geographically stable during this time. If either population had expanded or 
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reduced their range size during this time the genealogical trees would infer 

population growth or decline, due to serial founder or extinction events at the 

forward and trailing edge of the species range (Excoffier et al. 2009, Mclnerny et al. 

2009). This was not detected despite T epactia being sampled at the extreme 

northern limit of its range and Triodia sp. toward the southern edge of its, 

comparatively smaller, range. It is not possible to determine the geographical 

stability of T bitextura during Tn7rcabecause  it was not sampled near the edge of its 

range. The apparent range stability and therefore potential coexistence of T epactia 

and Triodia sp., over an area of approx. 2,500 km2, for thousands of years indicates 

both species have been equally resilient to the same fire regime. It is likely that these 

two species have been in sympatry with T. bitextura for some considerable time also 

because the expected colonisation rate of this facultative resprouter over such a large 

area would not be fast. 

Coexistence of species with different regeneration responses to fire is 

hypothesised to be possible because each species utilises different temporal and 

spatial niche opportunities created by the stochastic nature of the fire regime. The 

empirical (Thuiller et al. 2007) and theoretical (Miller and Chesson 2009) evidence 

to support this is corroborated by modelling that shows species are able to utilise a 

range of overlapping fire return intervals and scales (Groeneveld et al. 2002). 

Competition between species limits the potential niche of each, resulting in a single, 

narrow, realised niche in which all species coexist. While this has been observed 

over decadel time scales this study provides the first evidence that long term 

coexistence of these species, from different functional groups, has occurred at least 

as far back as the late Pleistocene. This negates assumptions that obligate seeding 
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Triodia spp. may be less resilient in northern Australia than resprouting species. 

While previous research on slow growing, obligate seeding Triodia spp. suggested 

they would be unlikely to reach a sustainable reproductive output within the short 

fire return intervals experienced in northern Australia (Craig 1992), this study 

indicates obligate seeders can persist in this environment. The obligate seeder 

Triodia sp. has persisted in this landscape for millennia, possibly due to its relatively 

rapid life history and potentially because of stochasticity in the fire regime. Triodia 

sp. germinates quickly during the first post fire rains and can set seed within a few 

months of germination (Armstrong and Legge 2011). Reproductive output increases 

over subsequent seasons ensuring a viable seed bank is produced prior to the mean 

fire return interval. Such rapid regeneration has been unknown in Triodia spp. until 

recently (Armstrong 2008). Variation around the mean fire frequency and 

stochasticity of fire behaviour could ensure suitable patches are always present 

within the landscape for the meta-population to survive. Due to the labyrinthine 

structure of Triodia spp. stands (Fig. 6.4), in which individual hummocks are 

separated by bare ground, fires will not spread through the stand unless wind speeds 

of over 12 kmh' are attained (Burrows el at. 1991). Fire behaviour is therefore 

strongly correlated with weather patterns at all scales. 

Given the stochasticity in the spatial arrangement of fires in the landscape 

(see Felderhof 2007: the fire patchiness paradigm and fire scar maps, Appendix), 

resilience of an obligate seeder, such as Triodia sp., also requires the ability to 

disperse between suitable patches (Tilman 2004). This is not required by T epactia 

or T. hitextura which can recolonise a burnt patch through resprouting. Despite 

evidence that shows the majority of seed produced by Triodia basedowii falls close 
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to the mother plant (Westoby et al. 1988) the vast quantity of tiny seed produced by 

Triodia sp. must ensure that at least some are dispersed away from the source; most 

probably by wind and water during rain events in the monsoon. 

While it is true that no single fire frequency will favour all species in a 

community (Pausas and Lloret 2007), it must equally be true that there is a mean 

frequency, about which there is variation, which enables coexistence. Indeed, even 

where species from different structural groups coexist, such as Acacia trees and 

Triodia grasses, the minor perturbations observed at population boundaries, induced 

by fire, over decadal time scales (Nicholas et al. 2007, Bowman et al. 2008) 

probably have no long lasting effect at the community level over much longer time 

scales. Single or multiple fire events which favour one species may, given enough 

time, become irrelevant at the community scale as other events favour different 

species. This study has shown that it is important to consider a wide range of 

temporal scales when considering the relative resilience of plants from different 

functional groups to fire. While there are documented cases of localised extinctions 

of individual plant species to radically altered fire regimes (Russell-Smith et al. 

2002) these may represent extreme events and should not be used to generalise about 

the resilience of particular functional groups. This has not been possible at a global 

scale (Pausas et al. 2004) and as this study shows, regional effects, for example a 

stable climate, may strongly influence community structure over very long time 

scales. The importance of determining the resilience of regional plant communities to 

fire cannot be overstated given fire regimes are changing globally across a range of 

scales due to changes in land use practices (Krawchuk et al. 2009) and altered 
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precipitation patterns both globally (Girardin et al. 2009) and regionally (Hoffmann 

et al. 2002). 
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Appendix 6.1 

Monthly fire scar mapping in the central Kimberley from 2004-20 10 produced by 

North Australian Fire information (http: 138.80. 128. I 52/nafi2). 

The stochasticity evident at 250m pixel scale is reproduced at the scale of individual 

plants due to the bare ground between individuals acting as a potential fire break 

between every individual. This is overcome when individuals randomly germinate in 

close proximity to each other, grow large enough to span the gap between them or if 

the wind is sufficiently strong to fan flames from one plant to the next. In the latter 

case fire is controlled by random gusts of wind. Weather conditions are also 

important with fire spreading far more easily at the end of the dry season 

(September) when the aimual grass layer from the previous season has cured and the 

moisture levels in Triodia spp. are low. As plants take up moisture during the wet 

season they become less combustible. 



Metadata for layers used by NAFI. 

The Firescars 250m Layers are derived from satellite imagery sourced from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) on the NASA Terra 

satellite. 

Spatial Resolution: 250m x 250m pixels (at Nadir). 

ANZLIC Identifier: not yet registered. 
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7: Fire history from life-history: determining the historical fire 

regime using plant life-histories 

7.1 Introduction 

Wildfire is a fundamental disturbance process in many ecological 

communities across the globe (Bond et al. 2005, Bond and Keeley 2005). Indeed, the 

fire regime is often a critical factor maintaining the structure of plant communities 

(Thuiller ci at. 2007, Lehmann ci al. 2008) and changes in a fire regime can radically 

alter community composition (Crowley ci al. 2009, Russell-Smith et al. 2009). 

Increasingly, however, we seek to manage fire; either for protection of human lives 

and assets, to maintain biodiversity, or as part of a growing carbon economy 

(Flannigan et al. 2009, Strassburg ci al. 2010). As the negative biodiversity impacts 

of inappropriate fire management regimes are increasingly recognized (Keith 1996, 

Bunk 2004) attempts are being made to manage fires within a more 'natural' regime. 

However, it is rarely apparent what, exactly, this means. From an ecological 

perspective, the critical question in wildfire management is what the fire regime in an 

area should be: how often, when, and how patchily should an area be burnt so as to 

maintain or promote current biodiversity values? 

