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SUMMARY 

Across the globe, recognition and prioritisation of restoration ecology as a rapidly 

growing scientific field has never been more important to ensure we can 

implement large-scale and cost-effective restoration of biodiverse plant 

communities in a cost efficient manner. With this, re-establishing plant cover of 

framework species that stabilise degraded sites is one key method currently 

implemented to contribute to landscape scale restoration in arid systems. Yet, for 

regions such as the Pilbara in the northwest of Australia, rapid expansion of the 

mining sector has led to an unprecedented level of land clearing. To date, the 

current vegetation clearance for resource development in the region exceeds 

120,000 ha and restoration attempts fail to reinstate the desired levels of plant 

diversity and vegetation cover at the scale and pace to meet the degrading 

influences. 

Given that less than 10% of sown seed results in an establishment event, 

considerable effort needs to be placed on understanding the reasons behind these 

establishment shortfalls. This study focussed on seed dormancy and germination 

traits as a key limiting step in the chain of seed-use, embracing the understanding 

that seed dormancy is a major impediment to restoration efforts, and any 

improvement in the quality and germination potential of a seed batch prior to 

sowing will provide a higher likelihood of restoration success.  

Therefore three core themes in this thesis were investigated: (1) a Pilbara-wide 

classification of seed dormancy and an assessment of the influence of temperature 

and chemical stimulants on germination patterns, (2) optimisation of dry after-

ripening (DAR) methods for seeds of a key framework genus, Triodia, with direct 

comparisons of physiological dormancy alleviation for florets versus seeds, and (3) 

the effects of wet and dry heat treatments on physical dormancy alleviation and 

germination of seeds from the Fabaceae and Malvaceae families. 

Germination traits were assessed for 89 species from the Pilbara arid zone. Of 

these, 73% (n=65 spp.) possessed some kind of dormancy. Species with seeds with 

physiological (34%, n=30 spp.) or physical (32%, n=28spp.) dormancy were found 

in the largest proportions. Non dormant seeds comprised 27% (n=24 spp.) of 

species. By examining the seed germination response of each species to various 
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incubation temperatures and germination stimulants nine distinct patterns, or 

germination signatures, were determined. Within the germination responses 

observed, which ranged from 0 – 100%, these germination signatures grouped 

species into three groups: (1) species with seed that possessed low germination 

and were deeply dormant; (2) species with seed that positively interacted with 

warmer incubation conditions and germination stimulants, and; (3) species with 

seed that possessed an un-restricted germination potential at all temperatures, 

regardless of the presence/absence of germination stimulants.  

Once classified, I focussed on the two dominant seed dormancy classes found, 

physiological and physical dormancy, and investigated multiple pre-treatment 

options to overcome dormancy and maximise germination in 19 species from the 

three most common families found in the Pilbara (i.e. Fabaceae, Poaceae, and 

Malvaceae).  

Triodia species (Poaceae) are the key perennial grass component missing in 

Pilbara restoration efforts. This study confirmed that florets and seeds of Triodia 

species exhibit physiological dormancy. Thus, seeds of seven species of Triodia 

were evaluated for their response to targeted dormancy alleviation techniques 

involving comparisons between dry after-ripening duration, germination 

stimulants, and the effects of seeds remaining in florets or being cleaned to seeds.  

Dry after-ripening (DAR) florets and seeds by storage at 30°C and 50% relative 

humidity promoted the progressive alleviation of physiological dormancy over 12-

24 months storage. Germination response to a smoke-derived germination 

stimulant karrikinolide (KAR1), during DAR was species specific, although typically 

the KAR1 response decreased during storage. Variation in dormancy level and 

germination response differed amongst species, experimental units (florets and 

seeds), during DAR, and after exposure to germination stimulants. 

In seeds that were identified to have physical dormancy, seven species from the 

Fabaceae and five species from the Malvaceae, were tested for the effectiveness of 

wet and dry heat treatments on the alleviation of physical dormancy. Seeds were 

exposed to wet and dry heat treatments at multiple temperatures (40-100°C) for 

various durations (2-30 mins). Germination of all seven Fabaceae species and two 

Malvaceae species (Androcalva and Corchorus species) increased rapidly as the wet 

heat temperature increased, for all exposure times used in this study. Generally, 
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optimum temperatures for wet heat treatments were between 70-90°C, for 2-5 

mins. This trend was not as pronounced in the dry heat treatments which often 

required higher temperatures (90-100°C) and longer durations (up to 30 mins) to 

show a similar increase in germination. The three least-responsive species 

(Abutilon, Hibiscus, and Sida species – Malvaceae) to any of the treatment 

combinations demonstrated a trade-off between the failure to alleviate physical 

dormancy at the lower treatment temperatures, and the loss of viability at the 

highest treatment temperatures. Combinational dormancy (physical + 

physiological dormancy) was also evident in these three genera. To my knowledge, 

this thesis is the first to report on combinational dormancy being present in seeds 

from the Pilbara, and most likely the first in these typically physically dormant 

genera, globally.  

The findings of these studies significantly advance the understanding of seed 

dormancy and germination impediments that exist in the Pilbara arid zone and 

provide a research template for research into other arid zone floras. Further, by 

investigating techniques to overcome dormancy in the two most common 

dormancy classes (physiological and physical) and the three most common plants 

families (i.e. Poaceae, Fabaceae, and Malvaceae), significant step changes have 

occurred in the ability to identify and promote the loss of dormancy for seeds 

required in Pilbara restoration programs. 
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CHAPTER 1 – General introduction: ecological restoration in 

degraded arid systems and the focus on seed dormancy 

 

Defining global arid systems 

Arid and semi-arid landscapes are characterised by low levels of precipitation 

falling at various temporal and spatial scales (< 500mm per annum - Noy-Meir 

1973; Chesson et al. 2004; Salguero-Gómez & Casper 2011), high 

evapotranspiration (< 0.5 Aridity Index - Ezcurra et al. 2006; Ward 2009), and 

extreme temperature conditions (Mendez & Maier 2008; Ooi, Auld & Denham 

2009). A moisture pulse can differ in size, frequency, and timing (Schwinning & 

Sala 2004) and flora and fauna must have the ability to respond rapidly to 

‘biologically significant’ (Reynolds et al. 2004) or ‘physiologically effective’ rain 

events (Letnic & Dickman 2010), or have sufficient reserves and survival 

mechanisms to persist until the next significant rain event (Holmgren et al. 2006). 

The origin of the moisture input also varies across global arid systems from snow 

melt (e.g. central Asian deserts) and dense fog banks (e.g. Namib Desert) through 

to the extreme climatic rainfall events during the El Niño Southern Oscillation 

phenomenon (Holmgren et al. 2006; Ward 2009; Ebner, Miranda & Roth-Nebelsick 

2011; Maphangwa et al. 2012). Irrespective of where a moisture input originates, 

this moisture pulse governs primary plant productivity and seed recruitment 

opportunities in highly variable desert environments (Chesson et al. 2004). 

Characteristic vegetation assemblages of arid regions typically comprise long-lived 

perennial shrubs and trees, through to short-lived annual herbaceous species (Kos 

& Poschlod 2007; Ooi, Auld & Denham 2009). Across different continents, the 

diversity of arid zone flora, growth forms, and the level of species endemism, found 

in areas such as the Succulent Karoo in South Africa, the Sonoran desert 

communities in North and Central America, and the Eremaean Botanical Province 

of Western Australia, are at times comparable to other biodiversity rich regions in 

higher rainfall zones (Cowling et al. 1998; Beard, Chapman & Gioia 2000; Klak, 

Reeves & Hedderson 2004). Once established, perennial vegetation is highly 

resilient and persists in these harsh landscapes through drought-avoiding and/or 

drought-tolerating adaptations such as leaf succulence (Ward 2009), deep and 
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specialised root systems (Canadell et al. 1996; Salguero-Gómez & Casper 2011), 

and an ability to shift physiological activity in response to varying seasonal 

conditions (Reynolds et al. 1999; Grigg, Veneklaas & Lambers 2008a; Grigg, 

Veneklaas & Lambers 2008b). Conversely, annual plants avoid extended periods of 

drought by persisting in the soil seed bank and rapidly complete their life cycles 

during favourable seasons when moisture ceases to be a limiting factor (Holmgren 

et al. 2006). Seed traits such as rapid germination, small size, delayed germination 

(e.g. dormancy), and the spreading of recruitment events both spatially and 

temporally have proven to be advantageous to the long-term persistence of annual 

plant communities, especially in low rainfall environments  (Jurado & Westoby 

1992; Rees 1994; Rees 1996; Brown 2002; Simons & Johnston 2006; Venable 

2007; Parsons 2012; Gremer & Venable 2014). 

 

Restoring degraded arid systems 

Across the globe, recognition and prioritisation of restoration ecology as a rapidly 

growing field of applied science (Suding 2011; Balaguer et al. 2014) has never 

been more important to ensure practitioners can implement large-scale, 

repeatable restoration in a cost efficient manner (Merritt & Dixon 2011; Menz, 

Dixon & Hobbs 2013). Ecological restoration aims to ensure sites are capable of 

resisting the normal environmental stressors present in any environment (e.g. 

invasive species, drought, fire, flood, and climate change) (Funk et al. 2008), or at 

least have the ability to recover and reorganise after future disturbances (Elmqvist 

et al. 2003).  

In a recent review on the principles of ecological restoration (SER 2004), 

Shackelford et al. (2013) highlighted the need to consider all components of the 

restoration process that included (1) selecting and re-instating the correct species 

composition, (2) understanding the importance of ecosystem function, (3) 

demonstrating the ability of a restored system to absorb and/or bounce back from 

natural disturbance, (4) ensuring that broader landscape processes and 

connectivity are incorporated, and (5) the need for human intervention that 

includes the implementation of social and cultural actions and values. Greater 

incorporation of each of these ecological restoration components would most 
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likely increase the likelihood of successful restoration outcomes.  Although not 

explicitly mentioned, all these components are hierarchically linked and represent 

the strong interplay between all the living and non-living components involved in 

successfully reinstating the structure and function of a disturbed system (King & 

Hobbs 2006).  

Arid to dry-subhumid regions cover large areas of the globe (ca. 40% of the Earth’s 

land surface) and support over a third of the world’s human population (Reynolds 

et al. 2007; Verstraete, Scholes & Smith 2009; Maestre et al. 2012; James et al. 

2013). For instance, in the driest of all continents, over 75% of inland Australia is 

classified as arid, and in this region, significant economic activity occurs through 

agriculture (cattle and sheep farming) and mining (particularly iron ore) (Peel, 

Finlayson & McMahon 2007). A large majority of these arid areas have been 

impacted by human settlement and estimates of the land degraded range up to 

20% (Reynolds et al. 2007). Commonly, vegetation clearance, over grazing by 

livestock, weed invasion, altered land management (e.g. suppression of fire), and 

mineral resource extraction have all contributed to continued land disturbance 

(McDonald & Williams 2009; Wisdom & Chambers 2009; James, Svejcar & Rinella 

2011). Re-establishing plant coverage of dominant framework species that 

stabilise degraded sites is one key method currently implemented to contribute to 

landscape scale restoration (Carrick & Krüger 2007; Cao et al. 2011; James, Svejcar 

& Rinella 2011; Rinella et al. 2012). Yet, successfully reinstating plant diversity and 

the complex connections between many biotic and abiotic elements remains 

problematic in degraded arid systems (King & Hobbs 2006; Carrick & Krüger 2007; 

James et al. 2013). 

Norris (2012) indicated the need to implement a ‘systems approach’ to 

biodiversity and ecosystem services management. In this assessment, it was found 

that critical components lowest in an ecosystem hierarchy, such as micro-

organisms and fungi, are often overlooked and are major knowledge gaps in the 

understanding of complex ecosystem functioning (Norris 2012). In an ecosystem 

restoration context, James et al. (2013) further supports this hierarchical notion 

whereby significant losses of sown seed occurs at the emergence phase, and 

without overcoming this recruitment impediment, processes higher in the 

hierarchy are not possible, leading to limited restoration success. Therefore, if we 
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are to move into improving the likelihood of re-instating key framework species to 

restoration sites, focus needs to shift to critical processes lowest in the restoration 

hierarchy, such as seed-based recruitment bottlenecks, before we can increase the 

probability of successful restoration (James et al. 2013). 

 

Restoring post-mined landscapes using seed  

Although much of the Australian arid interior is managed for commercial grazing 

(Waudby, Petit & Robinson 2012), regions such as the Pilbara bioregion have been 

altered by mineral-rich resource extraction for over 100 years (McKenzie, van 

Leeuwen & Pinder 2009). Most recently, significant growth of the iron ore mining 

sector in the Pilbara has occurred and is now the largest commodity export for 

Western Australia’s economy, reaching $68 billion in 2013 (Ye 2008; DMP 2013-).  

One obvious drawback of this rapid expansion is that a significant amount of native 

vegetation clearing must take place, resulting in a disturbance footprint that 

currently exceeds 120,000 ha (EPA 2013). In the post-mining landscape, waste 

rock landforms make up a significant proportion of the disturbed lands. These 

landforms require extensive re-profiling and re-establishment of native vegetation 

to blend in with the surrounding undisturbed landscape and need to be designed 

to maintain geomorphological stability overtime (Hancock, Loch & Willgoose 

2003). Yet, even though regulatory approvals state that some level of ecological 

function must be re-instated to these disturbed areas, recent evidence suggests 

that key biodiversity measures, such as plant diversity and vegetation cover, are 

not being achieved at the desired levels (EPA 2013). To overcome these 

restoration shortfalls, continual investment in topsoil management and the large-

scale use of native seed have been identified as key areas that will assist improving 

restoration outcomes (Merritt & Dixon 2011; EPA 2013; Golos & Dixon 2014). 

Recent research focussing on utilising topsoil and seed-based technologies 

demonstrate that species-rich and self-sustaining restoration can be delivered on a 

practical level (Rokich & Dixon 2007; Kiehl et al. 2010). A significant proportion of 

species can establish in restoration sites if freshly stripped topsoil is returned 

(Rokich et al. 2000), but not all targeted species will return from the topsoil 

seedbank (De Villiers, Van Rooyen & Theron 2001; Golos & Dixon 2014). 
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Therefore, even when topsoil is available, restoration of degraded landscapes 

requires a high input of viable and germinable seed to improve the likelihood of 

rehabilitation success (Broadhurst et al. 2008).  

Collecting sufficient numbers of high quality seed at the quantities required for 

large-scale restoration is often the first significant challenge faced by restoration 

practitioners (Lippitt, Fidelibus & Bainbridge 1994; Mortlock 2000; Merritt & 

Dixon 2011). Once collected and processed, seed can be stored for future use 

(Crawford et al. 2007) or delivered directly to restoration sites awaiting suitable 

conditions for establishment. However, prior to delivering seeds to site, many 

factors may contribute to the inefficient use of seeds such as: (1) loss of viability 

throughout the collection, cleaning, and storage phases (Crawford et al. 2007; 

Probert et al. 2007), (2) inaccurate quality testing prior to storage resulting in 

limited knowledge of the true potential of the seed collection (Merritt & Dixon 

2011), and (3) a lack of knowledge in dormancy alleviating pre-treatments 

reducing the potential of plant establishment (white boxes - Figure 1.1) (Bell 1999; 

Merritt et al. 2007; Turner et al. 2013).  

Once seed is returned to site, on-ground restoration in arid systems is further 

complicated by biotic and abiotic factors that adversely affect the efficiency 

between the amount of seed broadcast and the number of plants that establish and 

survive, commonly resulting in less than 10% field establishment (Williams et al. 

2002; Turner et al. 2006b; James, Svejcar & Rinella 2011; Merritt & Dixon 2011; 

James et al. 2013). Factors such as insufficient rainfall and temperature extremes 

(Mendez & Maier 2008), altered or impenetrable soil conditions (Carrick & Krüger 

2007; Madsen et al. 2012; Madsen et al. 2014), low seed dispersal from 

surrounding vegetation (Standish et al. 2007), and poor seedling establishment 

(James, Svejcar & Rinella 2011; Commander et al. 2013), can all contribute to 

reduced restoration success during plant recruitment (grey boxes – Figure 1.1). 

The recent development and implementation of the conceptual framework 

supporting the chain of seed-use in ecological restoration has highlighted the 

connected nature of these recruitment processes (Figure 1.1) (Merritt & Dixon 

2011; Commander et al. 2013; James et al. 2013). For instance, seed enhancement 

technologies that include coating and/or embedding seeds in a soil matrix 

composed of compounds known to assist in germination and establishment, have 
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led to significant improvement in seedling establishment potential post-seeding  

(Turner et al. 2006b; Madsen et al. 2012; Madsen et al. 2014). Yet, the prevalence 

of seed dormancy and specific germination requirements lower in the seed use 

chain that also impede restoration efforts in Australian arid environments have 

only recently gained adequate attention (Hoyle et al. 2008c; Commander et al. 

2009b), and could well be a major reason for the reduced plant diversity occurring 

in post-mined landscapes (EPA 2013). Thus, without considering all the 

components of the restoration chain, such as seed dormancy and germination 

stimulation (Merritt et al. 2007) there remains impediments to the significant step 

changes needed to reinstate target species in a cost-effective way (Figure 1.1) 

(James et al. 2013). 

 
Figure 1.1. The chain-of-seed-use (white boxes) demonstrating the flow of a seed batch from the 
day of collection to the point of delivery back to site. Each transition in the chain (arrows) can 
influence the out-planting success of seeds in restoration (grey boxes). Cumulatively this chain-of-
seed-use approach is an example of a ‘systems approach’ in arid land restoration (James et al. 
2013). For instance, incorrect seed batch handling during the cleaning and quality phase or during 
short- and long-term storage can result in the loss of viability prior to use (Crawford et al. 2007; 
Probert et al. 2007). Further, the lack of consideration for relieving innate seed dormancy can 
impede plant establishment success (Merritt et al. 2007; Merritt & Dixon 2011; Turner et al. 2013). 
Lastly, once delivered to site, seed is confronted with an array of biotic and abiotic conditions that 
dictate whether a sown seed transitions from a seed in the soil seed bank to a mature reproductive 
plant (James, Svejcar & Rinella 2011). The recent use of seed enablement technologies is providing 
effective ways of overcoming some of the recruitment barriers present in the post-seeding 
environment (Madsen et al. 2012; James et al. 2013; Madsen et al. 2014).  

 

Seed dormancy – a considerable element often overlooked in restoring degraded arid 

systems 

Seed dormancy is prevalent in arid systems (Baskin & Baskin 2001; Kos, Baskin & 

Baskin 2012) and understanding the nature of the germination process plays a 
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critical role in improving the likelihood of plant establishment (Fenner & 

Thompson 2005). In an ideal situation, seeds of all species required for restoration 

would be non-dormant (ND) allowing species to germinate over the widest 

possible range of environmental conditions (Baskin & Baskin 2004c), maximising 

the establishment potential and minimising costs. With this, the transition from a 

sown seed to a germinated seedling would not be impeded by prevailing dormant 

seeds, as seen in some arid restoration programs (James, Svejcar & Rinella 2011; 

James et al. 2013). The reality is that seeds of many species required for 

restoration possess complex dormancy mechanisms and have unresolved 

germination issues, rendering them unreliable and problematic for use in 

restoration programs (Merritt et al. 2007; Turner et al. 2013).  

Dormancy is a characteristic of the seed, acting to block germination in conditions 

that are otherwise suitable for germination of a non-dormant seed (Finch-Savage & 

Leubner-Metzger 2006). In an ecological context, this prevents germination during 

transient periods of favourable environmental conditions, but where the chances 

of long-term survival are relatively low (Long et al. 2014). These innate 

mechanisms reduce the risk of losing all offspring to un-favourable growth 

conditions post-germination and allow recruitment to be spread over years (Clauss 

& Venable 2000; Fenner & Thompson 2005; Venable 2007; Tielbörger, Petruů & 

Lampei 2012; Gremer & Venable 2014).  

Using mature, freshly collected seeds, dormancy status can be determined by 

assessing various seed attributes such as the seed or fruit coat permeability to 

water, embryo size and developmental stage (e.g. confirmation of embryo growth 

prior to germination), and the initial germination capability over a range of 

suitable environmental conditions (Baskin & Baskin 2004c). Seeds can then be 

routinely assigned into one of five principle dormancy classes: physical (PY), 

physiological (PD), morphological (MD), morphophysiological (MPD), and 

combinational (PY + PD), and if required, further sub-classified into different levels 

and types if additional information is gathered (Baskin & Baskin 2004b; Baskin & 

Baskin 2004c). Including ND seeds as a class of dormancy, this equates to six 

potential dormancy groupings. 

Before germination is possible, dormant seeds require exposure to a specific set of 

environmental conditions to break dormancy (Baskin & Baskin 2004c; Fenner & 
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Thompson 2005; Finch-Savage & Leubner-Metzger 2006; Bewley et al. 2013). 

Temperature and moisture are known to be the primary drivers of dormancy loss 

(Baskin & Baskin 2004c; Finch-Savage & Leubner-Metzger 2006; Merritt et al. 

2007; Bazin et al. 2011; Walck et al. 2011). Commonly applied techniques to break 

seed dormancy include short pulses of wet/dry heat (e.g. PY/ PY+PD seeds) (Auld 

& O'Connell 1991; Turner et al. 2006a; Cook et al. 2008; Hu et al. 2009), imbibition 

for prolonged periods to allow embryo growth prior to radicle emergence 

(MD/MPD seeds) (Tuckett et al. 2010; Hidayati et al. 2012), storage of seeds under 

warm, dry conditions (after-ripening, PD/MPD seeds), imbibition at cold (5-10°C) 

or warm (20-35°C) temperatures (stratification), or through wet/dry cycling (PD/ 

MPD seeds) (Hoyle et al. 2008a; Commander et al. 2009a; Turner et al. 2009b; 

Walck et al. 2011). By classifying species into known dormancy classes, and 

assigning species with the most likely combination of environmental conditions to 

overcome the block to germination, a greater understanding of recruitment 

dynamics for a wide range of species is easily achieved.  

 

Study Rationale  

It was anticipated that a rich array of seed dormancy and germination patterns 

would be observed across the Pilbara bioregion due to its unique, ancient geology, 

coupled with extreme arid conditions, diverse landforms, and a highly fire-adapted 

flora (Figure 1.2) (Burbidge 1943; Van Kranendonk et al. 2007; McKenzie, van 

Leeuwen & Pinder 2009; Rouillard et al. 2015). As one of the suggested refugia for 

flora and fauna through geological time (Byrne et al. 2008), the relatively stable 

landscapes of the Pilbara have become a region well known for high levels of 

endemism and species divergence (Hnatiuk & Maslin 1988; Pepper, Doughty & 

Keogh 2013). For instance, evolutionary divides between the more mountainous 

sections of the southern Pilbara (e.g. Hamersley Range, Figure 1.2) and the 

northern floodplains, granitic outcrops, and flat coastal areas have recently been 

recognised, with a distinct long-standing genetic divergence of geckos identified in 

the south versus the north (Pepper, Doughty & Keogh 2013).  

Additionally, fire is an integral part of Pilbara ecosystems (Burbidge 1943). For 

instance, in the 2-5 years immediately post-fire, a rapid recovery of vegetation 
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occurs with high levels of species diversity and plant densities evident. Short-lived, 

fire ephemerals quickly flower and set seed, returning to the soil seed bank, whilst 

the longer lived climax community recovers to reach pre-disturbance levels within 

8-10 years. Triodia species are the best example of this fire adaptation, with a 

diverse array of seeding and re-sprouting species and recruitment responses 

occurring across all arid regions of Australia, including the Pilbara (Rice & 

Westoby 1999). 

 
Figure 1.2. Endless mountain escarpments covered in Triodia hummock grasslands are 

characteristic of the Hamersley Range (i.e. the southern portion of the Pilbara bioregion). Plant 

diversity and community structure changes as you traverse the diverse topographic and ancient, 

rocky escarpments (A), mesa cliff faces (B), rocky mid-slopes (C), and drainage flats dominated by 

Acacia shrublands (D). Fire is also an integral part of the Pilbara ecosystems. Dense pockets of 

seedlings (E) and re-sprouting species (F) recruit immediately after fire and after suitable rainfall 

seasons of the Pilbara. At times, hundreds of individuals occupy a few square metres after 

synchronous dormancy release, germination, and seedling emergence. 
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Recognising that seed dormancy plays an integral role in controlling plant 

recruitment in these arid systems, particularly after fire, and that significant losses 

of seeds occur at the seedling emergence phase, this study investigated the 

presence of seed dormancy in plants from the Pilbara bioregion.  A particular focus 

of the study was to develop and optimise dormancy alleviation techniques to 

promote germination of species belonging to key grass and shrub assemblages, 

specifically targeting landscapes requiring re-seeding after open-cut mining 

(Figure 1.3.). Within this framework, methods were explored to benefit the future 

use of wild collected seed in land restoration programs.  

 
Figure 1.3. Open-cut mine sites in the Pilbara (A) require extensive re-seeding after mining ceases. 

However, before seeding can be successful, research needs to be carried out to determine the 

diversity of seed dormancy and germination strategies that in present in the natural environment 

(B). Specific dormancy alleviation pre-treatments can then be developed to improve the likelihood 

that plant establishment will occur (Photo credit: Alexandra Rouillard). 

The following chapters have been written as standalone manuscripts focussing on 

a Pilbara-wide dormancy classification of framework species (89 spp.) and the 

influence of temperature and chemical stimulants on germination patterns 

(Chapter 2), optimising dry after-ripening for seven Triodia species with direct 

comparisons of florets versus cleaned seeds (Chapter 3), and determining the 

effects of different wet and dry heat treatments of on germination of 12 species 

from the Fabaceae and Malvaceae (Chapter 4). Finally, consideration of how this 

information can then be used to improve the use of seed in large-scale restoration 

efforts in post-mining landscapes will be discussed (Chapter 5).   



29 
 

CHAPTER 2 – Germination signatures of 89 arid zone species: the 

interplay of warmer incubation temperatures, germination 

stimulants, and degree of physiological dormancy  

 

ABSTRACT 

In highly unpredictable arid environments moisture availability and its interaction 

with seasonal temperature regimes plays a critical role in regulating plant 

regeneration by seed. Rapid germination allows seeds to take advantage of limited 

windows of soil moisture provided by sporadic precipitation events. Yet, seeds of 

the majority of species from hot dry regions possess innate dormancy mechanisms 

to control germination timing. A greater understanding of the manner in which 

fresh seeds respond to simulated seasonal temperatures and environmentally 

related germination cues can provide a greater insight into the recruitment 

dynamics of fresh seeds and potential pre-treatment options for inclusion in 

restoration programs. In this study, I assessed germination traits for fresh seed 

from 89 species from the northern arid zone of Western Australia. Of these, 73% 

(n=65 spp.) possessed some kind of dormancy. Seeds with physiological (34%, 

n=30 spp.) or physical (32%, n=28spp.) dormancy were found in the largest 

proportions. Non-dormant seeds comprised 27% (n=24 spp.) of species. By 

examining seed germination response to various incubation temperatures and 

germination stimulants nine distinct patterns, or germination signatures, were 

determined. Within the germination responses observed, which ranged from 0 – 

100%, these germination signatures grouped species into three primary response 

classes: (1) species with seeds that were low germinating and deeply dormant (2) 

species with seeds that positively interacted with warmer incubation conditions 

and germination stimulants, and (3) species with seeds that had an un-restricted 

germination potential at all temperatures and regardless of the presence/absence 

of germination stimulants. The use of germination signatures provides a new way 

to understand the germination requirements of native species and will in future 

enhance restoration programs through increasing native species diversity. 
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INTRODUCTION  

Moisture availability and its interaction with seasonal temperature regimes play a 

critical role in regulating plant regeneration by seed (Fenner & Thompson 2005). 