Ecologists have sought to answer this question using a variety of techniques 

that attempt to determine the fire regime to which the community is adapted. One 

important technique has been the examination of historical records. In Australia, for 

example, evidence that long-standing, pre-European fire management practices 

contributed to the demographic structure and geographic range of many vegetation 
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Gitayl996, Lavorel and Gamier 2002, Keith et at. 2007). This enables the most 

recent fire intervals to be determined, but again falls far short of making inference 

about the long-term fire regime to which the community is adapted and is of no use 

when there is significant germination during the fire interval (Ooi et al. 2006, Duren 

et at. 2010). 

How then, do we go about determining the fire regime to which the 

community is adapted? The metrics of interest are twofold: fire scale (or patchiness), 

and fire frequency (or fire return interval). Current understanding is, that on a 

landscape level, fire can promote diversity by providing spatial and temporal 

variability in habitat across a landscape, creating a range of niches' through time and 

space (Thuiller et al. 2007). For example, fast growing and maturing species 

outcompete slower growing species in areas when the fire return interval occurs 

before the latter mature and set seed (Pausas and Lloret 2007). Similarly, species 

with greater dispersal abilities are at an advantage when fires are uniformly large 

(Tilman 2004). Indeed, species can be classified into different functional groups 

according to their fire regeneration or persistence niche (Grubb 1997, Bond and 

Midgley 2001, Pausas et al. 2004). Competing species from different functional 

groups are able to coexist in a single landscape precisely because they utilise the 

different spatial and temporal opportunities created when fire removes, or at least 

inhibits, the growth of competitors. The patchiness of fire, thus, creates high species 

turnover at the local scale while simultaneously enabling stability at the meta-

community scale (Thuiller et al. 2007). The long-term fire regime (frequency and 

patchiness), then, is that which has allowed the long-term persistence of sympatric 

taxa with differing regeneration niches. 
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Thus, if we have data on the life history of several plant species that compete 

for space in the same landscape, we can ask, using an appropriate model, what is the 

fire regime that allows these taxa to co-exist over time? If these taxa vary in their 

regeneration niche, we should rapidly converge on a small list of possible fire 

regimes that will allow long-term persistence. Here we demonstrate this approach, 

and its utility for inferring the fire regime to which species have co-adapted, using a 

simple spatio-temporal simulation model. We parameterized the model with life-

history data from three congeneric grasses (Triodia spp.), each representing a 

differing functional group, and then search for the fire regime that allows these three 

species to co-exist over 200 generations. Rather than modelling fire frequency as a 

fixed return interval, we treat it as a probabilistic event that affects a patch (and a 

patch's neighbours if fire scale is large). Treating fire as a probabilistic event allows 

a distribution of fire return intervals to emerge naturally across the landscape, and it 

is this distribution which allows competing species to coexist. The models show that 

the co-existence of these three species can only occur over a very narrow range of 

fire probabilities but a much broader range of fire scales. This narrow range of 

probabilities must, therefore, be a key attribute of the long-term historical fire regime 

of the area. 

7.2 Methods 

Study area and species 

The three species considered in this study, T. bitextura, T. epactia and 

Triodia sp. nov., have widely differing total ranges but grow in sympatry across an 

18 x 140 km region of the southern Kimberley between 17030' and 17°40'S. The 

climate is influenced by the northern monsoon with a mean of 750 mm rainfall 
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occurring in the summer months from October to April and mean annual 

temperatures ranging from 32C in the summer to 28C in the winter. The landscape is 

dominated by the highly eroded sandstone of the King Leopold Ranges with basaltic 

soils and cobbles in the valleys. Fire is the dominant disturbance in this environment 

with 30% of the landscape burnt annually and a quantitative analysis of satellite data 

at MWS, covering the last decade, showed a fire return interval of every 2-3 years 

(Steve Murphy, 2009 unpubl. data). Active fire management to control the season, 

extent and spatial complexity of fires has recently been introduced (Legge et al. 

2011) following a period of uncontrolled extensive wildfires. 

The three target species were chosen for the study because they are 

dominants in this savanna grassland community and are highly competitive 

ecological generalists which are distinguished by different post-fire regeneration 

niches, not by their physiological responses to substrate, moisture or community 

composition (Armstrong and Garnett 2011, Armstrong and Legge 2011). Each 

species forms monospecific stands, uncorrelated with edaphic variables, with sharp 

stand boundaries with little to no intermixing of individuals were different species 

grow adjacent to each other. Molecular evidence infers they have existed in sympatry 

in this environment dating back to at least the late Pleistocene (Armstrong 2011) The 

three study species all rely to differing degrees on fire for regeneration (Armstrong, 

2009 unpubl. data). Triodia bitextura is an obligate resprouter that regenerates after 

fire through a combination of resprouting adults and production of ramets. A small 

number of stolons are produced between fires which also develop into free living 

ramets. Virtually no seed is produced and no evidence has been obtained that 

seedlings contribute to overall regeneration in this species. Adults of T. epactia, a 
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facultative resprouter, also resprout after fire, but rely on the germination of 

seedlings for population growth instead of ramets. Triodia sp. an  obligate seeder, 

does not resprout after fire or produce ramets, relying totally on seed germination for 

population growth. Significant germination only occurs in T epactia and Triodia sp. 

after the removal of adult plants during a fire. 

The model 

The spatially explicit model predicts the persistence of each species 

individually and in competition with the other species across all fire probabilities and 

a range of fire scales. Stage structured life-history matrices were constructed based 

on the sexual (seed) and asexual (resprouting and stolons) fecundity of each species 

and the transition probabilities of each stage class. Life cycle diagrams are shown for 

each species and the matrices and initial vectors are shown in the Appendix. 

The model 'landscape', with a carrying capacity of 1 million individuals, 

approximately represents a 1.6 km2  landscape containing 256, 100 x 100 in cells 

('patches'), each with a carrying capacity of 3906 individuals, based loosely on 

empirical evidence that a 5 x 5 in quadrat contains a mean number of 10 individuals. 

For each model run, across successive proportional fire scales,l, 2, 4, 8 and 16, with 

16 being a fire across a 16 x 16 cell area, which is the size of the entire space, the fire 

probability ranged from 0-1 at 0.1 increments. Fire scale was therefore initially small 

but doubled with each successive run until it equalled the entire 'landscape'. Each 

model run was initialized with a vector of the pre-fire, adult condition appropriate for 

each species. A conservative transition probability of 0.9 was set for all adult stages 

and ramets to account for observed high survival rates in all species. Triodia epactia 
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and T. bitextura also have a probability of 0.9 of living indefinitely beyond their 

climax stages of 3 and 5 years respectively. The number of populations which 

actually survive beyond 5 years is expected to be small due to the probability of 

being burnt before this time. Populations of Triodia sp. on the other hand are 

observed to senesce at approximately 4 years old (Armstrong and Legge 2011) and 

without fire or dispersal would be expected to die out. 

We used standard matrix population projection, in which the projection 

matrix is multiplied by the initial vector, to find the expected population size in each 

subsequent generation. The resultant population vector was however, modified by 

three additional (spatial) processes: fire, dispersal and competition. Fire occurred as a 

stochastic disturbance, random in space. The probability of a fire in any given grid 

cell in any given generation was determined as the product of two probabilities: the 

probability of an ignition event, and the conditional probability that an ignition 

would result in a fire. This latter probability was conditional on whether or not the 

grid cell had experienced a fire in the previous generation: being set to one where no 

fire had been experienced, or 0.3 if a fire had been experienced. This is to account for 

the time needed to establish enough fuel to carry a second fire and is derived by 

analysing the number of consecutive fires which occurred over 10 years across 100 

random points using Landsat imagery (Steve Murphy 2009 unpubl. data). Whether or 

not a fire actually occurs in a grid cell was then determined by a draw from a 

binomial distribution for the given frequency. 

Dispersal was also modelled as a stochastic process, was scaled by population 

size and differed between vegetative and seeder species. Vegetative species could 
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only disperse into neighbouring cells (because the amount of seed produced is so 

negligible that it was considered functionally insignificant), and did so with a 

probability that scaled with their grid cell population size relative to grid cell 

carrying capacity. Dispersal distances for Triodia seeds are unknown, however seeds 

and seedlings are observed to fall and grow around the base of adult plants (Westoby 

et al. 1988) suggesting the majority of seeds travel less than a metre. This would 

concur with observations for other grasses (Ernst et al. 1992). However, with 

maximum annual wind speeds occurring in the summer months 

ww .hom.go' au/climate data 2009) when plants are seeding, and the possibility of 

animal assisted dispersal, there is a possibility of longer dispersal for at least some 

seeds. It has been demonstrated that for a range of herbaceous species median seed 

dispersal distance increased linearly with increasing wind speed but exponentially 

above the 90th  percentile of the seed shadow (Jongejans and Schippers 2009). This 

means that with increasing wind speeds the majority of seeds will still fall within 

metres of the adult plant but 10% will disperse much greater distances. For these 

reasons dispersal was modelled as global in the seeder species (i.e., a dispersing seed 

could land anywhere on the landscape) but with a small probability of dispersing 

long distances. In the model, dispersed seeds germinate in the patch in which they 

land, without the need for fire-induced germination. 

The final stochastic process in our model was competition. Competition 

assumes that there is limited space in which to grow, and acts to curb population 

growth in our model. Competition was modeled as a sampling procedure: a survival 

lottery. When the expected population size of adult plants in a grid cell exceeded the 

per cell carrying capacity, the final population size of adult plants was determined by 
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a draw from a multinomial distribution with n being set to the grid cell carrying 

capacity and probabilities scaled with the expected number of adults in each age 

class. Thus, species with a relatively high number of expected recruits into the adult 

population would, in the absence of disturbance, come to dominate a grid cell. 

The model was run in three configurations; 1) each species individually to 

determine where each species is able to persist across the range of fire variables, 2) 

with each combination of species pairs to determine which species compete with 

each other and 3) with all species combined to determine at which fire frequency and 

scale the community is at maximum diversity (Shannon-Wiener index) reflecting the 

greatest probability for coexistence. The mean population size and patch occupancy 

was recorded for the last 5 of the 200 generations of each run and the mean of these 

taken over 20 replicate runs. The code was written in R (R Development Core Team 

2010) and the Shannon-Wiener index determined with the vegan package 

(http://cran.r-project.org/,  http://vegan.r-forge.r-project.org/). All the results were 

plotted against fire scales and frequencies on a 3D spline plot using (Tibco S-plus 

2009). The frequency of patches of particular ages in the 'landscape' i.e. time since 

last fire (measured in years) was plotted for a fire frequency of 0.2 (Fig. 7.5). 
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7.3 Results 

Each of the three species had an individual response to fire probability and 

scale as a result of differences in their life histories (Fig. 7.1). The obligate 

resprouter, T. bitextura, persisted only at fire probabilities below 0.8 at small scales 

reducing gradually to approximately 0.4 as scale increased. There is only a small 

plateau of 100% patch occupancy at the lowest fire frequencies and scales. Trioclia 

sp., an obligate seeder, persists at a far greater range of frequencies and scales than T 

bitextura with total patch occupancy at all frequencies when scale is small. Both 

population size and occupancy fall away as scale increases and population size is 

negatively correlated with fire frequency. Conversely, the facultative resprouter, T 

epactia persists across all frequencies above 0.2 at all scales. Below this frequency 

persistence is marginal, with very low population size, at medium patch occupancy. 

Comparison of the individual species responses to fire with those when competition 

was introduced between pairs (Fig. 7.2) enabled interspecific interactions to be 

resolved. T bitextura showed no differences under both competition scenarios 

indicating the demography of this species is totally determined by fire rather than 

competition (i.e., it is the competitively superior species). T. bitextura inhibited both 

population size and patch occupancy of T. epactia and population size of Triodia sp. 

at low fire probabilities. 

The large range of fire probabilities and scales at which species were able to 

persist without competition was significantly reduced with competition between pairs 

and further still when there was competition among all three species (Fig. 7.3). 

Visualizing only those cells in which all three species were present (Fig. 7.4) showed 
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a ridge in mean population diversity centred over fire probability equalling 0.2. The 

spread, or variability, of the surface about the mean was greater at smaller fire scales, 

becoming very narrow as the scale increased. When fire is treated as probabilistic, 

the time since fire over a large number of patches can be described by a negative 

binomial distribution. When we set the probability of failure in the negative binomial 

to 0.2 we see a landscape where many patches burnt within the last 5 years (as 

expected), but with a large number of patches remaining unburnt for considerably 

longer periods (up to 20 years; Fig. 7.5). 

120 



Tbitextura 

CL 

0.0 

0.002 04Fire  0 freq6 0ency .8 

Triodia sp. 

1.0 ' I .  
2 0.8  

0.6 

60.4 

CL 

 0•O0.o 02
;4  

equefl), 1.0& 

7e+05 . \ 
 

3e+05 
 

CL 

Ib 0.0 
____ 

0.002 0.4 ire equ
), 
 1. 

T epactia 

0-8 

D.6 \/,,//'/".i 
Ci D.4 ; 

0.0 
00 

% 4  

freq, ,0 8 1 0 

Se.05 ic 
a)  

30.05 
CL F ø 

0.0 P 
0.0 0.2  ----- 

Fire 
ncy 

.& 

1.0 . •:.•• . - - 
-. - o0.8 

0 .4 ... -.., .....,'. 

CL 
O.2 •' •.:--;;:< 
0.0 

bt#'  
. 

Fire fr u 0.8 10 

Figure 7.1 The mean population size (max. 1 million) and proportion of patches 

occupied (1 = 100%) at different fire frequencies and scales over the entire 

'landscape' for individual species without competition. 
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Triodia sp. in competition with T bitextura 
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fire frequencies and scales over the entire 'landscape' when two species are in 

competition. 
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7.4 Discussion 

Our results show that each of the three Triodia species has a very different 

demographic response to fire probability and scale (Fig. 7.1). This is in line with our 

classification of these three species into different functional groups, and reflects 

differences in their regeneration and persistence niches. The obligate seeder, Triodia 

sp., is unable to persist at fire probabilities above 0.2 when fires are large (Fig. 7.1), 

indicating that both regeneration time and dispersal ability prevent the landscape 

persistence of this species under these conditions. Triodia bitextura, the obligate 

resprouter, has a similar response, but appears generally less resilient due to its 

reduced (i.e., local) dispersal ability. The facultative resprouter, I epactia on the 

other hand, has a very different response to the other species (Fig. 7.1), being able to 

persist at all fire frequencies and scales, although only at very low densities when fire 

is absent. The low population size of T. epactia in the absence of fire is probably due 

to population senescence: the species lacks clonal reproduction, and fire is needed to 

remove adults and allow seedling germination. 