These factors directly influence processes of seed dormancy release and 

germination (Baskin & Baskin 2004c; Finch-Savage & Leubner-Metzger 2006; 

Walck et al. 2011) and, therefore, the probability that a species will successfully 

transition from the soil seed bank to an established seedling (Donohue 2009). In 

arid systems, the ability to delay recruitment across multiple years and respond to 

changing environmental conditions allows species to co-exist in these highly 

variable environments (Facelli, Chesson & Barnes 2005). Evidence for this 

dormancy regulation in arid systems has been best demonstrated by the bet-

hedging strategies identified in desert annuals (Venable 2007; Kimball et al. 2012; 

Gremer & Venable 2014).  

Yet, given most arid systems are characterised by long-lived perennials, 

understanding how dormancy regulates the whole plant community is lacking. The 

nature of the perennial life form is thought to negate the need for seed traits such 

as rapid germination (Gutterman 2000; Parsons 2012) as the above-ground adult 

plant can regularly supplement the soil seed bank, possibly over many years 

(Jurado & Westoby 1992). However, perennial plants utilise disturbances such as 

fire through heat-driven dormancy alleviation and/or smoke-induced germination 

to stimulate rapid and mass recruitment shortly after a significant rainfall event 

(Dixon, Roche & Pate 1995; Roche, Koch & Dixon 1997; Keeley & Fotheringham 

1998; Van Staden et al. 2000; Zimmermann et al. 2008; Bradshaw et al. 2011; 

Nelson et al. 2012). These germination events (in terms of numbers of seedlings) 

are at times comparable to annual species under ideal conditions. Ultimately, the 

loss of seed dormancy and the timing of germination are the first critical tests that 

must be passed in the life history of a plant (Donohue 2005) as it strives to reach 

reproductive maturity in highly variable and challenging arid environments. 

Seed dormancy is known to occur in ca. 70% of species across all vegetation zones 

world-wide (Baskin & Baskin 2004b). In the drier desert biomes, the proportion of 

species with seed dormancy can increase to ≥ 85% (Baskin & Baskin 2001; Baskin 

& Baskin 2003b; Kos, Baskin & Baskin 2012). Dormancy is an innate property of 

the seed, and whilst the environmental cues required to alleviate dormancy vary 
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depending on the species and the type of dormancy present, the level of seed 

dormancy is intimately tied to cyclic changes in soil moisture and temperature 

which act as the primary cues for regulating seed dormancy status (Baskin & 

Baskin 2004c; Fenner & Thompson 2005; Finch-Savage & Leubner-Metzger 2006; 

Walck et al. 2011; Bewley et al. 2013). The most widely recognised scheme to 

classify the various kinds of dormancy is that developed by Baskin and Baskin 

(2004c), based originally on the work of Nikolaeva (1969). Under this scheme, a 

non-dormant (ND) seed is recognised as one that will germinate within 28 days 

over a (usually) wide range of temperature conditions, given sufficient moisture 

and an appropriate photo-regime (Baskin & Baskin 2004b; Baskin & Baskin 

2004c); with optimum germination temperatures typically coinciding with those 

occurring in situ during the reliable rainfall season (Vleeshouwers, Bouwmeester & 

Karssen 1995). For example, in a study on central Australian arid zone plants 

which experience a generally reliable summer rain season, seeds from 73 of 105 

species germinated at temperatures > 25˚C, with the majority of germination 

occurring within 10 days (Jurado & Westoby 1992). In comparison, species from 

more southerly arid locations, which experience more reliable rainfall during the 

winter months, germinated predominantly under the cooler temperatures of 

winter (12°C/4°C), or autumn 20°C/10°C (Facelli, Chesson & Barnes 2005). There 

are also examples of species that germinate in both winter and summer rainfall 

seasons (i.e. over a wide temperature range), although immediately after summer 

dispersal primary seed dormancy prevents mass germination in the first season 

for many species (Gutterman 1994; Gutterman & Gozlan 1998). 

At the opposite end of the dormancy spectrum, dormant seeds will not readily 

germinate under appropriate conditions, and require a specific sequence of 

environmental cues to first break dormancy (Finch-Savage & Leubner-Metzger 

2006). In addition to the seasonal fluctuations in soil temperature and moisture, 

dormancy can be alleviated by the heat of a passing fire, which can rapidly alleviate 

physical dormancy in seeds (Baskin, Baskin & Li 2000), or through altered nutrient 

(i.e. nitrates) or light conditions at the soil surface (Zimmermann et al. 2008). The 

treatment of seeds with gibberellic acid (GA3) or karrikinolide (KAR1) can also 

alleviate physiological dormancy (e.g. GA3) and stimulate germination in fire-

responsive species (e.g. KAR1) (Bell et al. 1995; Plummer & Bell 1995; Bell 1999; 

Baskin & Baskin 2004c; Flematti et al. 2005; Chiwocha et al. 2009; Nelson et al. 
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2012). Any increase in germination after exposure to these germination 

stimulants, or a broadening of the temperature range suitable for germination, 

provides an insight into the potential regenerative strategies these species may 

possess. For instance, increased germination after treatment with GA3 can confirm 

the presence of non-deep physiological dormancy (Baskin & Baskin 2004c), and 

therefore a requirement for after-ripening or stratification of seeds for dormancy 

loss in the natural environment (Hoyle et al. 2013). Alternatively, increased 

germination after exposure to KAR1 indicates that seeds can sense the passage of 

fire through chemical signalling (Nelson et al. 2012), and the period immediately 

after a burn would be the opportune time to germinate (Thompson & Ooi 2013). 

Thus, considerable increases in germination using these ecologically-related 

chemicals can provide a greater understanding of the recruitment dynamics of 

fresh seeds and potential pre-treatment options for inclusion in restoration 

programs (Commander et al. 2009b; Turner et al. 2013).   

Physiological dormancy (PD) is the most common class of dormancy found across 

all global vegetation types (Finch-Savage & Leubner-Metzger 2006). PD is found in 

the highest proportions in the driest vegetation types (e.g. ≥ 60% in cold/hot 

deserts), followed by physical dormancy (PY) (ca. 30% in hot deserts) (Baskin & 

Baskin 2001; Baskin & Baskin 2003b). The remaining classes of dormancy (MD, 

MPD, and PY+PD) vary in abundance and are generally in the lowest proportions 

(< 10%) and consequently are relatively uncommon in arid species (Baskin & 

Baskin 2003b; Kos, Baskin & Baskin 2012). PD is found in the greatest proportions 

across all plant life-forms (perennial shrubs, trees, and smaller herbaceous grass, 

forb, and succulent species). In contrast, PY is often restricted to shrubs and trees, 

occurring in similar proportions in these life-forms (Baskin & Baskin 2001).  

In some studies the proportion of dormant seeds has also been reported to vary 

with seed size (Jurado & Flores 2005; Harel, Holzapfel & Sternberg 2011) and 

between plant life-forms (Jurado & Flores 2005), with small-seeded and annual 

species generally producing more dormant seeds than longer-lived and larger 

seeded species (Kos, Baskin & Baskin 2012). In other studies however, the 

relationship between seed size and dormancy level is not supported (Leishman & 

Westoby 1994), and can be confounded by the overlapping influence of plant- and 

seed- traits such as seed size/weight, plant growth form, life span, and taxonomic 
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diversity (Rees 1996; Hölzel & Otte 2004; Wang et al. 2009; Kos, Baskin & Baskin 

2012). 

Studies of the seed dormancy and germination requirements of arid or semi-arid 

species are predominantly based on species from the deserts of Northern and 

Central America (Baskin, Chesson & Baskin 1993; Baskin & Baskin 2001; 

Adondakis & Venable 2004; Jurado & Flores 2005; Forbis 2010; Flores et al. 2011), 

the Middle East (Gutterman 2000; Gutterman 2002), and dry regions of South 

Africa (Kos & Poschlod 2007; Kos, Baskin & Baskin 2012). There are few studies 

from other desert biomes such as the cold deserts of China (Wesche et al. 2006) 

and arid Australia (Baskin & Baskin 2003a; Hoyle et al. 2008c; Commander et al. 

2009b). Most published studies focus heavily on a small number of species (≤ 20 

spp.) from a particular arid biome (Hoyle et al. 2008c; Commander et al. 2009b; 

Scott & Morgan 2012), with the occasional large multi-species assessments, which 

often focus heavily on a particular taxonomic group (Flores et al. 2011). All of these 

studies acknowledge the fact that seed dormancy is present in arid systems, but 

mostly don’t specifically follow the universally accepted Baskin and Baskin 

(2004c) seed dormancy classification scheme. Failure to do so makes it difficult to 

compare and interpret specific seed dormancy classes and standardised traits 

within and amongst similar studies.  

Using the Pilbara bioregion from northern Western Australia as my study system 

(Figure 2.1), and seeds from a wide representation of the flora (Table 2.1 and 2.2), 

I expected to observe that most species would have some level of seed dormancy 

regulating germination in freshly collected species. However, depending on the 

class of dormancy, and the related morphological, physiological and physical seed 

traits, the germination response to simulated seasonal temperatures and 

germination stimulants would differ (Hölzel & Otte 2004; Baskin & Baskin 2014). 

For example, a diverse range of germination patterns should exist across species 

exhibiting some level of endogenous dormancy (e.g. PD, MPD, PY+PD [with PY 

alleviated]), as germination physiology is phylogenetically diverse, labile (Willis et 

al. 2014), can range from low to high, and demonstrate specific thermal optima on 

a species by species basis (Watt & Bloomberg 2012). Conversely, species that have 

no physiological restriction to germination (e.g. ND or PY [with PY alleviated]) 

would be expected to germinate readily across a wide range of temperatures. 
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Therefore, this study aimed to test the following hypotheses: (1) in freshly 

collected seeds, dormancy would be prevalent amongst the 89 species that were 

assessed, (2) if seed dormancy is present, then species exhibiting PY and PD would 

be the dominant classes present, (3) a greater proportion of PD species would be 

attuned to physiological (e.g. GA3) and smoke-derived fire cues (e.g. KAR1) with 

germination percentages enhanced, (4) the thermal optima for germination would 

be aligned to the warmer (≥ 25°C) seasonal conditions of the Pilbara, (5) once 

seeds are heat-treated to alleviate PY, or ND, germination would be rapid and 

synchronized and occur over a wide temperature range, and (6) the specific 

germination traits amongst species would be phylogentically conserved and can be 

grouped into distinguishable patterns. 

 

METHODS 

Study location 

The arid Pilbara bioregion is located in the north-western region of Western 

Australia and covers approximately 179,000 km2 (Figure 2.1 A) (McKenzie, van 

Leeuwen & Pinder 2009). The region is dominated by the Hamersley Range, a vast 

hard rock landscape characterised by iron-rich escarpments in the south (Figure 

1.2), opening into broad floodplains and granite/basalt ranges to the north before 

reaching the coastal zone (Maslin & van Leeuwen 2008; McKenzie, van Leeuwen & 

Pinder 2009; Pepper, Doughty & Keogh 2013). Vegetation of the Pilbara region is 

typical of Australian arid zone species, comprised of dominant grasses (e.g. 

Aristida, Enneapogon, and Triodia spp.), common shrub/herb assemblages (e.g. 

Acacia, Hibiscus, Senna, and Sida spp.), and common shrub/tree elements (e.g. 

Eucalyptus, Eremophila, and Melaleuca spp.) (Maslin & van Leeuwen 2008). Most 

characteristic of the region is the vast coverage of perennial Triodia grass species 

(Figure 1.2). Average rainfall of the region is ca. 350 mm (BoM 2013) and is largely 

influenced by cyclonic activity in the warmer summer months (McKenzie, van 

Leeuwen & Pinder 2009). The rain season is concentrated in the warmer months of 

January, February, and March (61% of total annual rainfall – Figure 2.1 B), with 

evaporation in the region on occasions up to 12 times greater than the average 

rainfall (Maslin & van Leeuwen 2008). Average monthly maximum and minimum 
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temperatures for January are 39°C and 25°C, and for July are 25°C and 11°C, 

respectively (BoM 2013).  

 

Figure 2.1. Location of the Pilbara bioregion (hatched area in Panel A) in the northwest of Western 
Australia positioned between the latitudes of 23°S and 20°S, and the longitudes of 115°E and 121°E 
(McKenzie, van Leeuwen & Pinder 2009). Peak rainfall and hot summer temperatures in the Pilbara 
occur between December and March, with rainfall being highly variable from year to year (long-
term climate data for Newman Airport 1971-2014) (Panel B). 
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Additionally, high temperature extremes and variable soil moisture are 

characteristic of Pilbara conditions within any given season (Figure 2.2). For 

instance, high diurnal temperature fluctuations can be as high as 40°C during the 

summer months. However, when consecutive days of rain occur dramatic drops in 

soil temperatures occur (e.g. see the sharp drop in average daily temperatures in 

January, coupled with a series of consecutive rain events and rise in soil moisture 

values – Figure 2.2) and could potentially be the opportune period and 

temperature for which germination occurs in Pilbara species.  

 
Figure 2.2. Seasonal soil temperature and moisture conditions of one seed collection site near 
Newman, in the south-eastern Pilbara (August 2013 – Jul 2014). During the high temperatures 
recorded in the summer season (December through February), daily diurnal fluctuations can be as 
high as 40°C. But, after consecutive rain events a rise in soil moisture is correlated closely with a 
sharp decrease in average soil temperatures. This availability in soil moisture and drop in average 
soil temperatures (ca. 25-30°C) can last for ca. 4-7 days. 
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Seed collection 

Seeds of 89 species from 47 genera and 24 families (Table 2.1) were collected 

between May 2008 and November 2011 from the Pilbara bioregion (Figure 2.1). 

To ensure a wide representation of key species were present in this study, 

collections targeted areas of the Pilbara that received adequate seasonal rainfall 

that initiated consistent flowering and seed production. Specific landscape 

positions and a range of dominant community assemblages (i.e. mesa outcrops, 

alluvial flats, drainage gullies, creek lines), plant forms (i.e. trees, shrubs, herbs, 

and grasses), and life cycles (i.e. annuals and perennials) were therefore collected 

from to achieve the targeted high-diversity seed collections. Out of the ten most 

dominant families and genera recognised in the Pilbara bioregion, nine of these 

families and genera were represented in this study (Table 2.2), which accounts for 

approximately 5% of the Pilbara flora (downloaded 13th of March, 2013; DEC 

2007 -). Seeds were obtained from a minimum of 30 (to 1000+) plants over the 

whole population, except for Mirbelia viminalis, Senna venusta, and Eucalyptus 

leucophloia collections, where limited plant numbers or insufficient mature seed 

was available at the time of collection. All species were cleaned down to pure seed, 

except the three Aristida species, A. contorta, A. inaequiglumis and A. latifolia, 

which remained in the florets, and Astrotricha hamptonii, Boerhavia coccinea, and 

Tribulus suberosus, which remained in indehiscent fruits. For ease of reference, 

hereafter all experimental units will be referred to as seeds. For validation of the 

taxonomic status of each species, herbarium specimens for all seed collections 

were lodged at the Western Australian Herbarium with nomenclature following 

FloraBase listings (Western_Australian_Herbarium 1998 -). Prior to experimental 

set-up, seed material was stored in 15°C/15% RH (controlled environment [CE] 

room), or at -18°C, after a minimum of four weeks drying in the CE room. 
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Table 2.1. Characteristics of the 89 species present in this study including the current 
nomenclature (Western_Australian_Herbarium 1998 -), estimated viability utilised in the 
germination experiments, and plant- and seed-based traits used for classifying dormancy status 
and germination signatures (GS) per species. Species are grouped by their assigned GS and 
transition from deeply dormant, low germinating species in GS 1 through to non-dormant, high 
germinating species in GS 9. Six species were not assigned a GS due to insufficient seed numbers 
(un-assigned) but were still classified following the Baskin and Baskin dormancy classification 
scheme (Baskin & Baskin 2004b; Baskin & Baskin 2004c). The leaf number depicts the location of 
each species in the final classification tree analysis. 
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GS 1          

Arali- Astrotricha hamptonii F.Muell. 100^ P S MPD R 0.08 2.02 1 

Arali- Trachymene oleracea (Domin) B.L.Burtt 100^ A H MPD R 0.08 3.49 1 

Fab- Indigofera monophylla DC. 97.3 P S PY B 1.78 3.08 6 

Fab- Tephrosia sp. Fortescue (A.A. Mitchell 606) 100^ P S PY+PD* B 2.10 16.16 6 

Goodeni- Velleia panduriformis Bh. 100 P H PD Sp 0.69 7.79 3 

Po-  Eragrostis dielsii Pilg. 100 A G PD Lat 0.60 0.05 2 

Po-  Eragrostis tenellula (Kunth) Steud. 100 A G PD Lat 0.45 0.02 1 

Po-  Eragrostis eriopoda Bh. 96.7 P G PD Lat 0.43 0.12 1 

Solan- Solanum diversiflorum F.Muell. 98.7 P S PD L Cu 2.03 5.49 3 

GS 2          

Goodeni- Goodenia stobbsiana F.Muell. 84.0^ P S PD Sp 0.66 0.53 3 

Po-  Enneapogon caerulescens (Gaudich.) N.T.Burb. 100 P G PD Lat 0.71 0.34 2 

Po-  Paraneurachne muelleri (Hack.) S.T.Blake 92.7 P G PD Lat 0.59 1.94 2 

Portulac- Portulaca oleracea L. 91.3 A H PD P 2.00 0.08 4 

GS 3          

Boragin- Trichodesma zeylanicum (Burm.f.) R.Br. 99.3 P H PD Sp 1.00 10.43 2 

Chenopodi- Dysphania rhadinostachya (F.Muell.) A.J.Scott 96.0 A H PD P 1.94 0.17 2 

Cleom- Cleome viscosa L. 99.3 P H PD L Cu 1.75 0.54 2 

Goodeni- Goodenia vilmoriniae F.Muell. 74.7 A H PD Sp 0.79 1.31 3 

Nyctagin- Boerhavia coccinea Mill. 86.7 P H PD P 1.85 2.69 2 

Po-  Aristida contorta F.Muell. 95.3 A G PD Lat 0.57 1.38 2 

Po-  Brachyachne convergens  (F.Muell.) Stapf 100 A G PD Lat 0.55 0.16 2 

Po-  Enneapogon polyphyllus (Domin) N.T.Burb. 97.3 A G PD Lat 0.84 0.48 2 

Po- Triodia angusta N.T.Burb. 100^ P G PD Lat 0.34 0.51 1 

Po-  Triodia basedowii E.Pritz. 100^ P G PD Lat 0.54 1.29 2 

Po-  Triodia sp. Shovelanna Hill  (S. van Leeuwen 3835) 100^ P G PD Lat 0.55 1.16 2 

Solan- Solanum dioicum W.Fitzg. 100 P S PD L Cu 1.99 1.42 3 
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Table 2.1. Continued 
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GS 4          

Amaranth- Gomphrena cunninghamii (Moq.) Druce 100^ A H PD P 2.22 0.82 5 

Aster- Pterocaulon sphacelatum (Labill.) F.Muell. 100 P S PD L St 1.00 0.03 4 

Aster- Streptoglossa decurrens (DC.) Dunlop 94.8 P H ND L St 1.00 0.90 4 

Brassic- Lepidium pedicellosum F.Muell. 100 P S PD B 1.86 3.16 5 

Cyper- Cyperus ixiocarpus F.Muell. 96.7 P H ND C 0.34 1.24 4 

Po-  Eriachne pulchella subsp. dominii (Hartley) Lazarides 100 A G ND Lat 0.33 0.32 1 

Po-  Triodia brizoides N.T.Burb. 100^ P G PD Lat 0.52 0.89 1 

Po-  Triodia epactia S.W.L.Jacobs 100^ P G PD Lat 0.47 1.19 1 

Po-  Triodia pungens R.Br. 100^ P G PD Lat 0.45 1.22 1 

Po-  Triodia wiseana C.A.Gardner 100^ P G PD Lat 0.40 0.75 1 

Prote- Grevillea wickhamii subsp. hispidula Makinson 99.3 P S ND I 1.00 25.60 4 

Prote- Grevillea wickhamii subsp. macrodonta Makinson 92.0 P S ND I 1.00 27.00 4 

Stylidi-  Stylidium desertorum Carlquist 100^ A H MPD Un 0.26 0.01 4 

GS 5          

Aster- Chrysocephalum apiculatum (Labill.) Steetz 98.7 P H ND L St 1.00 0.05 4 

Aster- Rhodanthe margarethae (F.Muell.) Paul G.Wilson 99.6 A H ND L St 1.00 0.10 4 

Campanul- Wahlenbergia tumidifructa P.J.Sm. 100^ A H MD L St 0.54 0.01 4 

Malv- Abutilon otocarpum F.Muell. 96.7 P S PY+PD* F 1.59 1.88 4 

Malv- Androcalva luteiflora 
(E.Pritz.) C.F.Wilkins & 
Whitlock 

95.3 P S PY* Sp 0.96 4.70 4 

Malv- Hibiscus haynaldii F.Muell. 95.3 P H PY+PD* F 1.66 6.16 4 

Po-  Aristida latifolia Domin 94.0 P G ND Lat 0.47 1.11 1 

Po-  Enneapogon robustissimus (Domin) N.T.Burb. 96.0 P G ND Lat 0.76 0.44 2 

Portulac- Calandrinia schistorhiza Morrison 99.6 P H ND P 1.37 0.10 4 

GS 6          

Caryophyll- Polycarpaea corymbosa (L.) Lam. 97.3 P H ND P 2.29 0.13 3 

Fab- Acacia sclerosperma F.Muell. 90.0 P S PY* I 1.00 162.54 7 

Fab- Senna artemisioides subsp. oligophylla (F.Muell.) Randell 82.7 P S PY* I 0.98 23.80 7 

Fab- Senna glutinosa subsp. pruinosa (F.Muell.) Randell 89.3 P S PY* I 0.94 17.22 7 

Goodeni- Goodenia triodiophila Carolin 100 P H ND Sp 0.88 1.03 3 

Malv- Corchorus aff. lasiocarpus Halford 92.0 P H PY* Sp 1.22 7.03 4 

Po-  Cymbopogon ambiguus A.Camus 86.0 P G ND Lat 0.49 1.15 1 

Po-  Cymbopogon obtectus S.T.Blake 100 P G ND Lat 0.62 1.15 2 

Surian- Stylobasium spathulatum Desf. 96.9 P S PY* L Cu 1.77 285.91 3 

GS 7          

Fab- Acacia acradenia F.Muell. 100^ P S PY* I 1.00 9.06 6 

Fab- Acacia eriopoda Maiden & Blakely 96.0 P S PY* I 1.00 16.00 6 
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Table 2.1. Continued 
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Amaranth- Ptilotus auriculifolius (Moq.) F.Muell. 100^ A H ND P 1.91 1.19 5 

Amaranth- Ptilotus macrocephalus (R.Br.) Poir. 100^ A H ND P 2.73 1.19 5 

Amaranth- Ptilotus nobilis (Lindl.) F.Muell. 94.0 P H ND P 2.18 1.53 5 

Brassic- Lepidium echinatum Hewson 92.0 P H ND B 1.99 6.69 5 

Convolvul- Convolvulus clementii Domin 90.7 P H PY* F 1.95 8.76 5 

Fab- Acacia ancistrocarpa Maiden & Blakely 100^ P S PY* I 1.00 37.90 7 

Fab- Acacia bivenosa DC. 95.3 P S PY* I 1.00 17.04 7 

Fab- Acacia cowleana Tate 97.3 P S PY* I 1.00 9.46 6 

Fab- Acacia monticola J.M.Black 100^ P S PY* I 1.00 29.80 7 

Fab- Acacia tumida var. pilbarensis M.W.McDonald 90.7 P S PY* I 1.00 62.64 7 

Fab- Senna venusta (F.Muell.) Randell 100 P S PY* I 1.00 35.23 7 

Malv- Sida echinocarpa F.Muell. 98.7 P S PY* F 1.90 2.01 4 

Myrt- Eucalyptus gamophylla F.Muell. 72.7 P T ND F 1.00 2.65 5 

Myrt- Melaleuca glomerata F.Muell. 95.3 P S ND L St 1.00 0.09 5 

Po-  Aristida inaequiglumis Domin 90.7 P G ND Lat 0.53 1.46 1 

GS 9          

Fab- Acacia adsurgens Maiden & Blakely 100^ P S PY* I 1.00 8.16 6 

Fab- Acacia citrinoviridis Tindale & Maslin 100^ P T PY* I 1.00 34.00 7 

Fab- Acacia dictyophleba F.Muell. 96.7 P S PY* I 1.00 15.00 6 

Fab- Acacia hamersleyensis Maslin 100^ P S PY* I 1.00 14.80 6 

Fab- Acacia inaequilatera Domin 96.0 P S PY* I 1.00 50.49 7 

Fab- Acacia pyrifolia DC. 94.0 P S PY* I 1.00 41.42 7 

Fab- Acacia stellaticeps Kodela, Tindale & D.A.Keith 99.3 P S PY* I 1.00 13.10 6 

Fab- Acacia tenuissima F.Muell. 100^ P S PY* I 1.00 6.52 6 

Fab- Senna notabilis (F.Muell.) Randell 100^ P S PY* I 0.96 13.52 6 

Myrt- Eucalyptus leucophloia Brooker 98.0 P T ND F 1.00 0.27 5 

Un-assigned           

Fab- Mirbelia viminalis (Bh.) C.A.Gardner 92.7 P S PY* B 1.96 2.40 - 

Po-  Triodia melvillei (C.E.Hubb.) Lazarides 100^ P G PD Lat 0.35 - - 

Prote- 
Grevillea pyramidalis subsp. 
leucadendron 

(R.Br.) Makinson 97.0 P S ND I 1.00 42.64 - 

Prote- Grevillea refracta subsp. refracta R.Br. 100 P S ND I 1.00 118.74 - 

Sapind- Dodonaea coriacea (Ewart & O.B.Davies) McGill. 100^ P S PY* L Co 2.98 5.23 - 

Zygophyll- Tribulus suberosus R.M.Barker 55.3 P S PD L St 1.00 19.54 - 

Viability % (X-Ray Fill): ^ = depicts collections that were cleaned multiple times to improve the 
initial viability of the collection prior to germination testing; Life Form: A = Annual, P = Perennial; 
Plant Form: H = Herb, S = Shrub, T = Tree, G = Grass; Dormancy Class: PY = physical, PD = 
physiological, MD = morphological, MPD = morphophysiological, PY+PD = combinational (physical 
+ physiological), ND = non-dormant, * = seeds treated to alleviate PY; Embryo Type: B = bent, C = 
Capitate, F = folded, I = investing, L Co = linear (coiled), L Cu = linear (curved), L St = linear 
(straight), Lat = lateral, P = peripheral, R = rudimentary, Sp = spatulate, Un = un-differentiated; E:S 
ratio = embryo to seed length ratio. Standard errors (s.e.) for the seed weights and viability have 
been removed for clarity.  
Note: Indigofera monophylla was accidently overlooked for pre-treatment to alleviate PY and would 
be expected to germinate readily if made permeable to water (Baskin, Baskin & Li 2000; Sy, Grouzis 
& Danthu 2001; Baskin & Baskin 2004c).   
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Table 2.2. Species statistics summary report for the top 10 families and genera in the Pilbara 
bioregion, based off the total number of species present in the region (downloaded 13th of March, 
2013; DEC 2007 -) 

Top 10 families   Top 10 genera   
 Species Records  Species Records 
Fabaceae 308 7045 Acacia 112 3643 
Poaceae 219 3564 Eremophila** 61 745 
Malvaceae 134 2621 Ptilotus 42 1163 
Asteraceae 131 1558 Sida 33 608 
Chenopodiaceae 95 1087 Senna 32 658 
Amaranthaceae 73 1670 Goodenia 30 687 
Goodeniaceae 62 1105 Tephrosia 28 540 
Scrophulariaceae** 62 768 Cyperus 26 293 
Cyperaceae 61 678 Eucalyptus 25 686 
Myrtaceae 59 1318 Eragrostis 24 395 
**Family or genus not represented in this study 

 

Seed viability 

Viability was assessed using a Faxitron MX-20 Digital X-ray Cabinet (Tucson, 

Arizona, USA). For each species, 3-5 replicates of 50 seeds were x-rayed and used 

to assess whether seeds contained fully-developed embryos/endosperm (e.g. 

filled) or whether these tissues were absent (e.g. non-filled). ‘Filled’ 

embryos/endosperm appear uniformly white/grey in the x-ray images and 

therefore were deemed viable. Seeds that had questionable clarity in the image 

were dissected under a microscope to determine the condition of the 

embryo/endosperm. On occasions, seed collections required further cleaning to 

ensure the highest viability possible was utilised in the germination experiments 

(noted in the ‘Viability % (X-ray Fill)’ column, Table 2.1). 