When three-way competition was introduced into the model (Fig. 7.3) the 

demographic response of T. bitextura was relatively unchanged compared with the 

no competition scenario, while there were significant changes for both Triodia sp. 

and I epactia. Thus, T bitextura appears to be the superior competitor, suggesting 

its demography is totally determined by the fire regime. The other two species, 

however, are inhibited by competition with 1 bitextura and/or each other at low fire 

frequencies. Importantly, when the response surfaces for all species were combined 

to show only those regions of fire regime parameter space in which all species 
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coexist (Fig. 7.4) we see a steep-sided ridge centred over a fire probability of 0.2 

with greater spread at lower fire scales compared to larger scales. This indicates fire 

probability has a greater influence on the demographic structure of this community 

than fire scale. Given that these three species, from different functional groups, are 

sympatric over an area of approximately 3000 km2  in a very old and stable 

landscape, this narrow range of fire probabilities (around 0.2) is that to which these 

taxa are most likely to have co-adapted in this landscape. 

Long term co-persistence amongst these three species in our model is only 

possible due to the spatio-temporal structure that fire provides in the landscape with 

fire probability being the critical factor providing this structure. An average fire 

probability of 0.2 allows a wide range of fire return intervals to exist across the 

landscape (Fig. 7.5). Importantly, this result does not concur with previous fire scar 

analyses in this region, using remote sensed data (Russell-Smith et al. 2002) in which 

fire return intervals are typically less than 5 years. Thus, the recent fire frequency 

across this landscape appears inconsistent with the distribution of fire frequencies we 

elucidate here and which has enabled the long term persistence of this community. 

This is a significant observation given the widespread decline of mammals and fire 

sensitive plant species across northern Australia in recent decades (Yates et al. 

2008). Inappropriate fire regimes are suspected of playing a major role in these 

declines, and our results strongly suggest that in our study area, at least, 

"inappropriate" means "too often", and perhaps, "too large". 

This study clearly has significant implications for fire management in the 

study area, where landscape scale fire management is practiced through aerial 
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burning and yearly mapping (Legge et al. 2011). Although the consensus among 

managers in the area is that prior to active management fire occurred too frequently 

and in too large a patch, our work provides quantitative estimates of how frequent is 

too frequent, and provides a distribution of fire ages towards which the landscape 

should move if management is to be effective. Without such quantitative guidance 

fire management simply remains intuitive. In the same way, our approach is also 

likely to prove useful for determining the average fire frequency in other plant 

communities. In making such inference, care will, however, need to be taken to find 

species from different functional groups that could reasonably be considered to 

compete for space due to disturbance by fire and not some other niche dimension. 

This is unlikely to be a problem except in the most changed environments where few 

original species remain. 

Generally, our work demonstrates the efficacy of using competing sympatric 

species from different regeneration niches' to determine the fire frequency to which 

they have co-adapted. The approach is, basically, to search for a fire scale and 

probability that create the correct array of opportunities in space and time for 

persistence of species from all functional groups. It is this very spatio-temporal 

habitat structure that enables species from different functional groups to coexist 

(Groeneveld et al. 2002, Thuiller et al. 2007, Higgins et al. 2008) so we can use the 

fact of coexistence to infer the historical fire regime. We cannot definitively rule out 

other environmental factors acting as further niche dimensions contributing to the 

coexistence, or otherwise, of the species in this study, however the evidence that the 

regeneration niche dominates other potential niche axes is strong in the present case 

(Armstrong and Garnett 2011). Further, the species models without interspecific 

129 



competition demonstrate persistence is limited within definable fire regimes adding 

weight to the above argument. While we considered fire to be probabilistic in the 

'landscape', discounting other potential environmental influences on fire behaviour, 

we feel that any increase in 'landscape' heterogeneity would increase the variance of 

the range of fire probabilities but this would not influence the mean. While this 

method relies on several independent lines of evidence (life histories of individual 

species and molecular data regarding population dynamics) it cannot be validated 

with other data in the way that a charcoal sequence may be correlated to 

dendrochronological data. However, we feel all methodologies have merit for 

particular situations and the results presented here are suitable for non-woody 

ecosystems with intense fire regimes. 

The importance of being able to determine the fire regime to which a plant 

community has adapted carmot be overstated given that the fire regime is a key 

driver of biodiversity in many systems. This fact, together with the increasing 

recognition that the global distribution of fire may be altered with climate change 

(Thomas et al. 2004, Krawchuk ci' al. 2009, Yates et al. 2010), and the increasing 

demand to use fire as a carbon emission mitigation strategy, means that careful 

management of fire is in need of quantification. Here we provide a useful way to 

create fire management benchmarks for biodiversity. 
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Appendix 7.1 

Table 7.1 Stage structured life history matrices and initial vectors for T bitextura, T. 

epactia and Triodia sp. with matrix key. The first row of the matrix shows the 

potential number of seeds or ramets produced by an individual at the particular life 

stage. The proportion of seedlings or ramets, and subsequent life stages, which 

survive into the following life stage are shown in the lower rows of the matrix. The 

climax vector represents the initial single adult which is multiplied by the matrix to 

start the sequence. See life cycle diagrams below for a fuller description. The 

matrices for T. hitextura and Triodia sp. are extended to 7 columns in order to keep 

the dimensions equal to T epactia required in the model code. 

Life history stage number Initial 

vector 

Life history stages 

Fecundity of particular life stage 

Prop. 

survive 

Prop. 

survive 
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T bitextura Initial 
1 2 3 4 5 6 7 vector 
ramets resprout lyr 2yr 3yr - - 

o o 0 3 3 0 0 3ramets 
o o 0 0 0 0 0 0 
0.58 0 0 0 0 0 0 0 
0 0.9 0.9 0 0 0 0 0 
0 0 0 0.9 0.9 0 0 1 adult 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 

T epactia Initial 
1 2 3 4 5 6 7 vector 
seed resprout lyr 2yr 3yr 4yr 5yr  

0 0 0 150 300 600 1200 0 
0 0 0 2 2 2 2 0 
0.023 0 0 0 0 0 0 0 
0 0.9 0.9 0 0 0 0 0 
0 0 0 0.9 0 0 0 0 
0 0 0 0 0.9 0 0 0 
0 0 0 0 0 0.9 0.9 1 

Triodia sp. Initial 
1 2 3 4 5 6 7 vector 
Seeds lyr 2yr 3yr 4yr - - 

0 200 400 800 1600 0 0 0 
0.025 0 0 0 0 0 0 0 
0 0.9 0 0 0 0 0 0 
0 0 0.9 0 0 0 0 0 
0 0 0 0.9 0 0 0 1 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
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34 

Figure 7.6 Life cycle diagrams in which circles represent life stages, the top arrows 

represent fecundity and the middle and lower arrows movement between stages. 

Adults of T hitextura (top) produce stolons (S) at 1, 2 and 3 years old which detach 

to form free living ramets after 1 years growth. Adults which resprout (R) after fire 

grow more quickly than stolons and are equivalent to 2 year old plants after only 1 

year. Mature adults live beyond 5 years and therefore cycle back into the same stage. 

Triad/a sp. (middle) contribute seeds into the seed bank (S) in all stages with 

increasing quantity as they mature (not shown). Adults die at the end of the year. 

T. epactia (bottom) only contribute seeds into the seed bank (S) from 2 years 

onward. Germinating seeds move into the St  stage after 1 years growth but adult 

plants resprouting after fire (R) are equivalent to 2 year old seedlings after only I 

years growth. Adults live beyond 5 years. Fecundity and probability of moving 

between stages are shown in the life history matrices above. 
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Chapter 8 

Conclusion 



8: Conclusion 

8.1 Biogeography 

The diversity of Triodia spp. at Mornington Wildlife Sanctuary (MWS) was 

found to be relatively high, comprising several species endemic to the Kimberley, 

and both northern tropical and semi-arid zone species. The Kimberley has previously 

been suggested as the possible centre of origin for Triodia spp. due to the diversity of 

species found there (Jacobs 1984). Species richness was high at MWS, compared 

with the semi-arid zone, with three locally endemic species, T. aeria, Triodia sp. and 

T. caelestialis, two of which were discovered during this research. The recent 

identification of several other undescribed Triodia spp. in the Kimberley (M. Barrett 

pers. comm.) indicates that the full diversity is yet to be determined. 

Several widespread predominantly northern, tropical species were present, T 

bitextura and T. acutispicula and three arid zone species T. epactia, T intermedia 

and T. wiseana. While T. epactia was only found on the escarpments along the 

southern edge of the Kimberley, several isolated populations of T. wiseana and T 

intermedia, comprising only dozens to hundreds of individuals, were also found 

further north beyond MWS suggesting different biogeographic histories for these 

species. The presence of isolated 'relictual' populations suggests the current range of 

these species has contracted from a once more widespread distribution. Triodia 

epactia, on the other hand, appears to be at the northern extreme of its range. A 

southward contraction in range of T. wiseana and T. intermedia suggests they may 

have had a broader distributions during more arid times, perhaps in the late 

Pleistocene, which they have been unable to maintain as the climate ameliorated 
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during the Holocene. Competition from the dominant annual grasses and high fire 

frequency in the monsoonal Kimberley, compared to the arid-zone, are possible 

explanations for the contraction of these species and may explain why T. epactia has 

been unable to expand further north into this region. While T. bitextura is recorded as 

being found throughout the tropical north and the arid-zone, molecular evidence 

suggests the current circumscription is incorrect and the current description includes 

several discrete taxa (M. Barrett pers. comm.). This would concur with the latitudinal 

trend observed in other Triodia spp. in which the Kimberley forms an identifiable 

biogeographic region. 

8.2 Fire 

The spatial and temporal scale of fires observed during the study varied 

widely. Wildfires, ignited by lighting, occur frequently and are widespread during 

the wet season between October and March. At the beginning of the wet season 

thunderstorms occur with little rainfall leading to extensive, intense fires due to the 

large fuel load of cured annual grasses remaining from the previous wet season. This 

is in contrast to fires which ignite later in the season, which may be extinguished by 

rain or have lower intensity due to the higher moisture content of new seasonal 

growth in the grasses. These differences, along with variations in the land surface 

acting as fire-breaks, such as creeks or cliffs, contribute to the variability in the scale 

and intensity of fires. Several extensive uniform fires observed during this study, 

early in the wet season, killed all plant species, including resprouters, while the 

majority of fires were far more patchy. In these fires, isolated groups of individuals 

survived in a matrix of burnt and unburnt patches. 
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8.3 Regeneration strategies 

The regeneration strategies of all species were strongly correlated with fire 

and despite evidence of intraspecific variability across sites, this could be accounted 

for by site specific effects such as individual fire conditions. While this contradicts 

the supposition by Rice and Westoby (1999) that regeneration strategies are not 

species traits, it does explain why they observed greater numbers of seedlings at sites 

where adults are killed by fire. The reanalysis of their data also supported the 

conclusion that regeneration strategy is a species trait. Interspecific variability for 

regeneration strategy was limited to three general types in the eight species studied; 

obligate seeders, facultative resprouters and obligate resprouters. This suggests that 

there are strong trade-offs in resource allocation between sexual and asexual 

regeneration modes with only a limited number of options being viable in this 

environment. As these species, with different regeneration strategies, have been 

resilient in this fire prone environment for many millennia, shown by their 

genealogies, these must be very successful strategies. 

It has long been recognised that a range of regeneration strategies exist 

amongst Triodia spp. (Burbidge 1943, Rice and Westoby 1999) providing a possible 

niche dimension over which species could compete. However, confusion over 

whether regeneration strategies are actually species level traits, due to observations 

of intraspecific variability, has prevented this idea being fully explored. This has 

resulted in conjecture invoking both physiological and ecological processes to 

account for the patterns observed in Triodia communities (Grigg et at. 2008). The 

conclusion from this research that regeneration strategies are species level traits 

makes it possible to attribute the 'regeneration niche' (Grubb 1977) as a possible 
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cause for interspecific competition between Triodia species. The long history of fire 

in this environment and the historical resilience of several species, combined with the 

fact that fire initiates regeneration in all of the species studied, indicates the 

importance of fire in the ecology and evolution for these Triodia spp. While it is 

possible to attribute a degree of ecological equivalence in physiological 

requirements, due to them growing in the same habitats, this is not the case for 

regeneration strategies. This negates a neutral explanation for the processes which 

determine the community structure in this environment. However, while fire plays an 

important role in mediating the availability of niche dimensions over which species 

compete, it cannot be said that the community is structured by a strictly deterministic 

process either. Stochasticity is also evident in establishment processes. The apparent 

competition between T epactia and T. bitextura on sandstone escarpments may be 

due to differential establishment success on that particular substrate. As 

establishment sites are limited in this environment, due to the expanse of rock 

pavements, T. epactia may be at an advantage over T. bitextura after a fire as the 

former can regenerate from thousands of seeds which can disperse into microsites 

between rocks while T bitextura can only re-establish from a small number of 

stolons which are unable to disperse more than a few centimetres from the adult 

plant. While regeneration strategies appear to be deterministic, stochastic processes, 

such as differential establishment success, in particular microsites or dispersal of 

propagules, suggests community structure is determined by both deterministic and 

stochastic processes as suggested by Tilman (2004). 
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8.4 Productivity 