 

Seed characteristics 

For all species, seed weight was determined from five replicates of 50 seeds, or 

from one replicate of 250 seeds for very small seeds, and extrapolated to obtain a 

1000-seed weight (in grams). For species from plant genera or families in which 

the presence of physical dormancy is known, and for seeds for which < 75% 

germination was recorded (see Germination experiments section), seed coat 

permeability to water was assessed via an imbibition test. The methods and an 

example of the imbibition test results for a Triodia and Acacia species can be found 

in Appendix A. 
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Embryo classification followed Martin (1946) and Baskin and Baskin (2007) 

whereby the embryo shape, location within the seed, and embryo to seed length 

ratio (E:S ratio) were determined. A minimum of five fully imbibed seeds were 

longitudinally dissected under a stereo microscope with the embryo morphology 

and position within the seed visually assessed and matched to the modified-Martin 

key embryo types identified in Baskin and Baskin (2007). To calculate the E:S ratio, 

the maximum lengths of the seed coat (from the internal seed wall) and embryo 

were measured. For embryos that exceeded the internal seed length measurement 

(e.g. peripheral embryos that circumnavigate the inner seed coat wall), multiple 

straight line measurements were taken to capture the overall length of the embryo, 

and therefore an E:S ratio of > 1 was possible.  

 

Germination experiments  

The initial germination of seeds was tested on water agar (control), and the effects 

of germination stimulants, GA3 and KAR1, were determined with seeds incubated 

over a range of temperatures (10–35°C) that approximate environmental 

conditions of the Pilbara arid zone. As far as practical, initial germination per 

species was carried out within 4-6 weeks of each collection. Germination 

responses to temperature and the germination stimulants aided in understanding 

what the drivers of dormancy break (i.e. GA3) and/or germination stimulation (i.e. 

KAR1) were for each species (see ‘Germination signature’ assignment and 

classification tree analysis section). For species identified to have an impermeable 

seed/fruit coat layer (i.e. PY and PY + PD classes), PY was broken prior to 

germination testing predominantly using wet heat treatments (Appendix A).  

Four replicates of 20-25 seeds were plated in 90 mm plastic Petri dishes 

containing: (1) water agar (0.7% w/v), (2) water agar + 289 µM GA3 (Sigma-

Aldrich Co., Australia), (3) or water agar + 0.67 µM KAR1 (karrikinolide; 3-methyl-

2H-furo[2,3-c]pyran-2-one, synthesized following Flematti et al. 2005). The 

biologically active concentrations of GA3 and KAR1 used in this study are consistent 

with recently applied concentrations used in other arid zone seed biology studies 

in Western Australia (Commander et al. 2009b). Plates were wrapped with plastic 

film to prevent moisture loss. Prior to plating, seeds were surface sterilised in 2% 
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(w/v) calcium hypochlorite (Ca[OCl]2) under vacuum for 30 mins (10 min on-off-

on, at -70 kPA), and rinsed multiple times in sterilised de-ionised water. Seeds 

were incubated at constant 10, 15, 20, 25, 30, and 35°C on an alternating 12 h 

day/night cycle. Light was delivered via cool white fluorescent tubes (30W) with a 

photon flux density of 30 µ mol m-2 s-1, 400-700 nm. Germination was scored 

weekly for 28 d and defined as radicle emergence greater than one-third of the 

seed coat length.  

 

Seed dormancy classification 

The widely accepted dormancy classification scheme (Baskin & Baskin 2004c) was 

used to assign species to different dormancy classes, specifically following the 

simplified dichotomous key outlined in Baskin and Baskin (2004b). By combining 

results from imbibition tests (i.e. seed coat permeability), embryo classification 

(i.e. embryo development and differentiation, including growth prior to radicle 

emergence), and germination on water after 28 d over simulated habitat 

temperatures, species were assigned to one of five classes of dormancy (PD, MD, 

MPD, PY, PY + PD) or deemed non-dormant (ND) (Baskin & Baskin 2004b). To 

assist in assigning dormancy classes, the dormancy classification scheme was 

modified to include a threshold level of germination of 75% for seeds incubated in 

water across a range of temperatures, with seeds exceeding this germination 

percentage deemed ND. The separation between ‘dormant’ and ND species is often 

reported for germination levels of approximately 70-80% (Thompson et al. 2003; 

Baskin & Baskin 2004b; Jurado & Flores 2005; Flores, Jurado & Arredondo 2006) 

but does not currently exist in any of the published dichotomous keys (Baskin & 

Baskin 2003b; Baskin & Baskin 2004b; Baskin & Baskin 2004a). 

To confirm species with MD/MPD and separate from a ND/PD species, evidence of 

embryo growth prior to radicle emergence must be demonstrated (Baskin & 

Baskin 2005). Therefore, species that exhibited an E:S ratio < 0.5 (i.e. an 

underdeveloped embryo; Baskin & Baskin 2007), but germinated to ≥ 75% under 

any germination treatment after 28 d, were re-tested to assess for embryo growth. 

The same E:S ratio measurements were taken at 1 d after hydration and just prior 

to germination occurring (e.g. seed coat split and radicle emergence at 3-9 d). Any 
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internal growth of the embryo at the cotyledon end prior to radicle emergence was 

used as confirmation of ‘embryo growth’, which separated MD/MPD species from 

the ND class. Germination above the 75% level with GA3 or KAR1, but not under 

control conditions, separated MPD from the MD class. Specifically, three rules were 

adhered to: (1) ND ≥ 75% > PD, (2) MD ≥ 75% > MPD, and (3) PY ≥ 75% > PY + PD 

(with the PY component treated to alleviate seed coat impermeability), after 

germination testing for 28 d. 

 

‘Germination signature’ assignment and classification tree analysis  

Germination was assessed over 18 treatment combinations (six incubation 

temperatures and three water agar mediums) for 83 of the 89 species. The six 

species excluded were: Dodonaea viscosa, Grevillea pyramidalis subsp. 

leucadendron, Grevillea refracta subsp. refracta, Mirbelia viminalis, Triodia melvillei, 

and Tribulus suberosus, due to insufficient seed material available to complete all 

18 treatment combinations. 

To tackle the large number of species, treatment combinations, and ecologically-

related explanatory variables, a classification technique was devised to first assign 

the germination responses of each species into groups that shared similar patterns 

(see Step 1), and second, to determine which, if any, seed- or plant-related traits 

were associated with the germination patterns observed (see Step 2).  

 

· Step 1 – development of germination signature groupings 

Generalized additive models (GAMs) and functional principal component analyses 

(fPCA) were used to fit the germination responses of each species across the 

temperature and germination stimulant treatments. Germination response to 

increasing temperature is usually a non-linear relationship. Additionally, GA3 and 

KAR1 treatments can potentially have both main effects on germination levels as 

well as interactive effects with temperature. Therefore, GAMs and fPCA were used 

to statistically build a classification scheme based on the germination response 

results. These germination responses effectively created a temperature-GA3-KAR1 

response curve, hereafter, referred to as a germination signature. Given the 
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classification scheme was designed to be completely descriptive (i.e. not 

predictive) and aimed to find the cleanest set of germination patterns that grouped 

all the species together, germination groupings were manually checked after 

multiple fPCA runs to determine the optimum number of germination signatures 

that existed. The analysis was performed in R (R_Core_Team 2012) and utilised the 

package mgcv for the GAMs (Wood 2006; Wood 2011) and fda for the fPCA 

analysis (Ramsay, Hooker & Graves 2009). 

For each species, one continuous stream of data over all 18 germination response 

data points was created. This allowed for computational simplicity. However, the 

germination response could not be expected to follow a continuous function over 

the 18 treatments (e.g. between the control treatment at 35°C and GA3 treatment 

at 10°C). To handle this issue, a high number of splines (n=18, one for each 

germination response data point) were specified and results were only used for 

classification.  

Eighty-three GAMs (one for each species) were created over the 18 data points. 

The GAMs were used to create two matrices: one matrix consisting of the GAM 

predictions at each germination response point for each species, and one 

consisting of the back-transformed GAM response predictions. Both matrices were 

83 × 18 (i.e. one row for each species and one column for each of the eighteen GAM 

predictions). To perform the next step, these matrices had to be converted into a 

functional basis form – functional bases are objects that have functional 

coefficients for each point in a row (Ramsay, Hooker & Graves 2009). This did not 

require further calculation, only placement of the existing matrices into functional 

basis objects.  

To identify the most important gradients across the eighteen data point space, a 

fPCA (Ramsay, Hooker & Graves 2009) was run on each of the two functional 

bases. The outputs were scores for each species within the principal components, 

one set of scores within the GAM predicted output space and one within the GAM 

predicted response space. Finally, a cluster analysis on the fPCA scores using the R 

package mclust was applied (Fraley et al. 2012). Manual comparisons between the 

two cluster analyses indicated that the results of the GAM predicted response 

matrix gave the best germination signature separation of nine classes (although it 

could be argued that a different number of groupings could be selected). These 
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nine classes were subsequently used to explore the germination response 

groupings of the study species assessed. 

 

· Step 2 – classification tree analysis 

Using the nine GS (created in Step 1) as a categorical response variable, a 

classification tree analysis using the rpart package (Breiman et al. 1984; Therneau, 

Atkinson & Ripley 2013) investigated whether certain explanatory variables 

helped explain particular GS groupings. Classification tree analyses routinely 

handle both numerical and categorical explanatory variables by partitioning a 

single explanatory variable until the data is as homogenous as possible (De'ath & 

Fabricius 2000). This process is repeated until the variation of the response 

variable is best explained by the constructed tree. The results are typically 

presented graphically with the undivided response data at the top of the tree (i.e. 

the nine GS), followed by splits in the tree determined by the explanatory variable 

of which best describes the data. The terminal leaves (i.e. LEAF 1-7 in Figure 2.9) 

graphically represent the locations and proportions of the response variables 

determined by the explanatory variables in the tree model. 

For the classification tree analysis, explanatory plant- and seed-based traits 

included: plant family (categorical), life form (categorical), plant form 

(categorical), embryo type (categorical), embryo to seed length ratio (E:S) 

(numerical), 1000-seed weight (numerical), and whether seeds were treated to 

remove PY (categorical) (Table 2.1). Life and plant form categories were largely 

determined from herbarium records (Western_Australian_Herbarium 1998 -) and 

from field observations. Dormancy class information could not be used as an 

explanatory variable as the creation of the dormancy classes depended on some of 

the germination (response) data. The recommended minimum of 10 cross-

validation runs were conducted to construct the optimum sized tree (Prasad, 

Iverson & Liaw 2006).  
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RESULTS 

Seed and embryo characteristics 

Eighty-one of the 89 species tested had an average viability of > 80% (average = 

96%, Table 2.1). For three species, Eucalyptus gamophylla, Goodenia vilmoriniae, 

and Tribulus suberosus, seed viability was < 80%, and unlike other species that 

were cleaned further prior to testing, these three species were germination tested 

in their current form. Seed weight varied considerably between the 89 species, 

with the 1000-seed weights ranging between 0.008 g (Stylidium desertorum) and 

285.91 g (Stylobasium spathulatum). The majority of 1000-seed weights (71.9%) 

were < 9 g, with the larger seeds being predominantly Acacia species (Table 2.1).  

All known embryo types, except the broad embryo type, were present in this study 

(i.e. bent, capitate, folded, investing, lateral, linear, peripheral, rudimentary, 

spatulate, and undifferentiated). Further sub-classifications of the linear embryo 

type were noted (i.e. linear-straight, -curved, and -coiled) (Table 2.1). Investing 

and lateral embryo types were the most common (50.6% of all species tested), 

being associated with species from the Fabaceae and Poaceae. Embryo to seed 

length ratios (E:S ratio) ranged between 0.08 and 2.98. Seeds containing the 

smallest embryos (E:S ratios = 0.08) were the rudimentary embryos of the two 

Araliaceae species, Astrotricha hamptonii and Trachymene oleracea. All Poaceae 

species possessed E:S ratios between 0.33-0.84, and exhibited a lateral embryo 

type. Seeds within the Asteraceae, Fabaceae, Myrtaceae, and Proteaceae tended to 

have an E:S ratio of 1. Seeds of 24 species (13 families) had an E:S ratio > 1; these 

embryos  were typically the bent, folded, linear (-coiled and -curved), or peripheral 

types. Seed weight and E:S ratio were strongly correlated (Pearson’s coefficient, 

r=92%). 

 

Dormancy classification across species, plant form, and life form 

Seed dormancy was present in 65 out of the 89 species tested (= 73.0%). Overall, 

PD (34%, n = 30 spp.) and PY (32%, n = 28spp.) were the most common types of 

seed dormancy identified (Figure 2.3). Seeds that were ND (27%, n = 24 spp.) were 

the third most common class found. Very few seeds of MD, MPD, and PY + PD 
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species were recorded (all < 5%, n = 7 total spp.). Combinational dormancy (PY + 

PD) was identified in seeds of Abutilon otocarpum, Hibiscus haynaldii, and 

Tephrosia sp. Fortescue. For Wahlenbergia tumidifructa (MD) and Stylidium 

desertorum (MPD) embryo growth within the seeds prior to radicle emergence was 

observed, confirming the morphological dormancy component in seeds of both 

species (Table 2.3). Embryo growth in seeds of Trachymene oleracea (MPD) and 

Astrotricha hamptonii (MPD) could not be measured due to the lack of germination 

over all germination treatments, but were placed in the MPD category because of 

their very small embryo size, rudimentary embryo type (MD component), and the 

absence of germination even when treated with GA3 or KAR1 (PD component). 

Although embryo growth in seeds of Cyperus ixiocarpus was observed (Table 2.3), 

seed of this species was classified as ND as embryo growth was confined 

predominantly to the radicle, not the cotyledons. 
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Figure 2.3. Seed dormancy class breakdown (%) for 89 species collected from the Pilbara 
bioregion. Parentheses below each dormancy proportion % indicate total number of species within 
each dormancy class. Dormancy classes: PY = physical, PD = physiological, MD = morphological, 
MPD = morphophysiological, PY+PD = combinational (physical + physiological), ND = non-dormant.  
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Table 2.3. Initial embryo to seed length (E:S) ratio, final E:S ratio at the time the seeds coats split 
prior to radicle emergence, and total percentage increase in the E:S ratio for Cyperus ixiocarpus, 
Stylidium desertorum, and Wahlenbergia tumidifructa. Numbers in parentheses depict the initial 
and final embryo lengths (µm) of the embryos. Seeds of all species were incubated for up to 9d in 
constant 25°C on water agar, except S. desertorum which was incubated on water agar + KAR1. 

  E:S ratio 
(embryo length in µm) 

  

Species Initial* 
Prior to radicle 

emergence** 
% increase in E:S 

ratio 

Cyperaceae    

Cyperus ixiocarpus 0.342 ± 0.01 
(526 ± 6.8) 

0.412 ±  0.01 
(733 ± 34.5) 

20.5 

Stylidiaceae    

Stylidium desertorum 0.256 ±  0.02 
(78 ± 5.5) 

0.803 ±  0.05 
(286 ± 33.1) 

213.7 

Campanulaceae    

Wahlenbergia tumidifructa 0.539 ±  0.01 
(256 ± 6.7) 

0.687 ±  0.02 
(328 ± 9.8) 

27.5 

* 1d after hydration; **3-9d after hydration 

 

Plant growth-forms encompassed mostly shrubs (43.8%, n = 39 spp.), herbs 

(28.1%, n = 25 spp.), and grasses (24.7%, n = 22 spp.). Only 3.3% of plants tested 

were trees (n = 3 spp.). Within dormancy classes, species identified to have seeds 

with PY were most commonly shrubs (89.3%, n = 25 spp.), with < 10% of the 

remaining tree, herb, and grass growth forms exhibiting seeds with PY (Figure 

2.4). Grasses represented 53.3% (n = 16 spp.) of species that possessed seeds with 

PD, with the remaining 46.7% of species were split between herbs (26.7%, n = 8 

spp.) and shrubs (20.0%, n = 6 spp.). Herbaceous plants made up the majority of 

species that had seeds with ND (45.8%, n = 11 spp.), whilst grasses (n = 6 spp.) and 

shrubs (n = 5 spp.) made up 20-25%. Two of the three tree species were identified 

to possess seeds with ND (8.3%).  

Perennial life forms made up 82% (n = 73 spp.) of all the species from which seeds 

were collected. Perennial plants produced predominantly PY, PD and ND seeds; 

these dormancy classes being present in at least 70% of perennial species (Figure 

2.5). Annual species produced seeds with PD (n = 9 spp.), ND (n = 4 spp.), MPD (n = 

2 spp.), and MD (n = 1 spp.). 
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Figure 2.4. Seed dormancy classes identified for seeds of 89 species collected from the Pilbara 
bioregion and separated into proportions across each plant growth form (%). Parentheses below 
each plant growth form proportion indicate the total number of species within each group. 
Dormancy classes: PY = physical, PD = physiological, MD = morphological, MPD = 
morphophysiological, PY+PD = combinational (physical + physiological), ND = non-dormant. 
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Dormancy Classes
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Figure 2.5. Seed dormancy classes identified for seed of 89 species collected from the Pilbara 
bioregion and separated into proportions across each plant life form (%). Parentheses below each 
plant life form proportion indicate the total number of species within each group. Dormancy 
classes: PY = physical, PD = physiological, MD = morphological, MPD = morphophysiological, PY+PD 
= combinational (physical + physiological), ND = non-dormant 
 

‘Germination signature’ and classification tree responses 

Based on the germination response to incubation temperature and germination 

stimulants, nine distinct germination signatures (GS) were identified amongst the 

83 species (Figures 2.6-2.8, Table 2.1, Appendix B). The diversity of GS patterns 

clearly demonstrates a continuum of germination traits, from seeds that are deeply 

dormant (GS 1), through to seeds that are non-dormant and able to germinate to 

high percentages over a wide range of conditions (GS 9). Through the GS 

continuum (GS 1→9) it was evident that there was an increasing response to, and 

interaction between, the germination stimulants at warmer incubation 

temperatures, leading ultimately to species that germinated readily over all 

temperatures and treatment combinations.  
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Three general patterns were apparent from the GS classification. The first pattern 

evident was amongst the deeply dormant seeds (mean germination < 20% under 

control conditions) which were confined to GS 1-3 (Figure 2.6). There was a clear 

GA3 responsive group of species in GS 2, and slight increases in GA3 and KAR1 

responsiveness in GS 3 when compared to control conditions. Twenty-five species 

grouped within these first three signatures and were all previously placed in 

dormancy classes that exhibit a physiological block to germination (i.e. PD, MPD, 

and PY+PD dormancy classes; Table 2.1). Prominent across these three signatures 

were 11 species of Poaceae (genera Aristida, Brachyachne, Enneapogon, Eragrostis, 

Paraneurachne, and Triodia); all of these species had seeds with PD. Nine other 

families fell within the GS 1-3, with Goodeniaceae (3 spp.), Solanaceae (2 spp.), and 

Fabaceae (2 spp.) being represented by multiple species. Indigofera monophylla 

(Fabaceae) occurred in this dormant group because it was not treated to remove 

PY prior to testing, which would potentially germinate readily after treatment to 

alleviate PY. Tephrosia sp. Fortescue (Fabaceae) was found to exhibit PY+PD, and 

therefore had reduced germination from the PD component of seed dormancy. The 

species within GS 2, Enneapogon caerulescens, Goodenia stobbsiana, Paraneurachne 

muelleri, and Portulaca oleracea, only germinated when treated with GA3. On 

average, species from GS 3 showed an improvement in germination (> 20 %) after 

exposure to GA3 and KAR1 when compared to seeds germinated on water (control, 

< 20 %). 



 

Figure 2.6. TOP PANEL  = Germination signature 1 (GS 1), made up of species with a heavily 
reduced control germination fraction on average (< 20%) after 28
temperatures of 10-35°C and treatment with GA
signature 2 (GS 2), made up of GA
germination fraction on average (< 20%) after 28
35°C. BOTTOM PANEL = Germination signature 3 (GS 
control germination fraction on average (< 20%) after 28
10-35°C with treatments with GA
germination (> 20%) at higher incubation temperatures (25
specific variability around the dashed black line in GS 3. The dashed black line is the average 
between n = 9, n = 4, and n = 
lines depict single species germination responses and have been smoothed with a three
dimensional poly transformation. See 
and raw germination values, respectively
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TOP PANEL  = Germination signature 1 (GS 1), made up of species with a heavily 
reduced control germination fraction on average (< 20%) after 28 d incubation at constant 

35°C and treatment with GA3 and KAR1. MIDDLE PANEL = Germination 
signature 2 (GS 2), made up of GA3 responsive species and a heavily reduced control and KAR
germination fraction on average (< 20%) after 28 d incubation at constant temperatures of 10
35°C. BOTTOM PANEL = Germination signature 3 (GS 3), made up of species with a heavily reduced 
control germination fraction on average (< 20%) after 28 d incubation at constant temperatures of 

35°C with treatments with GA3 and KAR1 showing a slight increase in maximum average 
gher incubation temperatures (25-35°C). Note the greater species

specific variability around the dashed black line in GS 3. The dashed black line is the average 
 12 species for GS 1, GS 2, and GS 3, respectively. Individual col

lines depict single species germination responses and have been smoothed with a three
dimensional poly transformation. See Table 2.1 and Appendix B for species-specific characteristics
and raw germination values, respectively. 

TOP PANEL  = Germination signature 1 (GS 1), made up of species with a heavily 
d incubation at constant 

PANEL = Germination 
responsive species and a heavily reduced control and KAR1 

d incubation at constant temperatures of 10-
3), made up of species with a heavily reduced 

d incubation at constant temperatures of 
showing a slight increase in maximum average 

. Note the greater species-
specific variability around the dashed black line in GS 3. The dashed black line is the average 

12 species for GS 1, GS 2, and GS 3, respectively. Individual coloured 
lines depict single species germination responses and have been smoothed with a three-

specific characteristics 
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The second pattern comprised species that were partially responsive to warmer 

incubation temperatures and the germination stimulants GA3 and KAR1, and were 

grouped amongst GS 4-6. Germination of these seeds increased to > 40% in water 

alone (e.g. control, Figure 2.7). A much greater germination response to GA3 and 

KAR1 treatment is evident in GS 4 when compared to control conditions, with 

germination maximised at 25-35°C across all treatments. Species within GS5 

demonstrated a further increase in average germination (i.e. black dashed line), 

exceeding 70% at 20-25°C, with all treatment groups demonstrating a narrow, but 

defined, germination temperature window. A further increase in average 

germination (> 80%) and widening of optimal incubation temperature at 

temperatures > 25°C was evident for GS 6, although a distinct reduction in average 

germination occurred at 10-15°C. 

The dormant species in GS 4 are again most commonly Poaceae (62.5%), with the 

remaining species spread throughout six other families. Non-dormant species 

(including treated-PY species) made up 66.6% of the species in GS 5, with the 

remaining species coming from the rare dormancy classes of MD (Wahlenbergia 

tumidifructa) and PY + PD (Abutilon otocarpum and Hibiscus haynaldii). On 

average, all species in the GS 6 group where able to germinate readily (> 75%) 

over a warmer temperature range. Worthy of note for this group was the distinct 

reduction in germination at 10°C (< 60%). All species within GS 6 were perennial, 

but varied in plant form across shrubs, herbs and grasses.  



 

Figure 2.7. TOP PANEL = Germination signature 4 (GS 4), made up of species with a partially 
reduced control germination fraction (maximum average of ca. 
constant temperatures of 10-35°C with treatments with GA
in maximum average germination (> 60%). Note the greater species
dashed black line. MIDDLE PANEL = Germination signature 5 (GS 5), made up of species with a 
partially reduced control germ
at constant temperatures of 10
a similar germination pattern across incubation temperature. Note the distinct narrower 
germination window (dashed black line) with optimum germination at 20
Germination signature 6 (GS 6), made up of species that are non
species) with a maximum germination average of > 80% across the control, GA
treatments after 28 d incubation at constant temperatures of 10
germination reduction at 10°C with average minimum germination of < 25% and a similar 
maximum average germination (> 60%) for incubation temperatures > 15°C a
(dashed black line). The dashed black line is the average between n
GS 1, GS 2, and GS 3, respectively. Individual coloured lines depict single species germination 
responses and have been smoothed wit
and Appendix B for species-specific characteristics
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TOP PANEL = Germination signature 4 (GS 4), made up of species with a partially 
reduced control germination fraction (maximum average of ca. ≤ 50%) after 28

35°C with treatments with GA3 and KAR1 showing a greater increase 
in maximum average germination (> 60%). Note the greater species-specific variability around the 
dashed black line. MIDDLE PANEL = Germination signature 5 (GS 5), made up of species with a 
partially reduced control germination fraction (maximum average of ca. 75%) after 28
at constant temperatures of 10-35°C with treatments with GA3 (> 80%) and KAR1 (> 70%) showing 
a similar germination pattern across incubation temperature. Note the distinct narrower 

ation window (dashed black line) with optimum germination at 20-25°C. BOTTOM PANEL = 
Germination signature 6 (GS 6), made up of species that are non-dormant (including treated
species) with a maximum germination average of > 80% across the control, GA

d incubation at constant temperatures of 10-35°C. Note the distinct 
germination reduction at 10°C with average minimum germination of < 25% and a similar 
maximum average germination (> 60%) for incubation temperatures > 15°C across all treatments 

The dashed black line is the average between n = 13, n = 9, and n
GS 1, GS 2, and GS 3, respectively. Individual coloured lines depict single species germination 
responses and have been smoothed with a three-dimensional poly transformation. See 

specific characteristics and raw germination values, respectively

TOP PANEL = Germination signature 4 (GS 4), made up of species with a partially 
≤ 50%) after 28 d incubation at 

showing a greater increase 
specific variability around the 

dashed black line. MIDDLE PANEL = Germination signature 5 (GS 5), made up of species with a 
ination fraction (maximum average of ca. 75%) after 28 d incubation 

(> 70%) showing 
a similar germination pattern across incubation temperature. Note the distinct narrower 

25°C. BOTTOM PANEL = 
dormant (including treated-PY 

species) with a maximum germination average of > 80% across the control, GA3, and KAR1 
35°C. Note the distinct 

germination reduction at 10°C with average minimum germination of < 25% and a similar 
cross all treatments 

9, and n = 9 species for 
GS 1, GS 2, and GS 3, respectively. Individual coloured lines depict single species germination 

dimensional poly transformation. See Table 2.1 
and raw germination values, respectively. 
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The third group of species, GS 7-9, encompasses those seeds with the highest 

germination percentages (Figure 2.8), and were pre-dominantly species with seeds 

treated to alleviate PY. Consistently, seeds of all species readily germinated to over 

80% (on average = black dashed line) at incubation temperatures > 15°C. The 

difference between the three groups is the sequential increase in average 

germination at 10°C from GS 7 (< 60%), GS 8 (75%-90%), through to GS 9 (> 90%). 