Seed productivity and establishment success of several of the species in this 

study was vastly greater than anything previously reported for arid zone species 

while being similar to other observations from the Kimberley. Wells (1999) reported 

seed productivity of up to 11,000 m 2  for T. bitextura at Argyle in the east 

Kimberley, matching the productivity recorded in T. epactia and Triodia sp. in this 

study. While seedling densities in arid zone species have been recorded at below 10 

m 2  (Suijendorp 1981, Westoby et al. 1988, Bogusiak et al. 1990) Wells (1999) 

recorded densities of over 60 m 2  for T. hitextura and several species in this study 

reached seedling densities of around 40 m 2. However, while establishment success 

was low at the sites monitored by Wells (1999), success was almost 100% over the 

first dry season for the species in this study. Much higher levels of fecundity in the 

semi-tropical species compared to those in the arid-zone, would enable much higher 

growth rates and shorter times to reach maturity and maximum projected foliage 

cover. This is explainable by the higher and more reliable rainfall in the semi-tropics 

compared to the arid-zone and also explains why the obligate seeder, Triodia sp., has 

been resilient in this fire prone environment for millennia. Doubts regarding the 

ability of obligate seeders to survive in regions with a high fire frequency were, no 

doubt, based on prior observations that Triodia spp. are very slow growing and 

unproductive. If this was the case then they would probably not survive in this 

environment, just as some long-lived obligate seeding trees have declined under 

increased fire frequencies (Bowman and Panton 1993, Prior et al. 2007). However, 

this work has shown that Triodia sp. has a life cycle more akin to biannual grasses, 

being able to re-establish from the seed bank set seed within months of germination. 

Similarly high growth rates were also observed in resprouting species with T. 
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caelestialis resprouting after fire and setting seed within the next few months. This is 

in stark contrast to observations in the arid-zone in which plants may not reach 

maturity until 40-50 years after germination or regrowth after fire. These estimates 

equate to an accumulated rainfall of 7-14,000 mm., equal to 9 years of rainfall in the 

southern Kimberley, which is far longer than it takes for these northern species to 

mature. This suggests it is not simply the amount but also the variability in rainfall 

which leads to slower growth of Triodia spp. in the arid-zone compared to the sub-

tropics. 

8.5 Community processes 

Different processes, operating at different spatial and temporal scales, appear 

to structure the patterns observed in this plant community. Regional differences in 

species ranges, mentioned above, are likely to be due to climatic conditions with 

species generally found in particular climatic regions. This is reflected in the ranges 

of many other Triodia spp. being correlated with particular latitudes, reflecting 

rainfall and temperature gradients, with distinctive southern, central and northern 

species (Lazarides et al. 2005). The disjunct distribution of species, such as T 

claytonii which is only found in north Queensland and across the continent in the 

Kimberley and the numerous isolated small populations of T scariosa and T 

mitchellii along the east coast suggests these are relict populations with previously 

much wider distributions. This situation may reflect an expansion of Triodia spp. 

during more arid times during the late Pleistocene with a subsequent reduction as the 

climate ameliorated during the Holocene. If Triodia spp. are generally poor 

competitors, being restricted to the poorest soils and driest regions, as suggested by 

Jacobs (1992), the expansion of other grasses as the climate became more mesic 
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during the Holocene, would explain the decline and formation of disjunct and 

relictual populations seen in some Triodia species today. If this is the case, the rate of 

these declines would be correlated with that of climate change, possibly taking many 

millennia to occur. This is also suggested by the apparent stability of T bitextura, T. 

epactia and Triodia sp. populations in the southern Kimberley where palynological 

data suggest the climate has been stable for millennia (Kershaw et at. 2003). 

The absence, or at least scarcity, of Triodia spp. in more mesic environments 

and their dominance in and environments, indicates their competitiveness under arid 

conditions. While this appears to be due to using a strategy of being long-lived 

perennials, the situation in the monsoonal Kimberley is different with both short and 

long lived species with comparatively rapid regrowth after fire. The Kimberley 

species also compete against a variety of other plant species, however, as in more 

arid regions, they only dominate the poorer soils, being absent on the richest cracking 

clays. 

At the landscape scale the species in this study reflected the pattern observed 

in other Triodia communities in which species form individual hummocks separated 

by bare ground (Bell 1981). While this has been attributed to spatial self-organisation 

due to water and nutrient collecting at the base of existing patches (Rietkerek et at. 

2002) this explanation is not supported by the observations of this study. Water is not 

a limiting factor during the wet season in this environment with the bare ground 

between hummocks becoming as saturated as that around the base of existing 

patches. Spatial structure at this scale was shown instead to be a result of competition 

between adults and seedlings, which may also extend to competition between adults. 
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The research supported Lazarides' (1997) observation that most Triodia spp. 

are ecologically adaptable with six out of eight species investigated growing across a 

range of environmental parameters. The existence of a limited number of 

environmental specialists such as T. sauna, restricted to salt pans in other regions of 

Australia, was also demonstrated in this work with a single species, T aeria being 

restricted to the shale plain of Glenroy. 

Despite the majority of species being habitat generalists found across a range 

of habitats, their distributions in the landscape were not random, reinforcing the idea 

that interspecific competition shapes the community structure amongst these species. 

Triodia bitextura, for example, is found growing on sandstone escarpments but only 

when T. epactia is absent from the region. If interspecific competition does in fact 

contribute to the patterns observed at the landscape scale in these Triodia 

communities there must be a niche dimension over which they compete. This is 

considered to be the regeneration niche due to the species observed having a range of 

distinct post-fire regeneration strategies. 

This suggests that while Triodia spp. maybe poor competitors on more fertile 

soils, they are competitive on poor soils in arid regions where nutrients and water are 

limited. While competition may be for water or nutrients it may also reflect a more 

competitive regeneration strategy whereby Triodia spp. are able to colonise low 

resource sites more efficiently or quickly than other plant species. This was 

illustrated by the very high establishment success of Triodia sp. during the first dry 

season after germination and the rapid seed set from resprouting individuals 

(Armstrong and Legge 2011). 
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8.6 Disturbance 

While I have discussed regeneration strategies as a deterministic process 

these are initiated by a semi-stochastic process; fire. Despite fire ignitions occurring 

from lightning strikes and the movement of fire being affected by weather 

conditions, it is not a wholly stochastic process because lightning occurs 

predominantly during the wet season and the probability of a fire spreading is greater 

when the moisture levels in leaves drop at the end of the wet or during the dry 

season. The ability of fire to travel through Triodia communities is also dependent on 

the age, size and spatial arrangement of individual plants. Fire is much more likely to 

spread in a mature stand because plants are larger and therefore closer together 

enabling flames from a burning individual to ignite its neighbours (Allan and 

Southgate 2002). Therefore, while the degree of stochasticity of fire behaviour is a 

major determinant in the structure of this community this is tempered by the 

demographic processes of the species themselves. This represents another feedback 

mechanism affecting community structure along with the interaction between 

individual species establishment requirements and the substrate. 

The fire regime also plays an important role in structuring the community 

with season, frequency, intensity and size all contributing to situations which favour 

particular regeneration strategies at particular times creating a situation of differential 

competitiveness between species. This was illustrated in the modelling of species 

responses to fire at different frequencies and scales. For example, the obligate seeder, 

Triodia sp., does not persist in the landscape when fires are both frequent and large, 

reflecting the observations that it can only re-establish from the seed bank, that it 
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requires several years of growth to reach maximum seed production and that 

dispersal is limited. When the fire scale is smaller Triodia sp. is able to persist, 

despite the frequency, because the proximity of burnt to unburnt sites would enable 

seeds to disperse into the burnt sites preventing localised extinctions. The differential 

competitiveness created in this scenario, of frequent, large fires, is demonstrated by 

T. epactia being able to persist, albeit at low density, under this regime. Persistence 

in this scenario is not simply due to the ability to resprout after fire because T. 

bitextura does not persist either. Persistence in this case must be a function of 

resprouting plus seed production and dispersal, which T bitextura lacks. This 

combination of deterministic regeneration responses after fire and stochastic seed 

dispersal has been described as semi-stochastic niche theory (Tilman 2004). 

8.7 Coexistence 

Inspection of the modelling outputs from this study shows there are numerous 

differences in the fire regeneration responses across a range of frequencies and scales 

between the three regeneration strategies operating in this Triodia community. When 

two species were placed into competition their responses were modified, however, 

when all three species competed coexistence was only possible in a very narrow 

range of fire frequencies, but over a wide range of scales. This result indicates that 

this is a community level response because the three species used in the simulation 

represent the three regeneration strategies observed for all the eight species. 

Disturbance by fire clearly provides differential spatial and temporal opportunities 

for these species, with different regenerations niches, as conditions become 

individually favourable to each of them. While it is possible to distinguish three 

regeneration strategies, with the differences among species within strategies being 
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less than those observed between strategies, species within the same strategy are not 

so similar as to be ecologically equivalent. For example, the obligate resprouters T. 

hitextura and T. acutispicula differ in the detail of how resources are allocated 

between sexual and asexual regeneration. Triodia acutispicula allocated slightly 

more resources to seed production compared to T. bitextura, while the latter allocated 

greater resources to ramet production. Similarly, the actual number of seedlings 

observed differed between the two obligate seeders Triodia sp. and T. aeria as does 

the number of resprouting individuals and seed production among the facultative 

resprouters. Coexistence of species both within and between regeneration strategies 

is therefore possible given sufficient variability in the availability of regeneration 

niches. 

The finding that species coexist over a narrow range of fire frequencies, 

centred around a mean fire return interval of 5 years, may be interpreted as an 

intermediate disturbance regime. The model predicts that at extreme frequencies of 

either no fire or annual fire coexistence is not possible. This is because some species 

are unable to persist under these conditions, both with (T bitextura) and without 

competition (T epactia). However, coexistence is possible, to differing degrees, over 

all fire scales except the very largest, indicating fire frequency has a more important 

role in structuring this community than the scale of fires. However, this does not 

account for the significant role fire scale was observed to make in the simulations 

without competition, suggesting coexistence across all scales may be an artefact of 

the model. Perhaps the range of scales in which coexistence was observed would be 

reduced if feedback mechanisms, such as differences in establishment success on 

different substrates, was included in the model. 
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Differential establishment success is likely to be dependent on the 

combination of sympatric species and substrate conditions, as described for T 

epactia and T bitextura above. Similar modelling to investigate the processes which 

account for the structure in a Banksia spp. community found coexistence was only 

possible when species specific substrate parameters were included, which reduced 

potential landscape occupancy (Groeneveld et al. 2002). These parameters were not 

included in our model, possibly introducing overly optimistic results, especially as 

noted above, in relation to fire scale. 

Another possibility is that the spatial scale of the model was inappropriate. 

While neither population size or proportion of patches occupied falls to zero in the 

full competition scenario both results fall towards zero as the fire scale increases. 

The model landscape, at 1.6 km2, was assumed to be of an adequate size to 

investigate demographic scenarios based on a qualitative assessment of the 

approximate spatial range of species within the community. The declining trend in 

population size, and therefore persistence in the landscape, as fire scale increases is 

suggestive that if the landscape was larger, coexistence would not be possible at fire 

scales larger than those modelled. This does not negate that coexistence would still 

span a range of fire scales and depending on the size of the model landscape chosen, 

deciding whether this disturbance effect was "intermediate' or not would become 

semantic. This remains an area for future research. 

8.8 Directions for future research 

Casual observations of the regeneration strategies of other Triodia spp. in 

central Australia and Queensland suggest that the limited number of strategies 
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observed in the species at MWS also applies to several other species. If so, this 

research could form the basis for a more extensive project to classify and interpret 

the regeneration strategies of Triodia spp. in a range of other habitats. By using this 

data, as I have done, to determine plant community processes, this could be used to 

inform a range of management practices. While fire management is the most obvious 

application for this information, Triodia spp. are also being considered for harvesting 

for building materials and biofuel. Understanding the life cycles and processes which 

structure these communities is required for these applications to be sustainable. 

8.9 Summary 

It is clear from this research that disturbance by fire enables the coexistence 

of plant species with different regeneration strategies and this is likely to have been 

the case for millennia. Stochasticity in the disturbance regime creates regeneration 

niche opportunities which are able to be exploited by sympatric species with 

different regeneration strategies. This has been demonstrated in African fynbos 

(Thuiller et al. 2007), North American grasslands (Questad and Foster 2008) and 

now Australian savanna. Coexistence is not a simple deterministic process in which 

species respond predictably to particular disturbance regimes. Feedbacks exist 

between the disturbance, the regeneration strategy of a species and establishment 

success on particular substrates. Long-term resilience also requires propagule 

dispersal and successful establishment into sites where localised extinctions occur. 

The process structuring this Triodia spp. community, enabling species to coexist, is 

therefore best described as stochastic niche theory (Tilman 2004). Neither standard 

niche (1-lutchinson 1957) or neutral theory (Hubbell 2001) are capable of explaining 

the patterns observed in this community. 
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It is becoming clearer that coexistence of plant species representing different 

functional groups (in this example with different regeneration strategies) is important 

for ecosystem functioning (Hector and Bagchi 2007). Complex ecosystems are more 

productive and resilient to disturbance than simplified systems (Tilman et al. 2006) 

highlighting the importance of maintaining biodiversity. 