Out of the 27 species within GS 7-9, 25 were perennial. Further, 17 of the 27 

species belong to the Fabaceae. Non-dormant (ND) species with high germination 

percentages across a wide temperature window were mainly found in the 

Amaranthaceae (3 spp.) and Myrtaceae (3 spp.) families. Eighteen out of the 27 

species within GS 7-9 are also shrubs, with 16 of these species from the Fabaceae 

and have investing embryo types.  



 

Figure 2.8. TOP PANEL = Germination signature 7 (GS 7), made up of treated
control, GA3, and KAR1 maximum average germination of > 90% after 28
temperatures of 15-35°C. Note the distinct g
germination of < 60% (dashed black line). MIDDLE PANEL = Germination signature 8 (GS 8), made 
up of species with a non-dormant (including treated
average germination of > 75% after 28
widening of preferred maximum average germination over all incubation temperatures (dashed 
black line). BOTTOM PANEL = Germination signature 9 (GS 9), made up of species with a
dormant (including treated-PY species) control, GA
90% after 28 d incubation at constant temperatures of 10
over all incubation temperatures (dashed black line). The d
n = 2, n = 15, and n = 10 species for GS 7, GS 8, and GS 9, respectively. Individual coloured lines 
depict single species germination responses and have been smoothed with a three
poly transformation. See Table 2.1 and Appendix 
germination values, respectively
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TOP PANEL = Germination signature 7 (GS 7), made up of treated-
maximum average germination of > 90% after 28 d incubation at constant 

35°C. Note the distinct germination reduction at 10°C with average minimum 
germination of < 60% (dashed black line). MIDDLE PANEL = Germination signature 8 (GS 8), made 

dormant (including treated-PY species) control, GA3, and KAR
on of > 75% after 28 d incubation at constant temperatures of 10

widening of preferred maximum average germination over all incubation temperatures (dashed 
black line). BOTTOM PANEL = Germination signature 9 (GS 9), made up of species with a

PY species) control, GA3, and KAR1 maximum average germination of > 
d incubation at constant temperatures of 10-35°C. Note the high average germination 

over all incubation temperatures (dashed black line). The dashed black line is the average between 
10 species for GS 7, GS 8, and GS 9, respectively. Individual coloured lines 

depict single species germination responses and have been smoothed with a three
Table 2.1 and Appendix B for species-specific characteristics

germination values, respectively. 

  

-PY species with 
d incubation at constant 

ermination reduction at 10°C with average minimum 
germination of < 60% (dashed black line). MIDDLE PANEL = Germination signature 8 (GS 8), made 

, and KAR1 maximum 
d incubation at constant temperatures of 10-35°C. Note the 

widening of preferred maximum average germination over all incubation temperatures (dashed 
black line). BOTTOM PANEL = Germination signature 9 (GS 9), made up of species with a non-

maximum average germination of > 
35°C. Note the high average germination 
ashed black line is the average between 

10 species for GS 7, GS 8, and GS 9, respectively. Individual coloured lines 
depict single species germination responses and have been smoothed with a three-dimensional 

specific characteristics and raw 
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In the classification tree analysis, plant family provided the best explanation for 

the nine GS groupings, with E:S and 1000-seed weights providing further splits 

lower in the tree (cross-validations n = 10, complexity parameter = 0.01, cross-

validation error = 0.90, misclassification rate = 18.1%, Figure 2.9). Individual 

species’ characteristics for each leaf in the tree are located in Table 2.1. 

In the initial split to the left of the tree, 51 species belonging to 17 families meant 

that the best explanatory variable explaining the branch split was largely 

influenced by plant family. In Leaf 1-3, the majority (> 60%) of species were found 

in the low germinating GS 1-3 (75-100%) and occurred in 10 families. Thirteen 

species from the Poaceae (n = 11 spp.) and Araliaceae (n = 2 spp.) were split into 

Leaf 1 due to E:S ratios < 0.54. For species exhibiting an E:S ratio ≥ 0.54, the leaf 

splits were again governed by plant family. The distinction of Leaf 2 and 3 was a 

split between the remaining nine families, with the residual Poacaeae species 

dominating Leaf 2 (10 out of 14 species) and predominantly occurred in GS 3. Four 

species from the Goodeniaceae were the most common in Leaf 3. For species 

occurring in Leaf 4, 46% and 78% belonged in GS 4 (n = 6 spp.) and GS 5 (n = 7 

spp.), respectively. Out of seven families, species from the Asteraceae (n = 4 spp.) 

and Malvaceae (n = 3 spp.) were the most frequently occurring in Leaf 4.  

Thirty-two species belonging to five families (Amaranthaceae, Brassicaceae, 

Convolvulaceae, Fabaceae, and Myrtaceae) separated into the right branch of the 

tree. Of these species, > 75% belonged in GS 7-9 which were previously identified 

to germinate readily over a wide temperature range without any enhancement 

from the germination stimulants (Figure 2.8). All Fabaceae species (n = 22) 

separated from the other four families lower in the tree and could be split further 

via differences in 1000-seed weight (Figure 2.9, Leaf 6 and Leaf 7).   

Generally, the two most dominant families in the dataset (Poaceae n = 21 spp. and 

Fabaceae n = 22 spp.) occurred on either side of the tree. All other families were 

represented by lower species numbers and were spread throughout the tree. The 

overall prediction accuracy of the classification tree was 31.3% (95% CI = 21.6-

42.4%). 
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Figure 2.9. Classification tree analysis of the nine germination signatures (n = 83 species) 
determined by various plant- and seed-related traits. Explanatory variables included plant family 
(22 categories), life form (2 categories), plant form (4 categories), embryo type (10 categories), E:S 
ratio (numerical), 1000-seed weight (numerical), and whether seeds were treated to remove PY 
(yes/no). The variables selected via the classification tree analysis were plant family, E:S ratio, and 
1000-seed weight (cross-validations n = 10, complexity parameter = 0.01, cross-validation error = 
0.90, misclassification rate = 18.1%). Each of the six non-terminal splits in the tree are labelled with 
the variable that determined the split (grey boxes; Family, E:S = embryo to seed length ratio, SW = 
1000-seed weight in grams). For each of the seven terminal node leaves (LEAF 1-7), the total 
number of species present in each in leaf is noted below the leaf number, and the numbers of 
species present within each germination signature (GS 1-9) is noted in italicised parentheses. 
Individual species characteristics for each GS and LEAF can be seen in Table 2.1. 
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DISCUSSION 

Dormancy was prevalent in freshly collected seeds 

Seeds within the arid zone flora are known to commonly exhibit some kind of seed 

dormancy (Baskin & Baskin 2001; Baskin & Baskin 2003b). These dormancy 

mechanisms allow germination to occur only when conditions are conducive to 

seedling establishment, which spreads recruitment through time and reduces the 

risk of losing all offspring to the low and highly variable moisture conditions 

experienced in arid systems (Fenner & Thompson 2005; Venable 2007; Tielbörger, 

Petruů & Lampei 2012; Volis & Bohrer 2013). From a wide representation of 

species from the Pilbara bioregion, including species from nine of the top 10 

families and genera (Table 2.2), I confirmed the hypothesis that the majority of 

species exhibited some form of seed dormancy when collected fresh (e.g. 73% of 

the 89 species tested; Figure 2.3, Table 2.1). Further, all the dormancy classes 

recognised by the Baskin and Baskin (2004c) classification scheme were found to 

be present in at least one species (e.g. PY, PD, MD, MPD, PY+PD, and ND, Figure 

2.3).   

 

Species exhibiting PY and PD were the dominant dormancy classes present 

As hypothesised, this study confirmed that PD (33.7%) and PY (31.5%) classes 

were in the greatest proportions in the Pilbara bioregion. Although, non-dormant 

(ND) seeds were also found in similar proportions (27.0%) to PD and PY, with the 

ND proportions considerably higher in this study than the previously combined 

global estimates of ND (aver. < 10% -  Baskin & Baskin 2003b; Kos, Baskin & 

Baskin 2012). For instance, in a recent study by Kos, Baskin and Baskin (2012), 

over 600 desert and savanna species were classified using published literature to 

determine the most likely kind of seed dormancy present in species from the 

Southern Kalahari desert. The authors found that the estimated prevalence of PD 

(69%) and PY (20%) were comparable to previous hot desert seed dormancy 

assessments (Baskin & Baskin 2001; Baskin & Baskin 2003b; Kos, Baskin & Baskin 

2012). 
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The higher proportion of ND seeds in the present study could be due to the level of 

species diversity assessed (particularly the inclusion of species outside of the 

dominant Fabaceae and Poaceae families), as well as the consideration of species-

specific germination data. For instance, without directly measuring germination on 

a species-by-species basis Kos, Baskin and Baskin (2012) made the assumption 

that if one species within a genus had previously been determined for dormancy, 

then on average, an untested species would most likely contain a similar dormancy 

class, due to the fact that dormancy appears to be phylogenetically conserved. 

Although this assumption was noted, it may have resulted in more seeds of species 

being assigned PD rather than the ‘less frequently occurring’ ND status of arid zone 

species (Kos, Baskin & Baskin 2012).  

Through testing seed germination over a wide temperature range on each 

individual species in this study, it was clear that there was some intra-generic 

variation in seed dormancy classes. For instance, seeds of two species of Goodenia 

(Goodeniaceae) and Enneapogon (Poaceae) were determined to be PD, but a third 

member of the genus was determined as ND (Table 2.1). Also, the opposite was 

shown for the genus Aristida (Poaceae), with seeds of two species determined to 

be ND and one species PD (Table 2.1). In another study from a semi-arid tropical 

region of eastern Australia, where it was expected that high levels of seed 

dormancy would exist, seeds from nine out of 15 species from predominantly the 

Asteraceae family were deemed ND after germination assessment over a wide 

temperature range, with seed from the remaining species confirmed as PD (Hoyle 

et al. 2008c). Hence, the value of a large assessment of the estimated dormancy 

status of species from an arid floristic region such as the Kos, Baskin and Baskin 

(2012) study is valuable in the sense that it provides an opportunity to develop 

potential hypotheses about the overall dormancy patterns observed over a whole 

floristic region, but, may overlook species-specific differences in seed dormancy 

status (e.g. PD versus ND) and germination traits at the finer plant community 

scale.  
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Germination at warmer temperatures and response to ecologically related 

germination stimulants is aligned to Pilbara field conditions 

Development of the nine germination signatures (GS) demonstrated that a 

germination gradient was evident from low germinating species in GS 1-3, through 

to high germinating species in GS 7-9. For instance, species incubated on water 

(control) increased germination on average from < 5% (GS 1) to > 90% (GS 9). The 

transition between the lowest and highest GS demonstrated a strong interaction 

with temperature and the two germination stimulants, GA3 and KAR1. It is well 

recognised that across any given plant community the wide spectrum of dormancy 

states and germination patterns vary considerably between species, plant forms, 

and seed traits (Grime et al. 1981; Olff et al. 1994; Bell et al. 1995; Baskin & Baskin 

2001; Hölzel & Otte 2004; Kos, Baskin & Baskin 2012). For instance, Hölzel and 

Otte (2004) studied 42 species from a flood-meadow community and 

demonstrated that a continuous gradient of germination responses occurred from 

the deeply dormant, non-germinating species, to species that had a narrow range 

of temperature at which germination could occur, to high germinating species that 

responded rapidly to a wide range of temperatures. Hence, similar to the nine GS in 

this study, the germination in these 42 species ranged from 0-100% with a suite of 

dormancy mechanisms, simulated seasonal germination temperatures, and seed 

traits influencing the germination response (Hölzel & Otte 2004).  

As expected, seeds exhibiting a PD component (i.e. PD, MPD, or PY+PD [with PY 

alleviated]) were strongly grouped in the lower three GS (e.g. 24 out of 25 spp.). Of 

the core genera, low germination and seeds exhibiting innate PD have been 

previously been identified for Goodenia (Hoyle et al. 2008a; Scott & Morgan 2012), 

Solanum (Commander et al. 2008), Aristida, Brachyachne, Enneapogon, Eragrostis, 

and Triodia species (Mott 1972; Jurado & Westoby 1992; Adkins, Bellairs & Loch 

2002; Farley, Bellairs & Adkins 2013). These species consistently occur in many 

families renowned to display deeply dormant species (e.g. Araliaceae, 

Goodeniaceae, Poaceae, and Solanaceae - Baskin & Baskin 2001; Merritt et al. 

2007; Commander et al. 2008; Hoyle et al. 2008a). Further, these difficult-to-

germinate families would represent a large suite of plant species that are currently 

not available for large-scale restoration programs due to the lack of knowledge 
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surrounding dormancy breaking requirements that maximise the germination 

potential of seed batches (Merritt et al. 2007; Merritt & Dixon 2011). 

Apart from the deeply dormant species in GS 1 whereby germination was on 

average < 5%, proportions of seeds in the species belonging to GS 2-4 germinated 

more readily at warmer incubation conditions and after exposure to both 

germination stimulants. This indicates as we transition through the GS gradient 

that the regeneration niche of a proportion of seeds belonging in GS 2-4 are aligned 

to the soil temperatures that are present at the time the more reliable rain season 

arrives (Facelli, Chesson & Barnes 2005), and environmental cues that signal to the 

seeds that now would be an opportune time to germinate (Thompson & Ooi 2010; 

Thompson & Ooi 2013). 

Lack of germination in species exhibiting PD is typically controlled by the chemical 

balance of plant growth regulators and/or a combination of restrictive seed tissues 

preventing gas exchange or the emergence of the radicle (Kermode 2005). 

Exogenous application of GA3 at times facilitates the loss of dormancy (Bell 1999) 

and leads to increases in germination and therefore can be used as a proxy to infer 

the ecological requirements of species exhibiting PD. As an example, Hoyle et al. 

(2013) recently demonstrated more species diversity emerged from alpine soil 

samples after irrigating with GA3 and concluded that these species most likely 

possess ‘non-deep’ PD and would potentially lose dormancy naturally via 

stratification in the soil seed bank. Without using GA3 as a tool to overcome a 

proportion of the germinable soil seed bank, the Hoyle et al. study may have 

underestimated the plant diversity found in alpine environments. Within this 

study, GA-responsive species were clearly evident in GS 2, and further germination 

increases were observed in GS 3 and GS 4 at warmer incubation temperatures (25-

35°C). Hence, for these species the germination promoting effects of GA3, not only 

suggests they potentially exhibit non-deep PD and show a preference for recruiting 

in the warmer growth season (Jurado & Westoby 1992; Baskin & Baskin 2004c), 

but also provides a potential pre-treatment option for use in restoration programs 

(Turner et al. 2013). 

Smoke-derived products, including KAR1, are also commonly observed to stimulate 

germination with many species from fire-prone landscapes germinating to higher 

levels than un-treated seeds (Nelson et al. 2012). Yet, the physiological response to 
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fire-related products can often be variable amongst sympatric species and co-

occurring genera when tested with fresh seed, often leading to species-specific 

germination responses (Turner et al. 2009b; Hidayati et al. 2012). This species-

specific variability is captured in GS 4 where each species contributed to a 

noticeable distribution around the GS average (e.g. coloured lines around the black 

dashed line [germination average], Figure 2.7). 

Focusing on the individual species within GS 4, it is apparent that many of the 

families previously identified to be fire-responsive, such as Poaceae, Proteaceae, 

and Asteraceae, are represented within this group (Morris 2000; Clarke & French 

2005; Merritt et al. 2006; Long et al. 2011b). For instance, germination of seeds for 

four species of Triodia (Poaceae) was much higher after exposure to KAR1 at 

warmer incubation temperatures when compared against germination on water 

(Appendix B). Further, not only was there an increase in germination but a 

widening of the temperature range at which the majority of species in GS 4 could 

germinate. This widening of temperature range may be explained by the ability of 

germination stimulants to decrease the sensitivity of seeds to temperature and 

thus increase germination at suboptimal temperatures not possible on water 

alone. Hence, this would be one example whereby seeds demonstrate the ability to 

sense the changing of conditions after natural disturbances such as fire (or flood), 

resulting in germination en masse shortly after such disturbances with many more 

seedlings and/or species present in the above ground biomass than what is found 

in the climax vegetation communities prior to disturbance (Westoby et al. 1988; 

Westbrooke, Florentine & Milberg 2005; Holmgren et al. 2006; Wright & Clarke 

2007; Zimmermann et al. 2008; Armstrong & Legge 2011). 

Independent of ecologically-related germination stimulants, most arid zone species 

germinate more readily at temperatures that align with the more reliable rainfall 

season (Jurado & Westoby 1992; Facelli, Chesson & Barnes 2005). Further to this, 

at the micro-site level (e.g. under the canopy of nurse plants), seeds have the 

ability to sense even subtle shifts in temperatures whereby recruitment signals, 

such as gap-detection or low diurnal temperature fluctuations, allow seeds to time 

germination to periods that maximise plant establishment (Flores & Jurado 2003; 

Padilla & Pugnaire 2006; Kos & Poschlod 2007). 
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I found a suite of species in GS 5 that had a distinctly narrow germination range 

that was not enhanced by the germination stimulants. One explanation of this 

narrow germination window is that these Pilbara species typically occur in 

topographic locations that would potentially support extended periods of greater 

moisture availability such as inundated clay pans, small drainage lines, and rocky 

gullies protected from direct sunlight. Such landscape positions have previously 

been shown to alter vegetation associations and moisture gradients, creating 

localised patches of differing environmental conditions (Parker 1991). Hence, if 

these micro-site locations provide similar temperature controlling services as do 

‘nurse’ plants, these specific areas within the landscape could provide preferential 

germination niches whereby more uniform soil temperatures and increased water 

retention are likely to persist for longer periods (Kos & Poschlod 2007). 

 

Non-dormant and treated-PY species germinated over a wide temperature range 

Given sufficient moisture, light, and temperature ND seeds will germinate readily 

over a wide temperature range (Baskin & Baskin 2004c). The species belonging to 

GS 6-9 (n = 36 spp.) encapsulated this high germinating pattern across 

temperature with only a reduced germination fraction observed at 10°C for GS 6 

and GS 7 (< 75% on average). Twenty four of these species exhibited PY and 

occurred in families previously identified to possess impermeable seed coats (e.g. 

Fabaceae, Malvaceae, Surianaceae, and Convolvulaceae - Gama-Arachchige et al. 

2013a). Hence, these seeds required fire-related treatments (i.e. heat) to render 

the seeds permeable and confirmed the assumption that subsequent germination 

would occur over a broad temperature range with no apparent physiological 

restriction to germination (Auld & O'Connell 1991; Baskin, Baskin & Li 2000). 

Outside of the treated-PY species, the remaining ND species (n = 12 spp.) 

germinated readily without the need for pre-treatment. Genera such as Eucalyptus 

and Melaleuca are renowned for possessing ND seeds once released from 

serotinous capsules, and therefore generally do not pose any dormancy related 

germination restrictions when required for conservation or restoration programs 

(Merritt et al. 2007). For three Ptilotus species (P. auriculifolius, P. macrocephalus, 

and P. nobilis [formerly P. exaltatus]), two Cymbopogon species (C. ambiguus and C. 
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obtectus), and Aristida inaequiglumis, germination was also uninhibited across all 

temperatures, vastly improving on previous accounts of lower germination in 

Ptilotus and Aristida species (Williams, Holliday & Bennell 1989; Jurado & Westoby 

1992; Commander et al. 2009b). Similar to the Williams, Holliday and Bennell 

(1989) and Jurado and Westoby (1992) studies, the quality of seeds was 

maximised in this study through removing the covering floral structures and 

testing viable seeds. I acknowledge that this cleaning process may have altered the 

initial dormancy status of the dispersal unit and potentially increased germination 

(Baskin, Thompson & Baskin 2006), but believe the true ‘dispersal unit’ in genera 

such as Ptilotus is unclear, as the seeds have been observed to be weakly held 

within the floral sheath and may dehisce shortly after dispersal. 

 

Germination percentages were similar within dormancy classes and governed by 

phylogeny 

It was clear from the classification tree analysis that plant family provided the best 

explanation for the GS groupings. At both ends of the GS gradient, plant families 

commonly associated with particular dormancy classes consistently aligned with 

the respective germination patterns. This supports the expectation that the overall 

germination capacity of each species would be similar within each dormancy class, 

and supports the notion that seed dormancy tends to be phylogenetically 

conserved (Baskin & Baskin 2004c; Finch-Savage & Leubner-Metzger 2006; Kos, 

Baskin & Baskin 2012). 

Yet, as it stands, the ability to predict GS patterns from certain plant-form, life-

form, and seed characteristics appears to be not possible with the current dataset. 

One explanation for this is that the dataset was made up of species predominantly 

belonging to the Poaceae and Fabaceae families (51% of all species), with all 

remaining species rarely being represented by multiple species within a genus or 

family. This meant that the dataset would have been confounded by dominant 

plant- and seed- traits such as the lateral embryo type, grass plant-form, and the 

predominant perennial nature of species from the Poaceae. Hence, from this 

particular analysis I can only conclude at this stage that plant family provides the 

strongest explanatory power for the nine GS constructed in this study, and the 



67 
 

classification tree analysis would not provide a useful predictive tool for un-tested 

species. 

 

Concluding remarks 

The focus of this study was to gain a greater understanding of the initial dormancy 

status and germination requirements of a wide range of plant species from an arid 

bioregion. The level of diversity assessed allowed an understanding of the 

prevalence of seed dormancy in Pilbara species, and the strong influence that PD 

and PY has on shaping recruitment dynamics in this arid system. Development of 

the germination signatures further enhanced the resolution and knowledge 

surrounding the temperature-driven germination physiology of arid zone plants. 

As global conservation and restoration initiatives move to make significant step 

changes in the ability to manage and reinstate disturbed ecosystems for multi-

functionality and ecosystem services (Bullock et al. 2011; Maestre et al. 2012; 

Menz, Dixon & Hobbs 2013), detailed seed-based inventories such as this study 

contribute to the knowledge-base required to understand which elements may 

contribute to the reduced plant establishment in the restoration process (James et 

al. 2013). For now, physiological dormancy appears to contribute significant biotic 

impediments to seed germination and further work is required to overcome these 

recruitment bottlenecks. 
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CHAPTER 3 – Unravelling the physiological block in the seeds of a 

framework genus to improve arid zone restoration: the multi-

layered seed dormancy and germination conundrum of Triodia 

species (Poaceae). 

 

ABSTRACT 

Re-instating dominant Triodia grassland communities to disturbed lands has been 

a focus of arid land restoration practitioners for decades. Yet, seed quality and low 

seed germination have hindered the re-establishment potential of Triodia species 

to date. This study set out to examine seed dormancy in a range of Triodia species 

to firstly confirm the presence of physiological dormancy (PD) and secondly 

examine the role of dry after-ripening, removal of covering floral structures from 

seeds, and effects of gibberellic acid (GA3), and the smoke-derived germination 

stimulant karrikinolide (KAR1) on dormancy loss and germination. Freshly 

collected florets containing viable seeds of Triodia angusta, T. basedowii, T. 

brizoides, T. epactia, T. pungens, T. sp. Shovelanna Hill, and T. wiseana were 

determined to possess PD. The germination potential of florets was < 10% for most 

species, although exposure to KAR1 significantly enhanced germination (up to 

57%) in the majority of species. When the palea and lemma of florets were 

removed, germination increased to 59%, with further increases observed after 

exposure to the germination stimulants GA3 (up to 66%) and KAR1 (up to 92%). 

The optimal germination temperature for most species was 20 or 25°C, except for 

T. angusta (35°C). Dry after-ripening (DAR) florets and seeds by storage at 30°C 

and 50% RH promoted the progressive loss of PD over 12-24 months storage. 

Germination response to KAR1 during DAR was species specific, although typically 

KAR1 response decreased during storage. Variation in dormancy level and 

germination response differed amongst species, experimental units (florets and 

seeds), during DAR, and after exposure to chemical stimulants (GA3 and KAR1). For 

use in restoration seeding programs, careful consideration of seed pre-treatments 

will be necessary to improve germination in Triodia species.   
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INTRODUCTION  

Biomes such as the mineral-rich Pilbara bioregion of Western Australia have been 

altered by human land-use for almost a century (McKenzie, van Leeuwen & Pinder 

2009). With the recent and continued expansion of mining operations (Ye 2008) 

the development of successful techniques for restoration across this landscape is 

required. The disturbance footprint in the region currently exceeds 120,000ha 

(EPA 2013) and requires considerable technological inputs to ensure large-scale 

restoration is scalable, cost-effective, and achieves desired restoration targets 

(Merritt & Dixon 2011; Menz, Dixon & Hobbs 2013).  

Triodia species are the dominant grass species of the Pilbara bioregion, forming 

the key element within the main vegetation communities (Maslin & van Leeuwen 

2008). The re-establishment of Triodia hummocks in disturbed lands after mining 

has been a focus of restoration practitioners for decades (Johnson & Putwain 

1981). Triodia species are long-lived perennial grasses that dominate up to 26% of 

inland Australia (Gamage et al. 2012). In some areas, a single species of Triodia can 

make up at least 95% of the above-ground plant biomass (Winkworth 1967). The 

unique nature of the hummock growth form, the drought tolerance (Grigg, 

Veneklaas & Lambers 2008b), the rich diversity of species that inhabit multiple soil 

types and landscape positions (ca. 65-70 species - Lazarides 1997; Lazarides, 

Weiller & McCusker 2005; Armstrong 2009; Barrett & Barrett 2011), and the 

capacity to regenerate following fire via vegetative re-sprouting or from seeds 

within the soil seed bank (Bogusiak et al. 1990; Rice & Westoby 1999; Wright & 

Clarke 2007; Letnic & Dickman 2010; Armstrong & Legge 2011) make Triodia 

species highly desirable in restored environments across arid Australia. One of the 

most cost efficient and scalable methods for re-instating plant species to disturbed 

lands is through seed broadcasting or direct seeding, providing reliable methods of 

seed propagation and plant establishment are available (Merritt & Dixon 2011; 

Wagner et al. 2011). However, very low plant establishment from broadcast seed 

often restricts the ability to re-introduce target species, with seedling emergence 

rates typically less than 10% (Williams et al. 2002; Turner et al. 2006b; James, 

Svejcar & Rinella 2011; Merritt & Dixon 2011).  

Various abiotic and biotic factors can contribute to emergence failure. These 

include physical soil crusting (Deines et al. 2007; James, Svejcar & Rinella 2011; 



71 
 

Madsen et al. 2012), insufficient moisture during critical periods of germination 

and emergence (Bochet et al. 2007), soil toxicity and altered soil properties 

(Mendez & Maier 2008), extreme soil temperatures (Ooi, Auld & Denham 2009), 

insect and animal predation or movement (Chambers 2000; Meyer & Pendleton 

2005; De Falco et al. 2012), poor quality seed (Booth, Bai & Roos 1997; Mortlock 

2000), incorrect seed storage practices prior to use (Merritt & Dixon 2011), and 

innate seed dormancy mechanisms (Merritt et al. 2007). Individually, cumulatively, 

or synergistically, these factors can reduce the probability that seeds delivered to a 

restoration site will germinate and establish as adult plants. Identifying the 

constraints to seed recruitment and developing approaches to overcome these 

constraints is critical to increasing the diversity of species returned to restoration 

sites, and in reducing the amount of seed required to do so (James, Svejcar & 

Rinella 2011; James et al. 2013). The lack of consideration of seed dormancy, and 

the resultant impediments to achieving germination of broadcast seeds, is arguably 

one of the largest challenges to the successful re-establishment of plant 

communities in restoration programs (Merritt et al. 2007). 

Numerous technical reports have demonstrated a multitude of issues surrounding 

the re-establishment of Triodia species from seed (Jacobs 1973; Atkins 1985; 

Adkins et al. 1999; Meissner 1999; Wells & Dixon 1999; Wells et al. 2000). It is well 

known that sourcing sufficient quantities of germinable seed is difficult because of 

the sporadic nature of seeding events in arid systems and the very low fecundity of 

Triodia species (Jacobs 1973; Westoby et al. 1988; Wright, Zuur & Chan 2014). 

Triodia seed is collected whilst still retained within the floret, and the inability to 

easily differentiate between filled and empty florets usually leads to collections 

that comprise less than 30% seed by volume. Additionally, the timing of collection 

can further affect the quality of seed batches (Adkins et al. 1999; Wells et al. 2000). 

Harvest timing can alter the quality, level of dormancy, germination capacity, and 

storage life of collected seeds (Probert et al. 2007). Equally, dormancy naturally 

varies from individual plants, and within and across populations (Andersson & 

Milberg 1998). Hence, determining the proportion of filled florets, seed viability, 

and the germination capacity of Triodia diaspores has varied between reports 

(Jacobs 1973; Westoby et al. 1988; Adkins et al. 1999; Meissner 1999; Wells et al. 

2000; Farley, Bellairs & Adkins 2013). 



72 
 

There is uncertainty surrounding the reasons for the variation in germination of 

Triodia florets or seeds, with differences being attributed to intra-specific or 

ecotypic variation, biotic and abiotic effects on dormancy, varying responses to 

germination promoting compounds such as GA3, NO3, and smoke-water, and 

differing experimental methodology between studies (Adkins et al. 1999; Meissner 

1999; Wells & Dixon 1999; Armstrong & Legge 2011). The highest germination 

percentage reported is 95% in Triodia longiceps, for seeds that were incubated at 

30°C after first removing the covering floret structures and treating the seeds with 

a 5% smoke-water solution (Adkins et al. 1999).  

Physiological dormancy (PD) is the most common class of seed dormancy found 

across the globe (Baskin & Baskin 2004c), and the most prominent in the dry arid 

regions (Baskin & Baskin 2001; Kos, Baskin & Baskin 2012). Species from the 

Poaceae family commonly exhibit physiological dormancy (Baskin & Baskin 

2004c), and this kind of dormancy is most likely present in Triodia seeds. In 

grasses, dormancy is commonly imposed by two separate mechanisms (Bewley et 

al. 2013). Firstly, via the covering floral structures that mechanically restrict 

embryo growth and/or the access of oxygen to the embryonic axis, and secondly, 

via physiological means within the embryo, perhaps involving inhibitory 

compounds and/or, the balance/interplay between the plant growth regulators 

gibberellic (GA3) and abscisic acids (Mott 1974; Gutterman, Corbineau & Côme 

1996; Adkins, Bellairs & Loch 2002; Kermode 2005; Gallart et al. 2008; Ma et al. 

2008; Ma et al. 2010; Duclos et al. 2013; Farley, Bellairs & Adkins 2013).  

 In arid and other seasonally dry regions of Australia, PD is typically alleviated 

during warm, dry conditions experienced in the inter-rainfall period following 

seed dispersal (Merritt et al. 2007; Commander et al. 2009a). Additionally, 

conditions during brief periods of summer rainfall activity, resulting in short 

pulses of moisture availability, can further enhance dormancy alleviation (Hoyle et 

al. 2008a). Replicating environmental conditions experienced in the field, 

especially the interaction of temperature and moisture via dry after-ripening 

(DAR) and/or wet-dry cycling, is a proven method for alleviating seed dormancy 

prior to use in restoration programs (Merritt et al. 2007; Hoyle et al. 2008a; Hoyle 

et al. 2008b; Hoyle et al. 2008d; Commander et al. 2009a; Turner et al. 2009b). For 

instance, Turner et al. (2009b) demonstrated after-ripening seeds in the grass 
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species Austrostipa elegantissima when stored at 23°C was most effective at 50-

75% RH (equating to seed moisture contents of 11-13%). These after-ripening 

conditions resulted in > 80% germination after 3 months. In comparison, it took up 

to 36 months to reach similar levels of germination for seeds stored at lower 

moisture contents (e.g. RH of 5-10% = seed moisture content 4-6%) (Turner et al. 

2009b).  

Such a result is consistent with the thermal after-ripening time model developed 

by Steadman, Crawford and Gallagher (2003), for which seeds of the grass Lolium 

rigidum demonstrated an increased rate of dormancy loss with increased seed 

moisture content. Recent evidence suggests storing seeds at ca. 30°C and 50% RH 

provides suitable conditions to promote dormancy loss whilst maintaining 

viability in a suite of arid zone species (Commander et al. 2009a). Additionally, 

application of germination stimulants, such as GA3 and the smoke-derived KAR1, 

often alleviate the need for DAR as fresh seed in several species have been found to 

be responsive to these chemical pre-treatments without the need for DAR 

(Commander et al. 2009a; Turner et al. 2009b; Kępczyński, Cembrowska & Staden 

2010; Long et al. 2011b; Turner et al. 2013). 

Many species of Triodia are highly sought after and desirable for re-introduction 

into disturbed lands, but their germination requirements remain poorly 

understood. This study set out to examine seed dormancy in a range of Triodia 

species to firstly confirm the presence of PD, and secondly, examine if DAR, 

removal of covering floral structures from seeds, and GA3, and KAR1 would release 

seed dormancy and/or provide germination stimulation.  Specifically, the 

hypotheses tested included: (1) the florets of Triodia (i.e. an intact floret containing 

a viable seed) would have a higher degree of PD than cleaned viable seed due to 

multi-layered dormancy mechanisms present in intact florets, (2) relative levels of 

physiological dormancy across both florets and seeds would be expressed in the 

response of fresh material to GA3 and KAR1 across a wide range of incubation 

temperatures, (3) DAR would promote germination of intact florets and cleaned 

seeds, with the requirement for KAR1 decreasing with the duration of DAR, and (4) 

dormancy and germination responses would differ between species and 

populations of Triodia species.  
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METHODS  

Seed material 

The true fruit of Triodia species is either made up of an individual or compound 

flowering/dispersal unit, technically termed an anthecarium (e.g. an individual 

fruit, or floret) or infructarium (e.g. a compound fruit, or spikelet), respectively. 

Each individual anthecarium consists of a lemma and palea, that if present, 

encloses a single caryopsis (e.g. single seed covered by a thin pericarp) (Spjut 

1994; updated online version at 

http://www.worldbotanical.com/fruit_types.htm). For the purpose of this study, I 

was solely interested in improving the germination capability of an individual 

caryopsis. Therefore, hereafter I refer to the experimental units as: (1) the ‘floret’, 

which is an indehiscent anthecarium that contains one viable caryopsis, or the 

‘seed’ which is an individual caryopsis with the covering structures of the 

anthecarium removed (Figure 3.1). 

Figure 3.1. An example of an intact floret (top) and cleaned seed (bottom) of Triodia pungens. For 
the purpose of this study we refer to the ‘floret’, which contains one viable caryopsis, or ‘seed’, 
which is a viable caryopsis with the covering floret structures removed. In all cases, both 
experimental units were deemed viable with all material confirmed to be ‘filled’ via x-ray analysis.  
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Florets were collected from seven of the 20 currently recognised species of Triodia 

from the Pilbara region of Western Australia (Western_Australian_Herbarium 

1998 -). All collections were verified with specimens lodged at the Western 

Australia Herbarium. Study species included Triodia angusta N.T.Burb., T. 

basedowii E.Pritz., T. brizoides N.T.Burb., T. epactia S.W.L.Jacobs, T. pungens R.Br., T. 

sp. Shovelanna Hill (S. van Leeuwen 3835), and T. wiseana C.A.Gardner. For ease of 

reference, hereafter the author affiliation for T. sp. Shovelanna Hill (e.g. “S. van 

Leeuwen 3835”) will not be used. Florets were collected at the time of natural 

dispersal, with collections being made across the months of February-April in 

2009, 2010, and 2011 (Table 3.1). Species were selected on the basis of those that 

commonly occur throughout the region but differ in their position within the 

landscape and occur across varying soil types and topographic locations. Triodia 

wiseana was collected from two separate populations, with populations denoted 

by the location of the closest mine-site from which the collections were made (e.g. 

‘Yandi’ and ‘Yarrie’ in the central and north-eastern Pilbara, respectively). All 

collections were stored within four days of collection in a controlled environment 

facility (maintained at 15°C and 15% RH) until commencement of experiments.  

To remove empty florets (i.e. florets that did not contain a viable seed), all 

collections were cleaned via vacuum separation (‘Zig Zag’ Selecta, Machinefabriek 

BV, Enkhuizen, The Netherlands) and checked for complete floret ‘fill’ by x-ray 

analysis (Faxitron MX-20 x-ray cabinet, Tucson, Arizona, USA). Floret ‘fill’ was 

defined by the presence of an intact seed within the floret that appeared uniformly 

white/grey in the digital x-ray image. Floret fill was deemed synonymous with 

viability. Repeated vacuum separation and x-ray analysis ensured only filled florets 

were utilised in experiments. To remove covering floret structures and clean to 

pure seed where required, floret material was gently rubbed through a sieve and 

empty floret debris removed via vacuum separation. Seeds were then carefully 

examined to ensure the seed was intact with no evidence of fracturing of the testa. 

 

Experiment 1: Initial germination testing of florets and seeds  

All species were tested within 6 months of collection (Table 3.1). Initial 

germination capacity was tested in six temperature-controlled incubators set at 
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constant 10˚C, 15˚C, 20˚C, 25˚C, 30˚C, and 35˚C with a 12/12 h light/dark regime 

(30 µ mol m-2 s-1, 400-700 nm, cool-white fluorescent light). Prior to testing, florets 

and seeds of all seven species were surface sterilised in a 2% w/v calcium 

hypochlorite (Ca[OCl]2) solution for 30 minutes, alternating for 10 minute cycles 

under vacuum (e.g. on/off/on at -70 kPa), and then rinsed in sterile deionised 

water. To test the effects of chemical stimulants GA3 (Sigma-Aldrich Co., Australia) 

and KAR1 (karrikinolide; 3-methyl-2H-furo[2,3-c]pyran-2-one, synthesised 

following Flematti et al. 2005) on germination, four replicates of 25 (occasionally 

20) florets or seeds were plated in 90mm Petri dishes on a 0.7% w/v water agar 

medium (control) or on water agar containing either 289 µM GA3 or 0.67 µM KAR1. 

Germination was defined as radicle emergence greater than one third of the floret 

or seed coat length. In some instances, cotyledon emergence occurred in florets 

with no radicle protrusion evident, thus, these florets were not counted as 

germinated. Germination was checked every 7 d for 28 d. The presence of PD was 

defined as germination failing to exceed 75% for florets tested on water agar 

across any of the six incubation temperatures after 28d (Baskin and Baskin 2004). 

Table 3.1. Collection and experiment commencement details for all seven Triodia species (eight 
collections)  

Species 
Herbarium 
barcode no. 

(PERTH)* 

GPS 
location 

Date 
collected** 

Commencement 
of initial 

germination 
testing 

Commencement 
of dry after-

ripening 

T. angusta 
08357528 

23°26'38.3" 
119°45'46.8" 

April 2011 September 2011 September 2011 

T. basedowii 
08357536 

23°33'13.9" 
119°45'35.1" 

April 2011 July 2011 September 2011 

T. brizoides 
08357544 

23˚19’1.0” 
119˚43’0.0” 

April 2011 August 2011 September 2011 

T. epactia 
TEE 673 

20°27'39.4" 
120°09'33.5" 

February 
2010 

June 2010 May 2010 

T. pungens 
08357552 

23°17'33.3" 
119°38'58.8" 

April 2011 August 2011 September 2011 

T. sp.  
Shovelanna 
Hill 

TEE 623 
22°49'58.2" 
118°46'03.7" 

March 2009 July 2009 May 2009 

T. wiseana 
(Yandi) 

TEE 632 
22°43'26.5" 
118°57'33.4" 

March 2009 September 2009 May 2009 

T. wiseana 
(Yarrie) 

TEE 675 
20°36'43.1" 
120°16'27.6" 

February 
2010 

June 2010 May 2010 

* If the Western Australian Herbarium (PERTH) barcode number was not available, a personal collection number was 
applied. 
** All collections were stored in a controlled environment room (15°C/15% RH) within four days of field collection and were 
only removed from storage for experimental purposes 
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Experiment 2: Effects of dry after-ripening on germination of floret and seeds 

Florets and seeds of all collections were placed in dry after-ripening (DAR) 

conditions of 30°C and 50% RH within five months of collection (Table 3.1). The 

DAR conditions were achieved by suspending florets and seeds over a non-

saturated lithium chloride solution (LiCl; 370 g/L), enclosed in a 270 x 270 x 130 

mm poly-carbonate electrical enclosure box (NHP Fibox, Australia) that was placed 

in an incubator at 30˚C. As the RH boxes were not replicated here, it could be 

argued that the experimental treatments could be confounded by the lack of 

replication. However, to overcome these potential issues, the relative humidity 

conditions within the RH treatment boxes were routinely monitored throughout 

the experimental period. These techniques have proven to be consistent and 

replicable over many years (Commander et al. 2009a; Turner et al. 2009b; Long et 

al. 2011a); therefore, I believe that the conditions applied here would not influence 

the hypothesised treatment effects. 

Samples were removed from DAR for germination testing after six weeks, 3, 6, 12, 

and 24 months, except for Triodia angusta, T. basedowii, T. brizoides, and T. 

pungens, which were only tested for up to 12 months. Germination of florets and 

seeds of each species immediately prior to DAR were used for determining the 

baseline germination level. Once removed from the DAR conditions, all material 

was tested for germination with the same methods identified in Experiment 1 

above, except that florets and seeds were only incubated at 25°C on water agar, or 

water agar containing KAR1. This selection for germination testing solely at 25°C 

was based off the findings of Experiment 1 and the general preference for optimum 

germination at 25°C for many species tested in Chapter 2, which also reflects the 

summer germination preference of the study species. Additionally, the direct 

comparison between water and KAR1 (and not GA3) was chosen due to the greater 

germination responses when tested on KAR1 observed in Experiment 1. 

 

Statistical analyses 

Germination data from all experiments were analysed using generalised linear 

models (GLM) fitted with a binomial distribution using the glm function in R 

(R_Core_Team 2012) or a two-part hurdle model fitted with both a binomial and 
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Poisson distribution using the hurdle function in the pscl package (Zeileis, Kleiber 

& Jackman 2008). For each species tested, explanatory variables in the initial 

germination experiment included incubation temperature (10-35°C), germination 

stimulants (± GA3 or ± KAR1), and experimental unit (florets or seeds). For the DAR 

experiments, explanatory variables included storage time (up to 24 months), 

germination stimulants (± KAR1), and experimental unit (florets or seeds). 

Incubation temperature and storage time were treated as continuous variables.  

Models were checked for over-dispersion and fitting of the data to the binomial 

distribution, first at the species level, and second, within a species at the individual 

floret and seed level. On occasions, the germination data for a particular treatment 

comprised a large number of zeros (i.e. no germination recorded), resulting in the 

model failing to converge (i.e. zero inflation). Second order interactions caused 

further issues with the zero-inflation, and so for consistency, only the main effects 

were included in the modelling. When zero-inflation was detected, data was 

reanalysed using a hurdle model (Zeileis, Kleiber & Jackman 2008). The hurdle 

model analysed data in two components. First, the zeros were analysed using a 

binomial distribution, often reiterating the non-significant response of the GLM. 

Second, all remaining germination data > 0 were analysed as count data using a 

Poisson distribution. The two-part hurdle analysis therefore allowed differences in 

the main effects to be detected in the subset of data that showed a germination 

response (i.e. > 0). All analyses were carried out in R version 2.15.1 (R_Core_Team 

2012). 

 

RESULTS 

Experiment 1: Initial germination testing of florets and seeds 

The maximum germination of florets and seeds incubated on water was 6% and 

59%, respectively (Figures 3.2-3.5). For all species tested, and when data was 

analysed for florets and seeds grouped within a species, all main effects of 

incubation temperature, experimental unit (florets and seeds), and germination 

stimulants (GA3 and KAR1) were found to significantly increase germination (P ≤ 

0.03, Table 3.2). Although, there was one exception with T. epactia not responding 

to the GA3 treatment (Figure 3.3, Table 3.2). Triodia basedowii could not be 
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analysed due to the very high number of florets not germinating, which caused an 

issue with zero-inflation in the model (Figure 3.2, Table 3.2).  

Individually within species, floret germination was not improved by GA3 treatment 

(P > 0.05, Table 3.3), with a maximum of 14% germination observed in Triodia 

wiseana (Yarrie) (Figure 3.5). Conversely, KAR1 significantly improved 

germination of florets in six out of the eight collections, with the only species not 

responsive to KAR1 being T. basedowii and T. sp. Shovelanna Hill (P ≤ 0.03, Table 

3.3). Excluding T. brizoides, which only germinated to 9%, the maximum 

germination percentage for each of the KAR1 responsive species ranged between 

33 and 57% (Figures 3.2-3.5). The KAR1 response was consistent between the two 

separate collections of T. wiseana (Figure 3.5). Maximum germination of all KAR1 

responsive collections was observed at 20-25°C, (Figures 3.3-3.5), except for T. 

angusta for which germination was highest at 35°C (Figure 3.2), and for the low-

germinating T. brizoides for which temperature did not affect germination (Figure 

3.3). In addition to the KAR1 responsiveness of T. angusta, T. epactia, T. pungens, 

and T. wiseana (Yarrie), incubation temperature was found to significantly 

enhance floret germination (P ≤  0.005, Figures 3.2-3.5, Table 3.3). 

Once seeds were removed from the florets, germination on water agar increased 

for most species to between 19-59%, although seeds of T. angusta and T. brizoides 

had ≤ 10% germination (Figures 3.2 and 3.3). Compared with seeds incubated on 

water agar, treatment with GA3 significantly improved seed germination of all 

species to 23-66% (P ≤ 0.03, Table 3.3), except for T. epactia and T. wiseana 

(Yarrie) (P > 0.05, Figures 3.3 and 3.5). Similarly, treatment with KAR1 significantly 

improved seed germination across all species (P ≤ 0.03, Table 3.3). Germination 

with KAR1 exceeded 45% in at least one incubation temperature above 20°C 

(Figures 3.2-3.5), with the maximum seed germination observed in T. pungens 

(92%, Figure 3.4). Incubation temperature had a highly significant effect on 

germination of seeds (P < 0.001, Table 3.3). Unlike the germination of florets, the 

temperature window in which seeds would germinate was much broader, with the 

highest germination percentages observed at temperatures between 20-35°C for 

all species, except T. sp. Shovelanna Hill, which had a distinct peak at 20°C (Figure 

3.4). 
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Figure 3.2. Germination (mean ± s.e.) of Triodia angusta (top) and T. basedowii (bottom) florets 
(left) and seeds (right). Florets and seeds were incubated in Petri dishes on water agar containing 
no additional germination stimulant, 289 µM gibberellic acid (GA3), or 0.67 µM karrikinolide (KAR1) 
at constant 10-35°C for 28 d. 
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Figure 3.3. Germination (mean ± s.e.) of Triodia brizoides (top) and T. epactia (bottom) florets (left) 
and seeds (right). Florets and seeds were incubated in Petri dishes on water agar containing no 
additional germination stimulant, 289 µM gibberellic acid (GA3), or 0.67 µM karrikinolide (KAR1) at 
constant 10-35°C for 28 d. 
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Figure 3.4. Germination (mean ± s.e.) of Triodia pungens (top) and T. sp. Shovelanna Hill (bottom) 
florets (left) and seeds (right). Florets and seeds were incubated in Petri dishes on water agar 
containing no additional germination stimulant, 289 µM gibberellic acid (GA3), or 0.67 µM 
karrikinolide (KAR1) at constant 10-35°C for 28 d. 
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Figure 3.5. Germination (mean ± s.e.) of Triodia wiseana (Yandi) (top) and T. wiseana (Yarrie) 
(bottom) florets (left) and seeds (right). Florets and seeds were incubated in Petri dishes on water 
agar containing no additional germination stimulant, 289 µM gibberellic acid (GA3), or 0.67 µM 
karrikinolide (KAR1) at constant 10-35°C for 28 d. 
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Table 3.2. Species level statistical results of generalised linear modelling (GLM) or two-part hurdle 
modelling (Hurd) using binomial (B) and Poisson (P) distributions showing the main effects of 
incubation temperature, experimental unit, and germination stimulants gibberellic acid (GA3) and 
karrikinolide (KAR1) on germination of Triodia angusta, T. basedowii, T. brizoides, T. epactia, T. 
pungens, T. sp. Shovelanna Hill, T. wiseana (Yandi), and T. wiseana (Yarrie) collections. Florets and 
seeds were analysed together. Incubation temperature = constant 10-35°C for 28 d, experimental 
unit = florets or seeds, GA3 treatment = water agar + 289 µM GA3, KAR1 treatment = water agar + 
0.67 µM KAR1. All numeric values indicate the model P value (ns = not significant, dash = model not 
run due to zero inflation). 

Species Model 
Incubation 

temperature 
Experimental 

unit 
GA3 

treatment 
KAR1 

treatment 

T. angusta 
  

Hurd/B < 0.001 < 0.001 0.003 < 0.001 

Hurd/P < 0.001 0.002 < 0.001 < 0.001 

T. basedowii - - - - - 

T. brizoides 
Hurd/B < 0.001 < 0.001 ns 0.005 

Hurd/P ns < 0.001 < 0.001 < 0.001 

T. epactia GLM < 0.001 < 0.001 ns < 0.001 

T. pungens GLM < 0.001 < 0.001 0.03 < 0.001 

T. sp. Shovelanna Hill 
Hurd/B 0.001 < 0.001 ns ns 

Hurd/P ns ns < 0.001 < 0.001 

T. wiseana (Yandi) GLM 0.003 < 0.001 < 0.001 < 0.001 

T. wiseana (Yarrie) GLM < 0.001 < 0.001 < 0.001 < 0.001 
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Table 3.3. Within species statistical results of generalised linear modelling (GLM) or two-part 
hurdle modelling (Hurd) using binomial (B) and Poisson (P) distributions showing the main effects 
of incubation temperature and germination stimulants gibberellic acid (GA3) and karrikinolide 
(KAR1) on germination of Triodia angusta, T. basedowii, T. brizoides, T. epactia, T. pungens, T. sp. 
Shovelanna Hill, T. wiseana (Yandi), and T. wiseana (Yarrie) collections. Florets and seeds were 
analysed separately. Incubation temperature = constant 10-35°C for 28 d, experimental unit = 
florets (F) or seeds (S), GA3 treatment = water agar + 289 µM GA3, KAR1 treatment = water agar + 
0.67 µM KAR1. All numeric values indicate the model P value (ns = not significant, dash = model not 
run due to zero inflation). 

Species 
Experimental 

unit 
Model 

Incubation 
temperature 

GA3 
treatment 

KAR1 
treatment 

T. angusta 
F 

Hurd/B 0.002 ns < 0.001 

Hurd/P < 0.001 - - 

S GLM < 0.001 < 0.001 < 0.001 

T. basedowii 
F - - - - 

S GLM < 0.001 0.01 < 0.001 

T. brizoides 
F 

Hurd/B ns ns 0.01 

Hurd/P ns ns ns 

S GLM < 0.001 0.009 < 0.001 

T. epactia 
F 

Hurd/B 0.005 ns < 0.001 

Hurd/P ns ns < 0.001 

S GLM < 0.001 ns 0.02 

T. pungens 
F 

Hurd/B < 0.001 ns 0.002 

Hurd/P ns ns < 0.001 

S GLM < 0.001 0.03 < 0.001 

T. sp. Shovelanna 
Hill 

F - - - - 

S GLM < 0.001 0.002 0.03 

T. wiseana (Yandi) 
F 

Hurd/B ns ns ns 

Hurd/P ns ns < 0.001 

S GLM < 0.001 < 0.001 < 0.001 

T. wiseana (Yarrie) 
F 

Hurd/B 0.001 ns 0.01 

Hurd/P ns ns < 0.001 

S GLM < 0.001 ns < 0.001 

 

Experiment 2: Effects of dry after-ripening on germination  

The influence of DAR and treatment with KAR1 on the germination of florets and 

seeds, varied between species. The most consistent and significant germination 

enhancements were apparent after cleaning to seed and/or after exposure to KAR1 

(Table 3.4). 

Prior to DAR (i.e. at 0 months), germination of florets incubated on water ranged 

from 0% for Triodia basedowii (Figure 3.6), T. sp. Shovelanna Hill (Figure 3.8), and 

T. wiseana (Yandi) (Figure 3.9), to 35% in T. wiseana (Yarrie) (Figure 3.9). 

Exposure to KAR1 induced an increase in germination of between 17-34% across 
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all species, except for T. basedowii and T. sp. Shovelanna Hill for which 0% 

germination occurred. The maximum germination of KAR1 treated florets prior to 

DAR was observed in T. wiseana collected from Yarrie (60%, Figure 3.9). For 

florets of all species there was a diverse range of responses to DAR and KAR1 

treatment. Triodia basedowii and T. sp. Shovelanna Hill florets were the least 

responsive to increasing DAR and KAR1 stimulation with maximum germination 

for these two species only reaching 5% and 19%, respectively (Figure 3.6 and 3.8). 

Nevertheless, significant effects of DAR and KAR1 treatments were still evident for 

both species (P < 0.05, Table 3.5). Similarly, for Triodia angusta the main effects of 

DAR and KAR1 significantly increased germination of florets, with the KAR1 

germination response increasing from 26 to 54% during the DAR period (P = 

0.002, Figure 3.6, Table 3.5). For T. brizoides, germination of florets was not 

improved by DAR, but incubation on KAR1 (25-36%) significantly improved 

germination when compared to control treatments (4-9%, P < 0.001, Figure 3.7, 

Table 3.5). Triodia epactia, T. pungens, and T. wiseana (both collections) 

demonstrated the greatest germination response over the DAR period and KAR1 

use. All these species responded significantly to the DAR treatment with 

germination in water increasing from 0-35% up to 28-75% after 12-24 months 

(Figures 3.7-3.9). In addition to the DAR response, a significant increase in 

germination after exposure to KAR1 was evident for T. pungens. For instance, prior 

to DAR, germination of KAR1 treated florets was 37% and increased to 67% after 

12 months storage; whereas, even after 12 months DAR floret germination on 

water agar only reached 28% (Figure 3.8). 