8.10 The relevance of this research to granivorous birds 

Prior to this study the seed productivity of Triodia spp. was generally thought 

to be low, due to the predominance of studies undertaken in arid and semi-arid 

environments. If true, the productivity of Triodia spp. at the beginning of the wet 

season, when this is the only available food for granivores in northern Australia, 

would have been a significantly limiting resource. This would have created a strong 

imperative to ensure that this resource was not uniformly removed by fire across the 

landscape. Several issues emerged during this study which ameliorate these 

concerns. The work has shown that Triodia spp. are highly resilient to fire in this 

environment and that some species produce such vast quantities of seed that it is 

essentially an unlimited resource for granivores. The highly productive species, T. 

epactia and Triodia sp., proved to be such a reliable food source for Gouldian 

Finches that the distribution of these grasses could be used to reliably predict the 

location of these birds during the early wet season. The reliability and quantity of this 

food source does not however, negate the need to manage fire in a way that protects 

this resource. Prior to management by AWC extensive uncontrolled fires occurred 

across MWS, which appear to have been more extensive than would be considered 

'natural'. The ignition of some of these fires were traced back to human causes 

confirming the above concern. Unnaturally large fires may have the ability to destroy 



this food resource, at least locally, and so the current patchy fire management regime 

operated under the EcoFire project prevents these potentially devastating losses. This 

will enable continued resilience and coexistence of these Triodia spp. and the 

ongoing food resource provided for granivorous species. 
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Appendix 1 

Abstracts for published chapters 

2: Triodia caelestialis (Triodieae: Chloridoideae: Poaceae), a new species from 

the central Kimberley, Western Australia 

Abstract Triodia caelestialis G. Armstrong, a new species from the central 

Kimberley of north-western Australia is described based upon morphological 

characters and reproductive traits. The taxon is distinguished from its sister species 

T. acutispicula Laza. by differences in inflorescence morphology and allocation of 

resources to sexual reproduction. T caelestialis produces approximately five times 

more seed than T acutispicula resulting in higher seedling densities and does not 

produce stolons whereas T. acutispicula allocates greater resources to asexual 

reproduction through the production of numerous stolons. A predicted species range 

map is produced using BlOC LIM modeling and the morphological effect of a leaf 

axil fungal infection is discussed. 
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3: Landscape partitioning among Triodia spp. (Poaceae) in the fire prone 

Kimberley, north-west Australia 

Abstract The processes which determine the structure of plant communities vary 

across spatial and temporal scales. Climatic factors are more likely to influence 

community structure at a regional scale with more transient environmental effects 

such as disturbance or demographic interactions having a greater influence at local 

scales. Understanding these differences is important for managing communities at a 

landscape scale. Triodia spp. grasslands are the most extensive plant community in 

Australia, covering 1.4 million km2, and yet little is known about the processes 

which structure these communities. We collected data on six sympatric Triodia spp. 

at the regional, landscape and local scale across the 325,000 ha property, Mornington 

Wildlife Sanctuary, in the Kimberley region of north Western Australia to investigate 

the processes which structure this community. Regionally we looked for correlations 

between species distributions and substrate or rainfall. At the landscape scale we 

collected data on substrate, drainage and vegetation type and at the local scale we 

determined the extent to which individuals form mono-specific stands both along and 

across the contour gradient. Only one species, T aeria, was found to be substrate 

specific and only T. epactia was restricted to the drier southern end of the property. 

The other species were not restricted by substrate or rainfall at the regional scale and 

were found to be habitat generalists at the landscape scale. All species grew in mono-

specific stands with little to no mixing at shared boundaries. However, this pattern 

broke down when crossing the contour gradient on hillsides. The results suggest 

rainfall may influence the distribution of some Triodia spp. at a regional scale with 

interspecific competition, due to differences in post-fire regeneration niches, 
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structuring the community at the local scale. At the landscape scale community 

structure appears to be influenced by feedback mechanisms involving differences in 

the post-fire regeneration strategies of sympatric species and subsequent competition 

for establishment microsites. 
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4: Armstrong C. & Legge S. (2011) The post-fire response of an obligate seeding 

Triodia species (Poaceae) in the fire-prone Kimberley, north-west Australia. 

Abstract Triodia spp. have been described as behaving functionally as a shrub 

because above ground biomass accumulates slowly over time culminating as the 

dominant vegetation layer. When combined with high flammability, little seed 

dormancy and conflicting evidence for fire induced seed germination, obligate 

seeding species may be more vulnerable to short fire intervals than resprouting 

species. This study investigated the post-fire regeneration response of the obligate 

seeder Triodia sp. nov. (aff. T schinzii) in the fire prone Kimberley, north west 

Australia. All adult plants were destroyed by fire in experimental plots to assess the 

degree of regeneration from either resprouting or germination from seed due to fire. 

To control for the removal of adults, without fire, plants were pulled out by hand m 

replicate plots. Further control plots received no treatment. Germination of Triodia 

sp. nov. seed from the soil seed bank was strongly induced by fire. Establishment and 

survival of seedlings through the first dry season and into the next wet season was 

high with a small proportion of individuals flowering at this time. The regenerative 

response of this species to fire is different to that of sympatric Triodia species but is 

similar to T. aeria found 20 km to the north. It is concluded that Triodia sp. nov. is 

resilient to the short fire intervals experienced in the Kimberley where it is a 

successful localised species. 
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6: Evidence for the equal resilience of Triodia spp. (Poaceae), from different 

functional groups, to frequent fire dating back to the late Pleistocene. 

Abstract Species with different regenerative responses to fire are hypothesised to 

coexist by utilising the different temporal and spatial niche opportunities created by 

the stochasticity of the fire regime. This is strongly supported by observations of 

instability of species presence and abundance at the local scale while being stable at 

the community scale. However, observations of species coexistence in fire prone 

communities are limited to several decades only. To improve the robustness of this 

hypothesis coalescent analysis, using chioroplast microsatellites, was undertaken on 

three sympatric species of Triodia from different functional groups in the fire prone 

Kimberley of Western Australia. The results inferred that T. bitextura an obligate 

resprouter, Triodia sp., an obligate seeder and T. epactia, a facultative resprouter, 

had mean Tmrca of 65k, 40k and 111k generations respectively. Using a mutation 

rate of 3.2x10 5  and a generation time of 5 years, gave Tmrca of 436k, 203k and 

556k years respectively. These results provide evidence for the coexistence of 

these species to the same fire regime dating back to the late Pleistocene. It also 

demonstrates the long term resilience of an obligate seeder, Triodia sp., in a 

frequently burnt environment at the community scale. 
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7: Fire history from life-history: determining the fire regime that a plant 
community is adapted using life-histories. 

Abstract Wildfire is a fundamental disturbance process in many ecological 

communities, and is critical in maintaining the structure of some plant communities. 

In the past century, changes in global land use practices have led to changes in fire 

regimes that have radically altered the composition of many plant communities. As 

the severe biodiversity impacts of inappropriate fire management regimes are 

recognized, attempts are being made to manage fires within a more 'natural' regime. 

In this aim, the focus has typically been on determining the fire regime to which the 

community has adapted. Here we take a subtly different approach and focus on the 

probability of a patch being burnt. We hypothesize that competing sympatric taxa 

from different plant functional groups are able to coexist due to the stochasticity of 

the fire regime, which creates opportunities in both time and space that are exploited 

differentially by each group. We exploit this situation to find the fire probability at 

which three sympatric grasses, from different functional groups, are able to co-exist. 

We do this by parameterizing a spatio-temporal simulation model with the life-

history strategies of the three species and then search for the fire frequency and scale 

at which they are able to coexist when in competition. The simulation gives a clear 

result that these species only coexist across a very narrow range of fire probabilities 

centred at 0.2. Conversely, fire scale was found only to be important at very large 

scales. Our work demonstrates the efficacy of using competing sympatric species 

with different regeneration niches to determine the probability of fire in any given 

patch. Estimating this probability allows us to construct an expected historical 

distribution of fire return intervals for the community; a critical resource for 
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managing fire-driven biodiversity in the face of a growing carbon economy and 

ongoing climate change. 
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