The DAR response of species once cleaned to seed and treating with KAR1 was 

species specific. Prior to storage, seed germination across all species ranged from 

6-45% under control conditions, but was further increased to 45-91% after 

exposure to KAR1 (Figures 3.6-3.9). Highly significant germination enhancements 

were observed for all species using KAR1 (P < 0.001, Table 3.5), except Triodia 

epactia and T. wiseana (Yarrie) for which germination in water matched the KAR1 

germination response (Figure 3.7 and 3.9). The most pronounced seed stimulation 

from KAR1 prior to storage was observed in Triodia brizoides (86.3%), a greater 

than 50% increase in germination on water agar (P < 0.001, Figure 3.7).  Further, 

germination of un-stored seed exposed to KAR1 often far exceeded floret 

germination, which often required at least 12 months storage or exposure to KAR1 
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to reach comparable germination levels (e.g. Triodia brizoides and T. pungens, 

Figures 3.7-3.8).  

Similar to the florets, seeds responded to DAR with a diverse range of germination 

patterns. Compared to un-stored seeds, increasing storage time significantly 

improved germination over 12-24 months in Triodia angusta, T. basedowii, T. 

pungens and T. sp. Shovelanna Hill (P ≤ 0.04, Figures 3.6 and 3.8). For example, 

control seed germination of Triodia pungens increased from 38% to 81% after 12 

months of storage (Figure 3.8). Conversely, increasing storage time had a 

significantly negative effect on seed germination of Triodia epactia and T. wiseana 

(Yarrie) with germination decreasing from 45-68% to 18-34% over the 24 month 

storage period (P < 0.001, Figure 3.7 and 3.9). The stimulatory effect of KAR1 

compared to control germination of seeds was most pronounced early in the 

storage period (0-3 months), although, as the storage time increased (6-24 

months) and Triodia seeds after-ripened, the KAR1 response decreased, with 

germination on water agar often similar to the KAR1 treatments (e.g. Triodia 

pungens and T. wiseana (Yandi), Figures 3.8 and 3.9). 
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Figure 3.6. Germination (mean ± s.e.) of Triodia angusta (top) and T. basedowii (bottom) florets 
(left) and seeds (right) after storage at 30°C/50% RH over 12-24 months. Post-storage, florets and 
seeds were incubated in Petri dishes on water agar containing no additional germination stimulant 
or 0.67 µM karrikinolide (KAR1) at constant 25°C for 28 d.  
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Figure 3.7. Germination (mean ± s.e.) of Triodia brizoides (top) and T. epactia (bottom) florets (left) 
and seeds (right) after storage at 30°C/50% RH over 12-24 months. Post-storage, florets and seeds 
were incubated in Petri dishes on water agar containing no additional germination stimulant or 
0.67 µM karrikinolide (KAR1) at constant 25°C for 28 d. 
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Figure 3.8. Germination (mean ± s.e.) of Triodia pungens (top) and T. sp. Shovelanna Hill (bottom) 
florets (left) and seeds (right) after storage at 30°C/50% RH over 12-24 months. Post-storage, 
florets and seeds were incubated in Petri dishes on water agar containing no additional 
germination stimulant or 0.67 µM karrikinolide (KAR1) at constant 25°C for 28 d. 
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Figure 3.9. Germination (mean ± s.e.) of Triodia wiseana (Yandi) (top) and T. wiseana (Yarrie) 
(bottom) florets (left) and seeds (right) after storage at 30°C/50% RH over 12-24 months. Post-
storage, florets and seeds were incubated in Petri dishes on water agar containing no additional 
germination stimulant or 0.67 µM karrikinolide (KAR1) at constant 25°C for 28 d. 

  



92 
 

Table 3.4. Species level statistical results of generalised linear modelling (GLM) or two-part hurdle 
modelling (Hurd) using binomial (B) and Poisson (P) distributions showing the main effects of dry 
after-ripening (storage time), experimental unit, and KAR1 treatment on germination of Triodia 
angusta, T. basedowii, T. brizoides, T. epactia, T. pungens, T. sp. Shovelanna Hill, T. wiseana (Yandi), 
and T. wiseana (Yarrie) collections. Florets and seeds were analysed together. Storage time = 
30°C/50% RH for 0-24 months, experimental unit = florets or seeds, KAR1 treatment = water agar + 
0.67 µM KAR1. All numeric values indicate the model P value (ns = not significant). 

Species  Model Storage time Experimental unit KAR1 treatment 

T. angusta GLM < 0.001 < 0.001 < 0.001 

T. basedowii  
Hurd/B 0.03 ns 0.01 

Hurd/P 0.01 < 0.001 < 0.001 

T. brizoides GLM ns < 0.001 < 0.001 

T. epactia GLM ns ns 0.03 

T. pungens GLM < 0.001 < 0.001 < 0.001 

T. sp. Shovelanna Hill  
Hurd/B < 0.001 < 0.001 0.001 

Hurd/P < 0.001 < 0.001 < 0.001 

T. wiseana (Yandi) GLM 0.001 < 0.001 < 0.001 

T. wiseana (Yarrie) GLM ns ns < 0.001 

 

Table 3.5. Within species statistical results of generalised linear modelling (GLM) or two-part 
hurdle modelling (Hurd) using binomial (B) and Poisson (P) distributions showing the main effects  
of dry after-ripening (storage time), experimental unit, and KAR1 treatment on germination of 
Triodia angusta, T. basedowii, T. brizoides, T. epactia, T. pungens, T. sp. Shovelanna Hill, T. wiseana 
(Yandi), and T. wiseana (Yarrie) collections.  Florets and seeds were analysed separately. Storage 
time = 30°C/50% RH for 0-24 months, experimental unit = florets (F) or seeds (S), KAR1 treatment 
= water agar + 0.67 µM KAR1.  All numeric values indicate the model P value (ns = not significant, 
dash = model not run due to zero inflation). 

Species Experimental unit Model Storage time KAR1 treatment 

T. angusta 
F GLM 0.002 < 0.001 

S GLM < 0.001 < 0.001 

T. basedowii 
F 

Hurd/B 0.03 0.01 

Hurd/P - - 

S GLM 0.04 < 0.001 

T. brizoides 
F GLM ns < 0.001 

S GLM ns < 0.001 

T. epactia 
F GLM < 0.001 0.01 

S GLM < 0.001 ns 

T. pungens 
F GLM < 0.001 < 0.001 

S GLM 0.006 < 0.001 

T. sp. Shovelanna Hill 
F 

Hurd/B < 0.001 0.003 

Hurd/P 0.007 0.01 

S GLM < 0.001 < 0.001 

T. wiseana (Yandi) 
F GLM < 0.001 < 0.001 

S GLM ns < 0.001 

T. wiseana (Yarrie) 
F GLM < 0.001 < 0.001 

S GLM < 0.001 ns 
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DISCUSSION 

Physiological dormancy in seeds of Triodia species 

Physiological dormancy (PD) is the most commonly encountered seed dormancy in 

seeds from arid ecosystems (Baskin & Baskin 2004c; Kos, Baskin & Baskin 2012). 

This study is the first to definitively report on the presence of PD in the florets and 

seeds of the genus Triodia. Confirmation of PD in seeds of Triodia species is based 

upon the negligible germination on water agar (< 6%) of freshly matured seeds 

within the floret (i.e. the natural dispersal unit - Baskin, Thompson & Baskin 2006) 

over a wide temperature range (10-35°C after 28 d), the fully developed, lateral 

embryo of the seeds (Table 2.1), and the imbibition properties of the seeds within 

the florets (florets and/or seeds readily absorb water over a 96 h period – 

Appendix A) (Baskin & Baskin 2004b; Baskin & Baskin 2004c). Gibberellic acid did 

not significantly improve germination (< 15%) of any florets tested, suggesting 

Triodia seeds retained in florets may have intermediate or deep physiological 

dormancy (Baskin & Baskin 2004c). The failure to describe and alleviate 

physiological dormancy in previous studies is the likely reason for the commonly 

reported low and variable germination of Triodia florets or seeds and the finding 

opens the way for more effective restoration of this dominant grassland genus. 

Triodia florets are dispersed after the summer rain season in northern Australia, 

meaning that if no immediate rain falls after dispersal, floret material must endure 

a lengthy dry period, with an occasional rain event. Physiological dormancy in 

Triodia species therefore would act as a buffering mechanism to prevent mass 

germination during any un-seasonal winter rain events in northern Australia (Rice 

& Westoby 1999; Letnic & Dickman 2010). A significant proportion of freshly 

collected florets from the majority of Triodia species tested showed an enhanced 

germination response after exposure to KAR1, with Triodia wiseana (Yarrie) 

germinating highest at 57% (Figure 3.5). Fire-mediated establishment of Triodia 

has long been recognised as a regenerative strategy in arid Australia (Burbidge 

1943; Jacobs 1973; Casson & Fox 1987; Bogusiak et al. 1990; Rice & Westoby 1999; 

Wright & Clarke 2007). To my knowledge this is the first report of a positive KAR1 

response in Triodia, adding to a number of other Poaceae known to respond 

positively to KAR1 (Long et al. 2011b) and demonstrating the remarkable 

germination promotive capacity of this fire-related germination stimulant.  
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Ecological implications 

Germination enhancement by the smoke-derived chemical KAR1 can be viewed as 

an example of a bet-hedging germination strategy (Hidayati et al. 2012), whereby a 

proportion of the seedbank is responsive to the post-fire signal provided by KAR1 

and the remaining proportion remains un-germinated in a dormant state 

(Thompson & Ooi 2013). Thus, some Triodia species appear to disperse florets 

each year that have the ability to respond to a temporally narrow establishment 

window created in the instance of a fire shortly after floret dehiscence, if combined 

with sufficient late summer rains. Under this scenario, the remaining cohort of 

dispersed material would remain physiologically dormant until environmental 

conditions are conducive to alleviate dormancy (in the absence of a fire) and 

promote germination during the next suitable rainfall season, spreading the risk of 

germination through time (Rees 1994; Fenner & Thompson 2005; Venable 2007; 

Hidayati et al. 2012).  

 

Restoration consequences 

To enhance the germination potential of Triodia species in restoration programs, 

tailoring ex situ storage conditions to alleviate PD are most likely going to entail 

long warm dry periods (e.g. dry after-ripening - DAR) or smaller more episodic 

wetting and drying cycles after sporadic rainfall (e.g. warm stratification or 

wet/dry cycling) (Hoyle et al. 2008a). The DAR experiments (e.g. controlled 

storage at 30°C/50% RH) in this study demonstrated by mimicking the dry 

seasonal conditions during the inter-rainfall period that germination was 

significantly improved after 6-24 months warm dry storage (in florets and seeds of 

all species tested). Yet, the greatest germination improvement for Triodia species 

was achieved by removing the covering floret structure from the seed, with further 

germination increases observed after GA3 (in Experiment 1) and KAR1 (in 

Experiment 1 and 2) exposure. Previous arid zone studies have demonstrated the 

usefulness of various seed treatments to alleviate dormancy, and then to increase 

germination of dormant species under laboratory conditions (Mott 1974; 

Commander et al. 2008; Hoyle et al. 2008c; Commander et al. 2009b).  
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For instance, multiple collections of another common arid zone grass, Aristida 

contorta, demonstrated lower floret germination (2-4%) when compared to 

cleaned seeds (36-95%) (Mott 1974). This difference in floret and seed 

germination has been reported in many Poaceace species globally (Van Auken 

1997; Read & Bellairs 1999; Adkins & Peters 2001; Gallart et al. 2008; Ma et al. 

2008; Ma et al. 2010), including a few reports for Triodia species (Adkins et al. 

1999; Meissner 1999; Wells & Dixon 1999; Farley, Bellairs & Adkins 2013). It is 

most likely that the covering floret structures inhibit embryo growth, whereby the 

growth potential of the radicle is insufficient to penetrate the dispersal unit. 

Artificial weakening of the floret structure using sulphuric acid has proven to 

increase germination in Leymus chinensis by > 40% (Ma et al. 2010). Although, 

Mott (1974) demonstrated that increased oxygen concentrations aided in floret 

germination of Aristida contorta. During this study I did not test the mechanisms 

behind reduced floret germination directly, and therefore it could still be feasible 

that reduced oxygen availability and chemical inhibitors could be a cause of 

reduced floret germination. Irrespective of whether the floret inhibits germination 

through mechanical or chemical means, my hypothesis that cleaning to seed would 

assist in reducing the multi-layered physiological block to germination was 

supported. In combination with germination stimulants, particularly KAR1, 

removal of external bracts around the seeds appears to be a potential pre-

treatment option to overcome PD and promote germination prior to sowing in 

restoration programs (Wagner et al. 2011; Turner et al. 2013). Yet, the species-

specific rate of dormancy loss varied amongst florets and seeds of all species with 

DAR of florets at times just as effective after 6-12 months of DAR when compared 

to cleaned seeds (e.g. T. angusta or T. epactia). Hence, with the benefits of cleaning 

to pure seed still un-tested in a field establishment scenario, keeping seed enclosed 

in the floret and utilising the DAR storage protocol may still provide some benefits 

to successful seed germination and subsequent plant recruitment. 

Previous studies examining PD in arid zone species have demonstrated the 

advantages of DAR in combination with various pre-treatments, although the 

specific storage conditions have varied slightly (Mott 1974; Peishi et al. 1999; 

Hoyle et al. 2008b; Hoyle et al. 2008a; Hoyle et al. 2008c; Commander et al. 2009a). 

Hoyle et al. (2008a) demonstrated that PD in seeds of Actinobole uliginosum 

increased germination by 42% after DAR for 20 weeks at alternating 34/20°C and 



96 
 

40% RH, stored in the darkness, but highlighted additional hydration cycles 

(hydrated for 2 d, then re-dried for 28 d) enhanced germination to eventually 

reach 100% after the same storage time of 20 weeks. In another arid zone study, 

Commander et al. (2009a) found that only three out of six species tested 

responded to DAR treatments imposed in their study. Additionally, the 

Commander et al. study tested multiple combinations of seed moisture content and 

temperatures, with species such as Dioscorea hastifolia having accelerated seed 

dormancy loss at 45°C compared to seeds tested at 30°C across two seed moisture 

levels. These two studies highlight the various combinations of treatments possible 

that lead to enhanced dormancy loss and germination at the individual species 

level. 

To add to the various treatment combinations, and unique to this study, was the 

direct comparison of Triodia florets versus seeds. For species such as T. basedowii 

and T. sp. Shovelanna Hill that remained in the florets, DAR and KAR1 did not 

improve germination at all. But, species such as T. pungens and T. wiseana (Yandi) 

demonstrated progressive dormancy loss during DAR with germination increasing 

steadily over storage time for material incubated on water. Exposure to KAR1 

during this storage time demonstrated the enhancement provided by the 

germination stimulant, which was most pronounced in T. pungens. In the case of T. 

wiseana (Yandi), the stimulatory response of KAR1 was negligible after 12 months 

DAR with after-ripened florets germinating to similar levels on water agar. Once 

cleaned to seed, again both species showed a marked response under control 

conditions with seed often reaching similar levels of germination (with no storage 

requirement) compared to control florets that received at least 12-24 months 

after-ripening.  Germination again was significantly enhanced early in the storage 

period (0-6 months) with KAR1, and the stimulatory effect of KAR1 was alleviated 

after 6-12 months storage in T. wiseana (Yandi) when compared to control 

germination. Thus, as Triodia florets and seeds progressively lost dormancy during 

the DAR period the germination window widened, allowing the less dormant 

material to germinate in water alone. This confirms my expectations that the 

germination response to KAR1 would typically decrease during the DAR period as 

the seeds became relatively less dormant and consequently more germinable. 
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Differences in germination patterns and KAR1 response after various dormancy 

breaking pre-treatments amongst con-generic and sympatric species is 

consistently observed (Turner et al. 2009b). Further, it is not uncommon to find 

large variations in dormancy levels between individuals, populations, and years of 

collection (Andersson & Milberg 1998). The distinct differences in DAR and KAR1 

response between florets and seeds in the two populations of Triodia wiseana and 

the remaining species support this distinction. For instance, just focussing on floret 

germination for both collections of T. wiseana (Figure 3.9), there appears to be a 12 

month difference in optimal germination after experiencing the same DAR 

conditions. This is most likely due to the geographical separation for each of the 

collections (>300 km), year of collection (e.g. collected in two different years – 

Table 3.1), and the subsequent environmental conditions experienced during seed 

development, where the amount of rain that fell in the month of collection was ca. 

40mm and 150mm for the T. wiseana (Yarrie) and T. wiseana (Yandi), respectively 

(BoM 2013). These differences in maternal conditions may well have altered the 

initial dormancy status of each collection and the storage time required to reach 

optimum germination levels (Hoyle et al. 2008b; Hoyle et al. 2008d). This has 

important ramifications for field-based optimisation of seed collection timing and 

applying dormancy break pre-treatments ex-situ for many seeds that exhibit PD. 

Given Triodia species occur across much of inland Australia (Gamage et al. 2012), 

and the seasonal fluctuations of soil moisture and temperature differ vastly across 

arid Australia (Letnic & Dickman 2010; Morton et al. 2011), this genus would 

provide an ideal model genus to test the influence of maternal environment on the 

dormancy status of collected seed material pre- and post-harvest.  

With this, once seeds are collected and tested in the laboratory, the subtle 

manipulations in the storage environment and moisture regimes demonstrate the 

precise nature of dormancy release (Steadman, Crawford & Gallagher 2003; 

Gallagher, Steadman & Crawford 2004; Turner et al. 2009b), and the often 

reported species-specific dormancy alleviating and germination promoting 

requirements (Hoyle et al. 2008a; Commander et al. 2009a; Hidayati et al. 2012). 

By increasing the temperature, applying frequent moisture pulses, or increasing 

the relative humidity (and subsequent seed moisture content), the rate of 

dormancy alleviation can be increased (Steadman, Crawford & Gallagher 2003; 

Gallagher, Steadman & Crawford 2004; Hoyle et al. 2008a; Commander et al. 
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2009a; Turner et al. 2009b). Lower moisture and temperature storage conditions 

have been shown to maintain the initial dormancy status and viability of tested 

species, whereas the opposite has been observed with increasing temperature and 

moisture regimes resulting in an increased rate of dormancy loss and more rapid 

ageing resulting in a reduction in seed viability (Commander et al. 2009a). 

Throughout this study, a reduction of viability during DAR in seeds of T. epactia 

and T. wiseana (both collections) was observed. Hence, the potential disadvantage 

of applying DAR to cleaned seeds may not benefit the overall germination 

enhancement of a species. Simply cleaning to seeds and treating with KAR1 may be 

the optimal treatment for species such as T. epactia and T. wiseana, avoiding the 

need to utilise DAR.  

 

Concluding remarks 

In future studies, controlling seed moisture contents via storage at 50-75% RH 

(Turner et al. 2009b), increasing the storage temperature (Steadman, Crawford & 

Gallagher 2003; Commander et al. 2009a) and removing the covering floral 

structures (this study) may provide suitable conditions to increase the rate of 

dormancy loss at the individual species level. Striking a balance between storing 

florets or seeds at low temperature and moisture conditions, and then subsequent 

exposure to treatments such as moisture pulses (Hoyle et al. 2008a) and chemical 

stimulants (Commander et al. 2009a; Hidayati et al. 2012), may assist in further 

refining species-specific dormancy break and germination promoting pre-

treatment options for Triodia. 

Key framework perennial species (such as Triodia) are high priorities for 

restoration of disturbed arid lands globally (James, Svejcar & Rinella 2011). I have 

demonstrated that by collecting fresh material, controlling quality by processing 

batches to obtain 100% filled florets, and exposing florets and seeds to a range of 

pre-treatments, that PD can be partially to fully alleviated and the germination 

fraction of a range of Triodia species can be increased. By utilising the well 

recognised Baskin and Baskin (2004c) dormancy classification scheme I confirmed 

the PD status of Triodia species and applied ecologically related treatments to 

overcome the blocks to germination. As a benefit to this strategic approach, this is 
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one of the first reports to quantitatively confirm that Triodia florets and seeds 

respond to fire-related cues using KAR1. Further, optimal incubation temperatures 

of > 20°C highlight that the species are well adapted to the predominant summer 

rainfall season in the Pilbara when soil temperatures are substantially higher than 

those that occur during the winter growing (wet) season in southern Western 

Australia (Jurado & Westoby 1992). Species-specific responses to pre-treatments 

were evident across the genus, and restoration practitioners will therefore need to 

be selective when applying pre-treatments.  

However, irrespective of testing the intact dispersal unit (e.g. floret) or the cleaned 

caryopsis (e.g. seed), a physiological block to embryo growth still prevented 100% 

germination in all experimental units tested, with some treatments requiring up to 

12-24 months DAR. Hoyle et al. (2008a) demonstrated in some Australian plants 

that linking site-specific field conditions and storage environment with seasonal 

cycles resulted in complete alleviation of dormancy within a very short period of 

20 weeks. Custom wet/dry cycling to reduce the dormancy alleviation time and 

potentially maximise germination for Triodia species is a viable option that 

warrants follow-up research. Large-scale restoration is now a major focus for re-

assembling functional native plant communities, particularly in disturbed arid 

systems (James et al. 2013). Systematically approaching potential germination 

bottlenecks such as physiological dormancy from a seed biology/ecology angle can 

vastly improve knowledge gaps currently preventing the successful shift of an un-

germinated seed to an established plant (James, Svejcar & Rinella 2011). 
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CHAPTER 4 – Alleviation of physical dormancy in 12 arid zone 

species: wet heat outperforms dry heat at lower temperatures 

and exposure durations 

 

ABSTRACT 

Seeds with physical dormancy (PY) cannot germinate until the impermeable seed 

or fruit coat is rendered permeable to water. This study assessed the effectiveness 

of wet and dry heat treatments on PY-break and subsequent germination on seeds 

of seven species from the Fabaceae and five species from the Malvaceae. Seeds 

were exposed to wet and dry heat treatments at multiple temperatures (40-100°C) 

for various durations (2-30 mins) and tested for germination. Prior to treatment, 

untreated seeds of all 12 species exhibited low germination (0-38%) and did not 

readily imbibe water, thus confirming the presence of PY. Germination of all seven 

Fabaceae species and two Malvaceae species (Androcalva and Corchorus species) 

increased rapidly as the wet heat temperature increased, irrespective of exposure 

time. Generally, optimum temperatures for wet heat treatments were between 70-

90°C after 2-5 mins. Conversely, this trend was not as pronounced in the dry heat 

treatments which often required higher temperatures (90-100°C) and longer 

durations (up to 30 mins) to show a similar increase in germination. Final 

germination percentages were also consistently lower for dry heat treated seeds. 

Scanning electron imagery confirmed the complete rupture of the water gaps in all 

species across the majority of heat treatments, although wet heat again was more 

effective in rupturing the water gap than dry heat treatments. The three least 

responsive species (Abutilon, Hibiscus, and Sida species – Malvaceae) 

demonstrated a trade-off between the failure to alleviate PY at the lower treatment 

temperatures, and the loss of viability at the highest treatment temperatures. 

Combinational dormancy (PY + PD) was also evident in these three species. From 

this study, practitioners can now be confident of lowering the potential severity of 

heat treatment procedures (70-90°C) for the majority of species and thus still 

provide the same PY alleviation effectiveness to improve the plant establishment 

potential in restoration programs.  
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INTRODUCTION 

Germination of seeds with physical dormancy (PY) cannot occur until a specialised 

segment of the impervious seed or fruit coat, termed the ‘water gap’, is ruptured to 

allow water uptake. Identified or inferred in 18 taxonomically diverse families 

globally (Baskin 2003; Baskin, Baskin & Dixon 2006; Jayasuriya, Baskin & Baskin 

2009; Gama-Arachchige et al. 2010; Gama-Arachchige et al. 2013a), the water 

uptake of seeds via the water gap is controlled by lignified palisade cells within the 

seed or fruit coat (Baskin, Baskin & Li 2000). This point of water entry differs in 

morphological and anatomical features across taxonomic groups (Baskin, Baskin & 

Li 2000; Gama-Arachchige et al. 2013a). Recently, across all families known to 

possess PY, the morphological features and mechanistic responses of the water gap 

opening have been summarised in a ‘water gap complex’ classification scheme 

(Gama-Arachchige et al. 2013a). Within this scheme, species from the Fabaceae  

have a lens-like structure (Morrison et al. 1998; Baskin 2003; Hu et al. 2009), 

whilst species from the Malvaceae have a chalazal region with covering cap- and 

plug-like structures that are ruptured or altered in response to a set of 

environmental conditions (Egley & Paul 1981; Poljakoff-Mayber et al. 1992; Nandi 

1998; Daws et al. 2006; Kildisheva, Dumroese & Davis 2011). Separate to, or in 

combination with, the primary point of water entry (Gama-Arachchige et al. 2011; 

Gama-Arachchige et al. 2013a), additional fissures within the seed coat or 

openings at the hilum and micropyle regions have also been suggested as 

secondary points of water entry through the seed coat (Morrison et al. 1998; Hu et 

al. 2009).  

In the soil seed bank, the irreversible opening of the water gap complex and seed 

coat fissures occurs in response to suitable environmental signals, such as the 

direct moist or dry heat from fire, diurnal temperature fluctuations, and 

freeze/thaw cycles (Martin, Miller & Cushwa 1975; Morrison et al. 1998; Baskin, 

Baskin & Li 2000; Moreira & Pausas 2012). Many studies demonstrate that 

temperature is the primary factor regulating the opening of the water gap for most 

species with PY (Auld & O'Connell 1991; Taylor 2005; Burrows, Virgona & Heady 

2009; Santana et al. 2010; de Paula et al. 2012; Gama-Arachchige et al. 2013b). 

Once the water gap is ruptured or dislodged, and sufficient moisture is available, 

imbibition and germination is generally rapid and synchronised over a broad 
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temperature range (Teketay 1996b; Baskin, Baskin & Li 2000). Although for some 

seeds with PY, physiological dormancy (PD) is also present which can suppress 

germination on occasions even when seeds are fully hydrated. Termed 

combinational dormancy (PY+PD), these seeds often require additional treatments 

to alleviate the PD component such as dry after-ripening or a period of 

stratification (Baskin & Baskin 2004c; Turner et al. 2006a; Qu, Baskin & Baskin 

2012).  

In a restoration context, methods for effective dormancy alleviation need to be 

developed to ensure the germination capacity of broadcast seed is maximised 

(Turner et al. 2013). Laboratory treatments such as acid scarification (Turner & 

Dixon 2009), mechanical nicking (Ghantous & Sandler 2012), and exposure to high 

temperatures (Auld & O'Connell 1991) are commonly used to mimic the natural 

conditions that promote dormancy loss in seeds with PY. Effective heat treatments 

often require seeds to be exposed to near boiling water (ca. 95-100°C) or dry 

convection heat (ca. 80-120°C) for various time durations (Auld & O'Connell 1991; 

Herranz, Ferrandis & Martínez-Sánchez 1998; Morrison et al. 1998; Baskin, Baskin 

& Dixon 2006; Cook et al. 2008; Burrows, Virgona & Heady 2009; Hu et al. 2009; 

Turner et al. 2009a; Turner & Dixon 2009; de Paula et al. 2012). However, species-

specific responses to wet or dry heat are often apparent and empirical testing is 

required to optimise dormancy breaking treatments. For instance, seeds of six 

Adansonia species (Malvaceae) with PY appeared to lose viability and failed to 

germinate after treatment with boiling water (ca. 98°C) for durations > 1min, but 

germinated readily after treatments with sulphuric acid for durations of up to 24 h 

(Razanameharizaka et al. 2006; Turner & Dixon 2009). For seeds of  Dodonaea 

hackettiana (Sapindaceae), water gap rupture and a rapid increase in germination 

by > 50% was identified after exposure to wet heat at > 60°C, or dry heat at > 80°C 

(Cook et al. 2008). Within these treatments, lower temperatures and much shorter 

exposure times were required for wet heat (30 s) versus dry heat (1 h) treatments. 

This can be attributed to the fact that latent heat transfer is greater under 

conditions of higher moisture (Dunn, Barro & Poth 1985) allowing ‘wet heat’ 

treatments to be more effective at lower temperatures and at shorter durations. 

For species in the Fabaceae, studies involving up to 25 PY species demonstrate that 

boiling water, sulphuric acid, and dry heat treatments can all significantly increase 
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germination, but responses are species-specific and there is no single treatment 

that is effective across all species (Teketay 1996b; Teketay 1996a).  

Species that produce seeds with PY are commonly found across drier ecosystems 

of the world (Baskin & Baskin 2001; Kos, Baskin & Baskin 2012), including the 

Pilbara bioregion of Western Australia. With the pressing need to treat kilograms 

of high diversity seed mixes for large-scale restoration of disturbed landscapes 

(Merritt & Dixon 2011), techniques for physical dormancy break such as manual 

scarification and immersion in acid may not be time efficient, or safe, to conduct at 

scale (Teketay 1996b; Kildisheva, Dumroese & Davis 2011). In this respect, the 

general aims of this study were to determine the effects of wet and dry heat 

treatments on physical dormancy break across a diverse range of species that are 

required in restoration programs in the Pilbara bioregion. Species representative 

of multiple genera from the two dominant families of the Pilbara bioregion, in 

which seeds with PY are found, were selected. Of the estimated 2100 plant species 

present in the region (Maslin & van Leeuwen 2008), at least 340 species occur in 

the Fabaceae and Malvaceae families (DEC 2007 -). These two families are the 

highest and third highest ranked families in the region for total species numbers, 

and for the genus Acacia (Fabaceae), the Pilbara represents a secondary centre for 

species richness in Australia (Hnatiuk & Maslin 1988; González-Orozco, Laffan & 

Miller 2011).  

Thus, using seeds of seven Fabaceae species and five Malvaceae species this study 

tested the hypotheses that: (1) wet and dry heat treatments would promote the 

loss of PY; (2) the responses to varying heat sources (wet or dry), exposure times 

(2-30 mins), and increased temperature increments (40-100°C) would differ 

among species from the differing families; (3) wet heat would promote dormancy 

loss at lower temperatures and after shorter durations of exposure as compared 

with dry heat; and (4) post heat treatment, seed coat rupture would be evident in 

the water gap complex  of the Fabaceae (lens) and Malvaceae (chalaza) species, 

respectively. 

  



105 
 

METHODS 

Test species 

Twelve physically dormant species were selected to test the effects of different 

heat sources and temperature treatments required for dormancy break (Table 

4.1). Seven species from the Fabaceae (Acacia ancistrocarpa Maiden & Blakely, A. 

bivenosa D C., A. cowleana Tate, A. inaequilatera Domin, A. pyrifolia D C., A. tumida 

var. pilbarensis M.W.McDonald, and Senna glutinosa subsp. pruinosa (F.Muell.) 

Randell), and five species from the Malvaceae (Abutilon otocarpum F. Muell., 

Androcalva luteiflora (E. Pritz.) C. F. Wilkins & Whitlock, Corchorus aff. lasiocarpus 

Halford, Hibiscus haynaldii F. Muell., and Sida echinocarpa F. Muell) were included 

in the study. Specific details of species and seed characteristics are identified in 

Chapter 2 (Table 2.1). For ease of reference, the variety and sub-species names for 

Acacia tumida var. pilbarensis and Senna glutinosa spp. pruinosa will not be used 

hereafter. Further, the Corchorus collection was determined as an affinity to C. 

lasiocarpus and therefore this name will be utilised throughout the study. All 

collections were x-rayed (Faxitron MX-20 x-ray cabinet, Tucson, Arizona, USA) and 

any empty or partially-filled seeds were removed to ensure that only filled seeds 

were used for experiments. Seeds for which the embryo appeared uniform in 

colour (white/grey) under x-ray imaging were therefore deemed viable (Figure 

4.1). Seeds were kept in a controlled environment room (15°C/15% RH) within 4 d 

of collection and were only removed for experimental purposes. 



 

Table 4.1. Collection details and experiment commencement dates for 
this study. 
Species Family Herbarium 

Barcode 
no. 
(PERTH)* 

Acacia 
  ancistrocarpa 

Fabaceae 08141541 

Acacia 
  bivenosa 

Fabaceae TEE 601 

Acacia 
  cowleana 

Fabaceae 08141509 

Acacia 
  inaequilatera 

Fabaceae TEE 607 

Acacia 
  pyrifolia 

Fabaceae TEE 603 

Acacia 
  tumida 

Fabaceae 08141525 

Senna 
  glutinosa  

Fabaceae TEE 615 

Abutilon 
  otocarpum 

Malvaceae TEE 494 

Corchorus 
  lasiocarpus 

Malvaceae 07993463 

Hibiscus 
  haynaldii 

Malvaceae TEE 510 

Androcalva 
  luteiflora 

Malvaceae TEE 617 

Sida 
  echinocarpa 

Malvaceae 08141622 

* If the Western Australian Herbarium (PERTH) barcode number was not available, then Todd E. 
Erickson’s herbarium voucher collection number was provided
** All collections were stored in the controlled environment room (15°C/15% RH) within 4 d
field collection and were only removed from storage for experimental purposes

 

Figure 4.1. Digital x-ray images of Acacia ancistrocarpa 
Malvaceae (B) demonstrating filled seed (viable). Non
removed prior to experiment use. 
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Collection details and experiment commencement dates for the 12 PY species utilised in 

 GPS location Date of 
Collection** 

Heat shock 
experiment 
start date 

20°20’15” 
119°30’30.3” 

October 2008 August 2010 

23°19’3.1” 
119°46’11.2” 

October 2008 November 2010

22°51’58” 
118°46’46.5” 

October 2008 July 2009 

23°14’54.4” 
119°35’50.2” 

November 2008 July 2009 

23°19’28.6”  
119°45’21.5” 

November 2008 July 2009 

20°23’5.2” 
119°57’53” 

October 2008 November 2010

23°26’53.1” 
119°46’59.3” 

October 2009 August 2010 

23°17’29.4” 
119°39’5.9” 

July 2008 August 2010 

23°21’44.9” 
119°45’13.3” 

September 2008 August 2010 

23°17’50.2” 
119°46’1.4” 

July 2008 August 2010 

23°18’40.8” 
119 °48’2.4” 

November 2008 August 2010 

23°21’44.9” 
119°45’13.3” 

November 2010 November 2010

* If the Western Australian Herbarium (PERTH) barcode number was not available, then Todd E. 
herbarium voucher collection number was provided 

rolled environment room (15°C/15% RH) within 4 d
field collection and were only removed from storage for experimental purposes 

Acacia ancistrocarpa – Fabaceae (A) and Abutilon otocarpum 
Malvaceae (B) demonstrating filled seed (viable). Non-viable and predated seed (circled) were 

utilised in 

November 2010 

November 2010 

November 2010 

* If the Western Australian Herbarium (PERTH) barcode number was not available, then Todd E. 

rolled environment room (15°C/15% RH) within 4 d of 

 
Abutilon otocarpum – 

viable and predated seed (circled) were 
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Heat treatments 

Seeds for each treatment were counted and sealed in nylon mesh bags for treating 

in either the wet or dry heat treatments. For wet heat treatments, de-ionised water 

was either boiled in a kettle and cooled with cold water to obtain 40°C, 50°C, and 

60°C or the water was heated in a hot water bath (Thermoline Scientific, 900W, 

Smithfield, NSW, Australia) to achieve temperatures of 70°C, 80°C, 90°C, and 

100°C. For the dry heat treatments, aluminium foil trays containing fine-grained 

sand were pre-heated in a fan-forced convection oven (Contherm 2000 Series 

Oven, 1100W digitally controlled, Hutt City, New Zealand) to each of the 

temperatures tested with wet heat. Nylon mesh bags containing seeds were placed 

in the desired temperature treatment for either 2 or 5 minutes for the wet heat, or 

5, 10, or 30 minutes for the dry heat treatments. Use of the nylon mesh bags in the 

pre-heated sand trays prevented temperature fluctuations during placement and 

removal of seeds between differing dry heat treatments. In both the wet and dry 

heat treatments and across all exposure times, seeds were treated as one batch (i.e. 

not separated into individual replicates). Given that the application of wet and dry 

heat treatments under controlled laboratory conditions is a well established 

technique (Cook et al. 2008), resulting in the replicate level variation being 

negligible, I made the assumption that the treatment effect at the batch level would 

be sufficient to detect significant differences across all the treatments applied.  

Temperatures in both the wet and dry heat treatments were monitored for 

temperature fluctuations throughout all exposure times (always ± 2°C of the 

desired temperatures; digital Thermometer 305P, Taiwan). For comparative 

purposes, un-treated seeds were used as a control. All seeds were treated in their 

dry state (i.e. removed from 15°C/15% RH on the day of treatment).  

 

Seed germination tests 

Prior to germination testing, seeds were surface sterilised in a 2% (w/v) calcium 

hypochlorite (Ca(OCl)2) solution for 30 mins under vacuum (-70 to -80 kPA) 

alternating between 10 mins on, off, and on, then rinsed in sterilised de-ionised 

water three times. Four replicates of 15-25 seeds for each treatment were 

incubated in one incubator maintained at constant 25°C in Petri dishes containing 
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solidified water agar (0.7% w/v). Incubator parameters were set on a 12 h 

light/dark cycle with light delivered by cool white fluorescent tubes (30 W, with a 

photon flux density of 30 µ mol m-2 s-1, 400-700 nm). Germination was defined as 

radicle emergence greater than one third of the seed coat length. At times, 

cotyledon emergence occurred with no visible radicle. These seeds were not 

counted as germinated. The numbers of germinated seeds were checked weekly, 

but only results after 28 d of incubation are provided. All un-germinated seeds 

were cut-tested to determine whether seeds remained un-imbibed, imbibed water 

indicating a potential physiological dormancy component, or had lost viability 

post-treatment. 

 

Morphological changes in the water gap 

Images of up to five seeds per species were captured using a scanning electron 

microscope to assess the surface features surrounding the water gap complex and 

for the presence of any seed coat fissures (Figure 4.2). To allow an unimpeded 

view at the lens and chalazal regions of each seed, attached appendages such as the 

funicle/aril in all species (Figure 4.2 C and D) and the dense stellate hairs on 

Hibiscus haynaldii seeds, were gently removed prior to imaging. Compared to the 

un-treated control seeds of each species, one wet and one dry heat treatment from 

one of the highest temperature and longest exposure time combinations were 

selected. Seeds of each selected treatment were gold-plated (Emitech K550X 

sputter-coater; Quorum Technologies Ltd, Ashford, England) and assessed using a 

Jeol JCM 6000 scanning electron microscope (15 kV, 10-2 Pa; JEOL Technics Ltd, 

Tokyo, Japan). Comparisons of water gap complexes and seed coat fissures 

between the un-treated control and heat treated seeds allowed distinction of 

whether the heat treatments provided suitable conditions to allow water entry to 

the seed via the lens, hilum, or micropyle in the Fabaceae species, or via the 

chalazal slit/oculus, or blister gap region in the Malvaceae species (Figure 4.2).  
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Figure 4.2. Scanning electron images of Acacia ancistrocarpa (A), Androcalva luteiflora (B), and 
Sida echinocarpa (C and D) seeds, demonstrating the differing morphological features amongst 
species. Species from the Fabaceae family (Acacia and Senna species) typically had the lens, hilum, 
and micropyle located in proximity to each other at the apex of the seed (A). Surface cracks were 
also evident on some Acacia seed coats. Species from the Malvaceae family demonstrated two 
different arrangements of their water gap regions. Androcalva luteiflora (B) and Corchorus 
lasiocarpus had the chalazal oculus at the opposing end to the hilum, whilst, Abutilon otocarpum, 
Hibiscus haynaldii, and Sida echinocarpa (C and D), had the chalazal slit or blister gap (beneath Bg) 
located in proximity to each other. Label abbreviations: Ar = aril; Bg = bulges in the outer 
permeable integument presumed to indicate palisade cell rupture post-treatment and location of 
the chalazal blister gap; Cho = chalazal oculus, still covered by the outer permeable integument; Chs 
= chalazal slit (opened); F = funicle, removed prior to imaging to allow an unobstructed view of the 
chalazal region (e.g. in image ‘D’); H = hilum; L = lens (unopened); M = micropyle; Sc = surface 
cracks. Scale bar = 500 µm. 

 

Statistical analyses 

Germination response data were analysed using generalised linear models (GLM) 

fitted with the binomial distribution using the glm function in R (R_Core_Team 

2012). Explanatory variables included five combinations of wet and dry heat 

treatments with varying exposure times including: wet heat for 2- and 5-mins, and 

dry heat for 5-, 10-, and 30-mins. Each heat treatment and exposure time was then 

placed in the temperatures of 40, 50, 60, 70, 80, 90, and 100°C for the desired 

duration. Therefore, a maximum of 35 independent treatments were compared 

against the un-treated control seeds. To control for multiple pair-wise 

comparisons using many treatments against one control (Bender & Lange 2001), 
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the single-step Dunnett pair-wise comparisons procedure was utilised using the 

ghlt function in the multcomp package (Hothorn, Bretz & Westfall 2008). 

Occasionally, individual treatments resulted in 0% or 100% germination causing 

the GLM parameter estimate to be infinite. In these instances, the treatment values 

were adjusted by ± 1%. This resulted in parameter estimates being slightly 

conservative (Robertson et al. 2006), but overall, the adjustments were 

insignificant to the treatment differences between the un-treated seeds and the 

optimal heat treatment. All reported P-values represent a statistically significant 

difference between individual treatments and the un-treated control seeds. 

 

RESULTS 

Dormancy alleviation and germination enhancements 

Germination of un-treated control seeds ranged from 0% in Acacia bivenosa 

(Figure 4.3) to 38.33% in Senna glutinosa (Figure 4.4). Wet and dry heat 

treatments significantly improved germination in seeds of all species when 

compared to the un-treated control seeds (Figures 4.3-4.5; P ≤ 0.04, Tables 4.2 and 

4.3). Confirmation of water uptake via imbibition pre- and post-treatment was 

assessed in Chapter 2 (see Appendix A). Apart from Sida echinocarpa (Figure 4.5), 

the optimal heat shock treatment for each species improved germination by at 

least 54% above the un-treated control seeds (e.g. Abutilon otocarpum, Figure 4.4), 

with the greatest increase of 100% observed in Acacia bivenosa seeds (Figure 4.3). 

Overall, significant responses to wet heat occurred at lower temperatures and 

exposure times (e.g. typically 50-70°C, after 2-5 mins exposure), compared with 

dry heat treatments where higher temperatures and longer treatment times were 

required to obtain comparable germination responses (e.g. typically 80-100°C, 

after 5-30 mins exposure). 
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Figure 4.3. Mean germination response (% ± s.e.) of Acacia ancistrocarpa, Acacia bivenosa, Acacia 
cowleana, and Acacia inaequilatera after incubation at constant 25°C on water agar for 28 d. Seeds 
were exposed to either wet heat for 2 mins and 5 mins, or dry heat for 5 mins, 10 mins, or 30 mins. 
Wet and dry heat treated seeds were compared to an un-treated control.  
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Figure 4.4. Mean germination response (% ± s.e.) of Acacia pyrifolia, Acacia tumida, and Senna 
glutinosa after incubation at constant 25°C on water agar for 28 d. Seeds were exposed to either 
wet heat for 2 mins and 5 mins, or dry heat for 5 mins, 10 mins, or 30 mins. Wet and dry heat 
treated seeds were compared to an un-treated control. Note that the ‘Wet 2 mins’ and ‘Dry 10 mins’ 
treatments were not tested for Senna glutinosa. 
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Figure 4.5. Mean germination response (% ± s.e.) of Abutilon otocarpum, Androcalva luteiflora, 
Corchorus lasiocarpus, Hibiscus haynaldii, and Sida echinocarpa after incubation at constant 25°C on 
water agar for 28 d. Seeds were exposed to either wet heat for 2 mins or 5 mins, or dry heat for 5 
mins, 10 mins, or 30 mins. Wet and dry heat treated seeds were compared to an un-treated control. 
Note that the ‘Dry 10 mins’ treatment was not tested for Hibiscus haynaldii. 
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Table 4.2. Species level generalised linear modelling using a binomial distribution showing the 
main effects of heat shock type (wet or dry), duration of treatment (2-30 minutes), and 
temperature exposure (40-100°C) on germination of seven species from the Fabaceae family 
(Acacia ancistrocarpa, A. bivenosa, A. cowleana, A. inaequilatera, A. pyrifolia, A. tumida, and Senna 
glutinosa). Post-treatment, all seeds were germination tested for 28 d on water agar at constant 
25°C and compared to un-treated control seeds. Numeric values indicate the Dunnett single-step 
adjusted P value significance against the un-treated seeds (ns = not significant, dash = not tested, 
bold = optimal pre-treatment(s) based of the highest GLM parameter estimates – Appendix C). 

 Heat 
Treatment 

Temperature (°C) 

 40 50 60 70 80 90 100 

Acacia 
ancistrocarpa  Wet 2 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns ns ns 

 Dry 10 mins ns ns ns ns ns ns ns 

 Dry 30 mins ns ns ns ns ns ns ns 

Acacia bivenosa Wet 2 mins ns ns ns < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns 0.02 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns 0.01 < 0.01 

 Dry 10 mins ns ns ns ns ns 0.03 < 0.001 

 Dry 30 mins ns ns ns ns ns < 0.01 < 0.001 

Acacia cowleana Wet 2 mins ns 0.01 0.002 < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns 0.01 0.004 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns 0.04 < 0.001 < 0.001 < 0.001 

 Dry 10 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

 Dry 30 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

Acacia 
inaequilatera Wet 2 mins ns ns ns < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns ns < 0.001 

 Dry 10 mins ns ns ns ns 0.01 < 0.001 < 0.001 

 Dry 30 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

Acacia pyrifolia Wet 2 mins ns ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns 0.003 < 0.001 

 Dry 10 mins ns ns ns ns 0.004 < 0.001 < 0.001 

 Dry 30 mins ns ns ns ns < 0.001 < 0.001 < 0.001 

Acacia tumida Wet 2 mins ns ns 0.004 < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns 0.002 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns ns < 0.001 

 Dry 10 mins ns ns ns ns ns ns < 0.001 

 Dry 30 mins ns ns ns ns ns < 0.001 < 0.001 

Senna glutinosa Wet 2 mins - - - - - - - 

 Wet 5 mins ns ns 0.002 < 0.001 < 0.001 < 0.001 ns 

 Dry 5 mins ns ns ns ns ns ns ns 

 Dry 10 mins - - - - - - - 

 Dry 30 mins ns ns ns ns ns ns ns 
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Table 4.3. Species level generalised linear modelling using a binomial distribution showing the 
main effects of heat shock type (wet or dry), duration of treatment (2-30 minutes), and 
temperature exposure (40-100°C) on germination of five species from the Malvaceae family 
(Abutilon otocarpum, Androcalva luteiflora, Corchorus lasiocarpus, Hibiscus haynaldii, and Sida 
echinocarpa). Post-treatment, all seeds were germination tested for 28 d on water agar at constant 
25°C and compared to un-treated control seeds. Numeric values indicate the Dunnett single-step 
adjusted P value significance against the un-treated seeds (ns = not significant, dash = not tested, 
bold = optimal pre-treatment based of the highest GLM parameter estimates – Appendix C). 

 Heat 
Treatment 

Temperature (°C) 

 40 50 60 70 80 90 100 

Abutilon 
otocarpum Wet 2 mins ns ns ns ns ns 0.006 0.002 

 Wet 5 mins ns ns ns ns 0.04 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns < 0.001 < 0.001 

 Dry 10 mins ns ns ns ns ns < 0.001 < 0.001 

 Dry 30 mins ns ns ns ns 0.05 < 0.001 0.004 

Androcalva 
luteiflora 

Wet 2 mins ns ns ns 0.002 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns ns < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns ns ns 0.02 

 Dry 10 mins ns ns ns ns ns ns 0.002 

 Dry 30 mins ns ns ns ns ns ns < 0.001 

Corchorus 
lasiocarpus Wet 2 mins ns ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 Wet 5 mins ns ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 Dry 5 mins ns ns ns ns 0.02 < 0.001 < 0.001 

 Dry 10 mins ns ns ns ns ns < 0.001 < 0.001 

 Dry 30 mins ns ns ns ns ns < 0.001 < 0.001 

Hibiscus haynaldii Wet 2 mins ns ns 0.01 < 0.001 < 0.001 < 0.001 0.007 

 Wet 5 mins ns ns 0.007 < 0.001 < 0.001 < 0.001 ns 

 Dry 5 mins ns ns ns 0.001 < 0.001 < 0.001 0.003 

 Dry 10 mins - - - - - - - 

 Dry 30 mins ns ns ns 0.02 < 0.001 < 0.001 0.04 

Sida echinocarpa Wet 2 mins ns ns ns ns ns ns ns 

 Wet 5 mins ns ns ns ns ns ns ns 

 Dry 5 mins ns ns ns ns ns ns ns 

 Dry 10 mins ns ns ns ns ns ns ns 

 Dry 30 mins ns ns ns ns ns 0.04 ns 

 

The seven Fabaceae species responded in a similar manner to the wet heat 

treatments across the two exposure times (although Senna glutinosa was not 

tested at 2 mins exposure). Dormancy loss and germination increased as the heat 

treatment temperature increased. For instance, in Acacia bivenosa, A. cowleana, A. 

inaequilatera, A. pyrifolia, and A. tumida seeds, germination ranged between 12-46 

% at 60°C, but increased to 56-100% after treatment with temperatures >70°C 

(Figures 4.3 and 4.4). Similar rapid increases in germination were observed after 
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wet heat treatment for 5 mins at temperatures between 50°C and 60°C for Senna 

glutinosa (23% up to 80%, Figure 4.4), and 70°C and 80°C for Acacia ancistrocarpa 

(< 30% up to > 83%, Figure 4.3). 

Dry heat in Fabaceae did not overcome PY as effectively as wet heat treatments, 

though a similar pattern of increasing germination after increasing exposure times 

and temperatures was evident for some species. However, germination ≥ 85% was 

only observed in Acacia cowleana and A. inaequilatera seeds at 100°C (Figure 4.3 

and 4.4), demonstrating higher dry heat temperatures were required to reach 

comparable germination to the wet heat treatments. All other Fabaceae species 

(Acacia ancistrocarpa, A. bivenosa, A. pyrifolia, A. tumida, and Senna glutinosa) 

seeds failed to exceed 75% germination in any of the dry heat treatments. 

For the five Malvaceae species tested, genera- and species-specific responses to the 

wet and dry heat treatments were observed. Seeds of Androcalva luteiflora and 

Corchorus lasiocarpus responded to wet heat in the same manner as the Fabaceae 

species. Rapid increases in germination were evident after wet heat treatment for 

2-5 mins between the temperatures of 60°C and 80°C for Androcalva luteiflora  

seeds (6-16% up to > 70%, Figure 4.5) and 50°C and 70°C for Corchorus 

lasiocarpus seeds (< 10%  up to > 90%, Figure 4.5). For the dry heat treatments, 

germination only exceeded 50% in temperatures of 90-100°C (excluding the 5 

mins 90°C treatment in Corchorus lasiocarpus = 29%), whilst > 50% germination in  

Androcalva luteiflora seeds only occurred after treatments of 100°C  for 30 mins 

(Figure 4.5). 

No clear preference for wet or dry heat treatment was evident for Abutilon 

otocarpum, Hibiscus haynaldii, and Sida echinocarpa seeds. Germination for 

Abutilon otocarpum did not exceed 55%, with the range of germination (28-55%) 

spread over both wet and dry heat treatments at 90-100°C (Figure 4.5). For 

Hibiscus haynaldii, germination ranged between 50-80% after exposure to 70-90°C 

over all exposure times (Figure 4.5). Outside of these optimum treatment 

temperatures, < 44% germination was observed either side of 70-90°C, including 

an obvious decline at 100°C treatment temperatures. Seeds of Sida echinocarpa 

were the least responsive species to wet and dry heat across all species tested. 

Maximum germination observed was 31% after dry heat treatment at 90°C for 30 

mins, and 30% after wet heat treatment at 100°C for 5 mins (Figure 4.5). 
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Cut test assessment of these three species (Abutilon otocarpum, Hibiscus haynaldii, 

and Sida echinocarpa) indicated that at least a small proportion of each batch failed 

to germinate due to the seeds either remaining un-imbibed, imbibed but presumed 

to be physiologically dormant, or had lost viability during heat treatments 

(Appendix D). For instance, the highest germination percentage in Hibiscus 

haynaldii seeds was 80% after treatment at 70°C for 5 mins in wet heat, with the 

remaining un-germinated fraction split between un-imbibed (8.3%), imbibed 

(10.0%), or non-viable (1.7%). Further, at lower and higher temperature extremes 

away from the wet heat at 70°C for 5 mins treatment the germinability proportions 

shifted. Treatments at 40°C remained 100% un-imbibed, whilst treatment at 100°C 

resulted in 70% of the seed batch losing viability. Similar shifts in seed fates were 

observed between treatments in Abutilon otocarpum and Sida echinocarpa. 

 

Morphological changes in the water gap 

Within the Fabaceae, all un-treated Acacia and Senna glutinosa seeds had a clearly 

defined region where the unopened lens was located in proximity to the micropyle 

and hilum scars (Figure 4.6 A, D, G, and J; Figure 4.7 A, D, and G). Morphologically 

the lens in the Acacia species were characterised by a slightly raised circular to 

oval lip (e.g. Figure 4.6 A), and in Senna glutinosa, by an elongated finger-like 

structure (Figure 4.7 G). No seed coat openings were apparent within the vicinity 

of these water gap complexes. Shallow surface cracks were visible on the un-

treated seed coats of Acacia tumida but did not appear meaningful (Figure 4.7 D).  

Post wet heat treatment, the lens of all Fabaceae species had lifted or had 

completely ruptured (Figure 4.6 B, E, H, and K; Figure 4.7 B, E, and H). Exposed 

palisade cells indicated that the impermeable seed coat layer had been penetrated. 

Additional hilum cracks were observed in A. bivenosa seeds (Figure 4.6 E). Surface 

cracks and blistering accompanied the wet heat treated seeds of Acacia 

ancistrocarpa, A. inaequilatera (Figure 4.6 B and K), A. pyrifolia, and A. tumida 

(Figure 4.7 B and E).  

Dry heat as opposed to wet heat treatment was less consistent at promoting the 

water gap opening of Fabaceae species (Figure 4.6 C, F, I, and L; Figure 4.7 C, F, and 

I). For dry heat treated seeds of Acacia inaequilatera, A. pyrifolia, and A. tumida 
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water gap rupture was similar to the wet heat treatments. But the majority of seed 

samples assessed for Acacia ancistrocarpa, A. bivenosa, and A. cowleana still 

remained closed after dry-heat (although Figures 4.6 C, F, and I show seeds where 

the lens was found open). Further, no seeds from Senna glutinosa were observed to 

respond to the dry heat treatment (Figure 4.7 I). Relatively more seed coat cracks 

were apparent for dry heat treated seeds of Acacia bivenosa, A. inaequilatera 

(Figure 4.6 C and L) and A. tumida (Figure 4.7 F). 

The presumed primary region of water uptake differed amongst genera in the 

Malvaceae species tested (Figure 4.2 B versus D). For seeds of Abutilon otocarpum, 

Hibiscus haynaldii, and Sida echinocarpa water entry is likely to occur either 

through the chalazal blister gap or the chalazal slit (Figure 4.8 A, J, and M). For 

Androcalva luteiflora and Corchorus lasiocarpus, the chalazal oculus was the 

expected primary point of water entry, although the region was still covered by a 

thin layer of permeable integument prior to treatment (Figure 4.8 D and G). All 

three points of water entry remained closed in the un-treated control seeds. 

The response to both the wet and dry heat treatments caused the rupture to one or 

more of the chalazal blister gap, slit, or oculus regions in the different Malvaceae 

species. Seeds of Abutilon otocarpum clearly showed the ruptured seed coat at the 

chalazal blister gap (Figure 4.8 B and C). Androcalva luteiflora seeds had a clearly 

defined opening in each of the heat treatments, with either the outer permeable 

integument detached in the wet heat treated seeds (Figure 4.8 E), or still intact, but 

with an obvious elevated cell layer region in the dry heat treated seeds (Figure 4.8 

F). Given the high germination recorded post heat treatment in seeds of Corchorus 

lasiocarpus (Figure 4.5), it was assumed that the bulges observed in the chalazal 

oculus region had rendered the seed permeable to water post heat treatment 

(Figure 4.8 H and I). Chalazal slit widening (ca. 15-45 µm), and a clear view of the 

chalazal plug, suggested that the seed coat of Hibiscus haynaldii and Sida 

echinocarpa had opened post heat treatment (Figure 4.8 K, L, N, and O). The 

additional seed coat crack observed in dry heat treated Hibiscus haynaldii seeds, 

and bulges in the blister gap region of Sida echinocarpa seeds, provided further 

evidence of seed coat rupture.  
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Figure 4.6. Scanning electron images of Acacia ancistrocarpa (A-C), A. bivenosa (D-F), A. cowleana 
(G-I), and A. inaequilatera (J-L) left un-treated (A, D, G, and J) and compared against wet heat (B, E, 
H, and K) and dry heat (C, F, I, and L) treatments. Heat treatments imaged for all species included: 
wet heat for 5 mins at 100°C or dry heat for 30 mins at 100°C, except A. inaequilatera (K), which 
was treated with wet heat for 2 mins at 100°C. Label abbreviations: Bl = blisters formed in the 
palisade layer; H = hilum; Hc = hilum cracks post-treatment; L = lens; M = micropyle; Pa = palisade 
cells exposed post-treatment; Sc = surface cracks widened post-treatment; plus sign (+) = lens 
open; minus sign (-) = lens closed. Scale bar = 200 µm. 
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Figure 4.7. Scanning electron images of Acacia pyrifolia (A-C), A. tumida (D-F), and Senna glutinosa 
(G-I) left un-treated (A, D, and G) and compared against wet heat (B, E, and H) and dry heat (C, F, 
and I) treatments. Heat treatments imaged for all species included: wet heat for 2 mins at 100°C or 
dry heat for 30 mins at 100°C, except S. glutinosa (H), which was treated with wet heat for 5 mins at 
100°C. Label abbreviations: Bl = blisters formed in the palisade layer; H = hilum; L = lens; M = 
micropyle; Pa = palisade cells exposed post-treatment; Sc = surface cracks widened post-treatment; 
plus sign (+) = lens open; minus sign (-) = lens closed. Scale bar = 200 µm. 
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Figure 4.8. Scanning electron images of Abutilon otocarpum (A-C), Androcalva luteiflora (D-F), 
Corchorus lasiocarpus (G-I), Hibiscus haynaldii (J-L), and Sida echinocarpa (M-O) left un-treated (A, 
D, G, J, and M) and compared against wet heat (B, E, H, K, and N) and dry heat (C, F, I, L, and O) 
treatments. Heat treatments imaged for all species included: wet heat for 5 mins at 100°C or dry 
heat for 30 mins at 100°C, except C. lasiocarpus (H), which was treated with wet heat for 5 mins at 
80°C, and H. haynaldii (L) and S. echinocarpa (O), which were treated with dry heat for 30 mins at 
90°C. Label abbreviations: Bg = bulges in the outer permeable cell layers presumed to indicate 
palisade cell rupture post-treatment; Chb = chalazal blister gap; Cho = chalazal oculus; Chp = 
chalazal plug; Chs = chalazal slit; Pa = palisade cells exposed post-treatment; plus sign (+) = chalazal 
blister gap, oculus, or slit open; minus sign (-) = chalazal blister gap, oculus, or slit closed. Scale bar 
= 200 µm.  
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DISCUSSION 

Species from the Fabaceae and Malvaceae families have long been recognised to 

possess seeds with impermeable seed coats and have been designated as 

physically dormant or PY (Crocker 1916; Baskin, Baskin & Li 2000; Baskin & 

Baskin 2004c). Common to all PY species is the presence of tightly bound palisade 

cells preventing water uptake (Baskin, Baskin & Li 2000). Once the palisade layer 

is made permeable to water after a suitable environmental trigger, the point of 

water entry primarily occurs through the water gap, but the location and morpho-

anatomical features of the water gap can differ markedly between species, genera, 

and families (Gama-Arachchige et al. 2013a).  

In this study, untreated seeds of all 12 species from the Fabaceae and Malvaceae 

exhibited low initial germination (0-38%) and did not readily imbibe water until 

treated to alleviate the water-impermeable seed coat (Appendix A), thus 

confirming the presence of PY (Baskin & Baskin 2004c).  Further, SEM imagery of 

untreated seeds confirmed the expectation that sealed lens-like structures in the 

Fabaceae (Hanna 1984; Burrows, Virgona & Heady 2009; de Paula et al. 2012) and 

chalazal slit- or cap-like structures in the Malvaceae (Poljakoff-Mayber et al. 1992; 

Daws et al. 2006; Kildisheva, Dumroese & Davis 2011), were present.  

Consistent published accounts describing the effects of heat treatment techniques 

demonstrate that temperature is the primary driver in dormancy loss that leads to 

increased germination (Auld & O'Connell 1991; Taylor 2005; Burrows, Virgona & 

Heady 2009; Santana et al. 2010; de Paula et al. 2012; Gama-Arachchige et al. 

2013b). Yet, the ‘type’ of heat has also been shown to interact with temperature, 

with reports highlighting that wet heat versus dry heat is at times more effective in 

promoting dormancy loss (Morrison et al. 1998). For instance, nine out of the 12 

species tested in this study had a rapid germination increase after wet heat 

treatment up until a point whereby the maximum germination percentage was 

reached (Figures 4.3-4.5). Typically, this germination rise and peak occurred with 

increasing exposure to increasing wet heat treatment temperatures, irrespective of 

exposure time. This trend was not as pronounced in dry heat treatments (Figures 

4.3-4.5).  

With this, there was a clear benefit to the type of heat treatment being utilised, 

with wet as opposed to dry heat breaking dormancy more effectively at lower 
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temperatures when exposed to the same treatment duration. As an example, seeds 

of Acacia cowleana after 5 mins exposure required wet heat temperatures of 70°C 

versus dry heat temperatures of 100°C to obtain similar germination percentages 

(≥ 85%; Figure 4.3). Thus, this would imply that not only does temperature drive 

PY-break but the manner in which the heat is delivered. This confirms the 

assumption that the latent heat transfer may be more effective in moist versus 

drier heat conditions (Dunn, Barro & Poth 1985). 

Exposure to near boiling water (80-100°C) for various exposure times is a well 

recognised technique to improve germination in species from the Fabaceae, 

especially in Acacia and Senna species (Teketay 1996a; Morrison et al. 1998; 

Burrows, Virgona & Heady 2009; Commander et al. 2009b; de Paula et al. 2012; 

Turner et al. 2013) and has proven to be equally effective for species from other 

families with PY, such as Rhamnaceae and Sapindaceae (Turner et al. 2005; Cook et 

al. 2008; Turner et al. 2009a). Gama-Arachchige et al. (2013a) also utilised wet 

heat at 100°C for various durations to promote the opening of water gaps of 12 out 

of the 15 species assessed, which represented 9 out of the 18 families identified to 

possess PY. This consistent use of wet heat at 80-100°C in the literature indicates 

its general effectiveness and wide applicability.   

Experiments that test multiple heat shock treatments, that cover a range of 

temperatures and lengths of exposure, quite often report the species-specific 

effectiveness of treatments to be variable (Auld & O'Connell 1991; Teketay 1996b; 

Teketay 1996a). For instance, a study from eastern Australia demonstrated that 35 

Fabaceae species from 15 genera responded positively to critical dry heat 

temperature thresholds ranging between 60°C and 100°C, but increasing 

temperatures and/or exposure durations, resulted in the loss of seed viability 

(Auld & O'Connell 1991). This dormancy break and germination continuum 

demonstrated by Auld and O'Connell (1991) mirrors the germination curve model 

outlined in Martin, Miller and Cushwa (1975) whereby abrupt changes in the 

ability to germinate fluctuates from low to high germination (depicted by rapid 

increases in germination until reaching a maximum peak/plateau), followed by a 

rapid germination decrease once seeds are exposed to fatal treatment conditions. 

In this study, there are rapid increases in germination after wet heat treatment in 

the majority of species (e.g. all Fabaceae, Androcalva, and Corchorus species). 
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Therefore, these species followed the germination curve threshold model devised 

by Martin, Miller and Cushwa (1975). For two of the species, Senna glutinosa and 

Corchorus lasiocarpus, the lethal threshold of viability loss was observed with both 

species showing a decrease in germination at wet heat temperatures of 100°C. 

Hence, a trade-off exists between treatment temperature, duration of exposure, 

and the ‘type’ of heat (e.g. wet versus dry heat documented in this study) that may 

be utilised to optimise individual species-specific PY-break treatments.  

For the three remaining Malvaceae species, Abutilon otocarpum, Hibiscus haynaldii, 

and Sida echinocarpa, no preference for wet or dry heat treatment was evident. In 

these three species germination never exceeded 80%, and was particularly low for 

Sida echinocarpa (< 40%). By assessing the remaining portion of un-germinated 

seeds via cut-tests we were able to distinguish whether seeds had: (1) failed to lose 

dormancy post treatment (un-imbibed), (2) potentially had an additional 

physiological dormancy component (i.e. PY + PD) (imbibed), or (3) lost viability 

during the various heat treatments (non-viable) (see Appendix D).  

Within all treatments assessed for these three Malvaceae species, the germination 

increased as the treatment temperature increased, and the un-imbibed fraction of 

the seed population decreased. This aligns well with previously reported research 

findings that once the impermeable seed coat is rendered permeable, germination 

occurs (Baskin, Baskin & Li 2000). But, rarely documented in studies focussing on 

PY-break was the fact that up to half (38-47.5%) of seeds in at least one of the 

treatments had imbibed water post-treatment, but failed to germinate within 28 d. 

Given the seeds appeared to remain viable and imbibed water after heat shock 

treatment indicates the presence of PY+PD (Turner et al. 2006a). Combinational 

dormancy (PY+PD) typically occurs in low occurrence in world floras but has been 

identified in at least eight families that possess PY, including the Fabaceae and 

Malvaceae (Baskin & Baskin 2001). Further, the presence of PY+PD can appear in 

one or many species within a genus, and therefore, it is highly likely that if more 

species were tested from Abutilon, Hibiscus, and Sida that more species that have 

seeds with PY+PD would be found.  In a restoration context, species identified to 

possess PY+PD would require a secondary pre-treatment to alleviate the 

physiological dormancy component which has been shown to be relatively easy to 

overcome with short durations of dry after-ripening (Turner et al. 2006a) or 
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alternatively through stratification (Rehman & Park 2000). Therefore, as more 

species that are identified to possess a secondary physiological block to 

germination, future research needs to consider additional treatments to maximise 

the germination potential of these seed batches. 

The proportion of non-viable seeds also increased at the highest temperature 

treatments and longest exposure times. Loss of viability reached a maximum of 

76.7% in seeds of Hibiscus haynaldii in the dry heat treatment at 100°C after 30 

mins (Appendix D). The loss of viability caused by seed injury and damage to the 

internal tissues after very short periods (ca. 1 min) has previously been 

demonstrated to effect the germination of other Malvaceae species (Turner & 

Dixon 2009). Hence, the reduction in germination in species such as Corchorus 

lasiocarpus and Hibiscus haynaldii (Figure 4.5) at treatment temperatures of 90-

100°C can be explained by loss of viability. Burrows, Virgona and Heady (2009) 

demonstrated that water gap rupture after heat treatment is often instantaneous 

(< 5 s) and extended periods in elevated treatment temperatures lead to the loss of 

viability. Therefore, understanding the lower temperature boundaries for 

dormancy break may provide treatments that do not expose seeds to unnecessary 

high temperatures that have the potential to cause loss of viability or have adverse 

effects on seedling establishment.  

Differences in the effectiveness of wet and dry heat treatments were highlighted in 

the assessment of water gap morphology. Generally, wet heat treatments 

successfully breached the primary water gap in all species at the highest 

temperatures and longest durations assessed. Whereas, dry heat was not as 

consistent with some Acacia species and Senna glutinosa failing to consistently 

show water gap opening.  

The recently proposed water gap complex classification scheme (Gama-Arachchige 

et al. 2013a) provides an excellent framework to build upon the unique but often 

complex water gap structures in species known to have PY. Post heat treatment of 

seeds of all species in this study demonstrated seed coat rupture in the lens-like 

gaps of the Fabaceae species and in the chalazal oculus, slit, and blister gap regions 

of the Malvaceae species. More specifically, the results are consistent with the lens 

gap in Acacia and Senna species fitting the Type-II simple water gap complex 

indentified in Gama-Arachchige et al. (2013a). Although, the additional hilum 
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cracks observed in Acacia bivenosa could well place this species into the 

‘compound’ water gap complex group. But, given the hilum cracks were seen in 

relatively few wet heat treated seeds and never observed in the dry heat 

treatments, the formation of hilum cracks may be a relatively rare event. The 

Malvaceae species also fit the Type-III group, but varied between the simple and 

compound classifications depending on species and the effectiveness of wet versus 

dry treatments. As more studies utilise this proposed scheme, potentially more 

combinations of the types and the simple or compound water gap complexes will 

become evident and allow more refined water gap descriptions. For restoration 

use of seed, water gap rupture in all species was observed, and increases in 

germination indicate that the heat treatments served their purpose of quickly and 

effectively overcoming the presence of innate PY and consequently increasing the 

chances of successful plant recruitment.  

By including the Fabaceae and Malvaceae species tested in this study, at least six 

plant families present in the Pilbara bioregion (DEC 2007 -) have PY confirmed in 

at least one species (Baskin 2003; Baskin, Baskin & Dixon 2006). Namely, species 

from the genus Cryptandra, Spyridium  (e.g. Rhamnaceae - Turner et al. 2005), 

Convolvulus, Ipomoea, Bonamia, (e.g. Convolvulaceae - Jayasuriya, Baskin & Baskin 

2008), Diplopeltis, Dodonaea (e.g. Sapindaceae - Turner et al. 2006a; Cook et al. 

2008; Turner et al. 2009a), and Stylobasium (e.g. Surianaceae - Baskin, Baskin & 

Dixon 2006) occur throughout the Pilbara. Thus, at a time when optimising seed 

pre-treatments for large-scale and highly-diverse restoration programs are 

becoming a high priority (Merritt & Dixon 2011; Turner et al. 2013), wet heat 

appears to be a useful technique to alleviate PY in many arid zone plant families. 

Focussing on the two dominant hard-seeded families from the Pilbara bioregion, it 

was demonstrated that the majority of the 12 species tested responded positively 

to wet heat treatment techniques, which are easily repeatable, cost efficient, and 

scalable for bulk batches of seeds for use in restoration programs (Merritt et al. 

2007; Burrows, Virgona & Heady 2009).  

As we move into an era of restoration (Suding 2011), and up-scaling current 

restoration programs to the thousands of hectares (Merritt & Dixon 2011; Menz, 

Dixon & Hobbs 2013), improving the germination potential of species exhibiting 

PY appears to be achievable across a wide range of species from the Pilbara 
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bioregion. However, seeds with PY+PD, particularly species in the Malvaceae, 

require follow-up research to ensure the PD component can be removed prior to 

use in restoration (Turner et al. 2006a). To ensure pre-treatments for alleviation of 

PY are not detrimental to the viability of a seed batch it appears that many species 

from this study can be treated at lower wet heat temperatures. Therefore, as 

opposed to blanket recommendations to treat ‘hard-seeded’ species in boiling 

water (ca. 95-100°C) for 2-5 minutes, we can now be confident of lowering the 

potential severity of pre-treatment procedures in those species that respond to 

wet heat and provide the same PY dormancy alleviation effectiveness whilst 

reducing the risk of adverse effects of the heat shock treatments. 
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CHAPTER 5 – General discussion 

Introduction to restoration of degraded arid systems 

The primary goal of ecological restoration is to reinstate target ecosystems 

through the deliberate re-introduction of seeds or seedlings to disturbed 

environments. These management practices aim to re-instate the desired species 

composition, community structure, and ecological function of a target plant 

community (SER 2004; Shackelford et al. 2013; Balaguer et al. 2014). Yet, 

successful restoration of climatically highly variable arid environments is still 

proving to be problematic with levels of biodiversity re-instatement, such as plant 

density and species richness values, not achieving desired targets (EPA 2013; 

James et al. 2013).  

For instance, seed addition experiments in dryland restoration efforts often 

comprise the broadcasting of a known amount of pure live seed of target species 

and then return at some point later in the growth season to monitor emergence 

(Williams et al. 2002; De Falco et al. 2012; Commander et al. 2013). Quite 

frequently, large discrepancies exist between the amount of seeds sown and the 

number of plants that establish (James, Svejcar & Rinella 2011; Commander et al. 

2013). Some of the most common reasons for reduced establishment include 

insufficient soil moisture, seed predation, failure to alleviate seed dormancy, and 

modified soil conditions (Carrick & Krüger 2007; Merritt et al. 2007; De Falco et al. 

2012). What many studies lack is the ability to pin point which individual, or 

cumulative, abiotic and biotic factors contributed to the loss of seed during 

establishment and where this failure occurs between the point of seed delivery to 

early seedling establishment (James, Svejcar & Rinella 2011; James et al. 2013).  

In the case of post-mining landscapes in the Pilbara, it has been recognised for 

decades that difficulties exist in re-establishing some of the most common and 

dominant species (e.g. Triodia species -  Johnson & Putwain 1981). Over 30 years 

later, failures to re-instate sufficient levels of biodiversity and plant community 

structure are still reported (EPA 2013). Overcoming knowledge gaps in the seed-

supply chain, such as (1) improving ex-situ storage conditions of commercially 

supplied seeds, (2) overcoming difficult to germinate species with species-specific 

dormancy alleviation techniques, and (3) developing precision seeding and 
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enhancement technologies to improve accurate site delivery of “restoration-ready” 

seeds, have all been suggested to improve the overall establishment potential in 

disturbed systems (Merritt & Dixon 2011). By systematically interrogating the 

chain of seed use (e.g. Chapter 1, Figure 1.1; revised in Figure 5.1) into a step-wise 

process, a greater understanding of the demographic processes involved in 

recruitment dynamics of broadcast seeds can be determined (James et al. 2013).  

This study focussed on seed dormancy and germination traits as a fundamental 

limiting step in the seed-use hierarchy, embracing the understanding that seed 

dormancy is a major impediment to restoration efforts (Merritt et al. 2007) and 

any improvement in the quality and germination potential of a seed batch prior to 

sowing will provide a higher likelihood of restoration success (Figure 5.1) (Merritt 

& Dixon 2011; James et al. 2013). This thesis addressed the paucity of seed biology 

knowledge that exists for Australian arid environments (Hoyle et al. 2008c; 

Commander et al. 2009b), focusing on 89 framework species from the Pilbara 

bioregion, and classified the kinds of dormancy that are present and their 

germination physiology across temperature and exposure to germination 

stimulants (Chapter 2). Once classified, the study focussed on the two dominant 

dormancy classes found in seed of the species assessed, PD (Chapter 3) and PY 

(Chapter 4), and investigated multiple pre-treatment options to overcome 

dormancy and maximise germination in 19 species from the three most common 

families found in the Pilbara (i.e. Fabaceae, Poaceae, and Malvaceae). 
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Figure 5.1. A revised chain-of-seed-use (from Figure 1.1., Chapter 1) demonstrating the steps taken 
to alleviate PD (Dry after-ripening – dashed box) in florets and seeds of seven Triodia species 
(Chapter 3) and PY (Heat treatment – dashed box) in seeds of 12 species from the Fabaceae and 
Malvaceae (Chapter 4). The dormancy classification and germination signature development 
(Chapter 2) took into account the collection, cleaning and quality assessments, and determination 
of any seed dormancy impediments for 89 species from the Pilbara (Yes or No – dashed boxes). For 
instance, all species exhibiting non-dormant seeds (i.e. ND) did not require assessment for 
dormancy alleviation and therefore transitioned directly through to the ‘Germination Optimised’ 
component of the seed use chain. Whereas, if determined to be dormant, genera in the three top 
plant families (Poaceae - PD, Fabaceae and Malvaceae - PY) were prioritised for follow-up 
dormancy alleviation experiments. Overall, this study gathered a large seed use inventory focussing 
on the front-end of the chain-of-seed-use. Future research needs to assess whether these steps 
taken throughout this study translate into increases in germination, emergence, and established 
plants under field-based restoration scenarios. 

 

Seed dormancy classification in the context of restoration  

More often than not, seed dormancy is lumped as one process that can inhibit the 

success of restoration in multi-species seeding efforts. Yet, five different classes of 

seed dormancy (excluding the ND class) are recognised and have been shown to 

have very specific dormancy mechanisms and strict germination requirements that 

enable the long-term persistence in the natural environment (Baskin & Baskin 

2001; Willis et al. 2014). In this study, the initial dormancy status of seeds was 

assessed on a species-by-species basis for 89 species with the pattern of dormancy 

types present similar to that found for species from other warm arid to hot desert 

environments (Chapter 2) (Baskin & Baskin 2001; Kos, Baskin & Baskin 2012).  

Seeds exhibited PD (33.7%) and PY (31.4%) in the highest proportions (Figure 

2.3). Seeds with PD were largely found in perennial grasses (53.3%, Figure 2.4), 
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and seeds with PY were most commonly in shrubs (89.3%, Figure 2.4). Non-

dormant seeds, the third largest dormancy class (27.0%), were predominantly 

associated with herbaceous plants (45.8%, Figure 2.4). Given that most arid 

systems are characterised by perennial plant assemblages (i.e. species from the 

Poaceae and Fabaceae - Maslin & van Leeuwen 2008) and that dormancy is 

phylogenetically conserved (Kos, Baskin & Baskin 2012; Willis et al. 2014), it is no 

surprise that dormancy classes aligned closely to plant growth form and family. 

Further, given the predominance of perennials in the dataset (82%, n = 73 spp.), 

and hence the lack of smaller-seeded annuals, it is difficult to determine whether 

any discernible differences would exist in dormancy class and plant life form 

proportions if more annuals were assessed. However, it would be expected that 

that the proportion of PD would increase slightly given that ca. 70% of annual 

species in hot desert systems possess seeds with PD (Baskin & Baskin 2014). 

Overall though, the identification of PD, PY, and ND as the most common seed 

dormancy classes appears to be consistent across arid regions (Baskin & Baskin 

2001; Hoyle et al. 2008c; Commander et al. 2009b; Kos, Baskin & Baskin 2012). 

More unique with respect to the dormancy assessment was the confirmation of the 

less common, but no less important in terms of plant diversity, MD, MPD, or PY+PD 

classes of seed dormancy. As freshly collected seeds of each species were tested 

specifically following the Baskin and Baskin (2004c) dormancy classification 

scheme, embryo growth was detected in some species with small E:S ratios (e.g. ca. 

≤0.5 E:S ratio - Baskin & Baskin 2007) and a physiological component of dormancy 

was noted for some PY species (i.e. PY+PD). Details surrounding the detection of 

PY+PD and the implications for restoration are discussed below.   

The confirmation of MD and MPD would normally be overlooked in assessments 

that don’t investigate embryo growth within seeds on a species-by-species basis. 

For instance, previous studies that included a dormancy classification assessment 

for seeds of Wahlenbergia either identified the presence of PD (Hoyle et al. 2008c) 

or inferred the presence of MPD (Sommerville, Martyn & Offord 2013). However, 

in both studies, embryo growth measurements were not undertaken. This study 

confirmed embryo growth occurs in Wahlenbergia tumidifructa indicating the 

presence of MPD (Chapter 2, Table 2.3).  
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The lower frequency of MD and MPD in arid systems is thought to be from the ‘MD’ 

component of dormancy being selected against in arid environments (Kos, Baskin 

& Baskin 2012). Species with MD or MPD have an under-developed embryo 

requiring a period of time to grow, under complete hydration, prior to germination 

being possible (i.e. radicle emergence) (Baskin & Baskin 2005). The low and highly 

variable moisture availability in arid systems would therefore be insufficient in 

most years to allow this embryo growth to occur. In Chapter 2, it was postulated 

that species belonging to GS 5 (i.e. those with a narrow germination temperature 

preference) may preferentially occupy positions within the landscape where 

greater water retention, and less extreme conditions, exist within certain micro-

habitats. In a similar fashion, these seasonally buffered micro-environments may 

also provide suitable conditions for species with MD or MPD to persist in arid 

environments. Although untested to date, it is reasonable to hypothesise that the 

association between position in the landscape and presence of MD or MPD exists, 

as all species with these dormancy types are associated with riparian systems, 

seasonally inundated areas, or cooler, moister south facing gullies (southern 

hemisphere). This has important implications for restoration as these species 

could provide additional functional and phylogenetic diversity to specific areas of 

restoration sites (e.g. drainage channels and lower lying rehabilitation areas) that 

otherwise would not be achieved from seeding species with other seed dormancy 

classes and recruitment strategies.  

 

Germination signatures 

Unique to this study, was the description of the transition from poorly-germinable, 

deeply dormant species to highly-germinable ‘ready-to-go’, non-dormant species, 

through the development of germination signatures (GS) (Chapter 2, Figures 2.5-

2.7). By assessing the physiological, morphological, and physical characteristics of 

seeds and testing their germination response over a wide range of environmental 

parameters, including temperature and chemical stimulants, it can be concluded 

that PD was the main driver influencing the germination patterns and groupings.  

This conclusion was based on: (1) the large majority of species with low 

germination were found to be PD (e.g. GS 1-4, Chapter 2, Table 2.1), (2) species 
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that were treated to alleviate PY, or those deemed ND, germinated readily and 

were grouped amongst the germination signatures GS 5-9 (Chapter 2, Table 2.1), 

and (3) the less common MD, MPD, and PY+PD (with PY alleviated) accounted for < 

10% of the species (Chapter 2, Figure 2.3). With this, the main and only possible 

restriction to maximise germination is the physiological capability of individual 

species to germinate at the temperatures tested and/or in response to the 

germination stimulants utilised. Thus, the shape and pattern of each GS reflects the 

physiological response to the environmental parameters tested.  

One key characteristic defining the germination signatures was the temperature 

preference for germination. In general, germination was more synchronised and 

rapid at warmer conditions (e.g. > 25°C). These findings highlight that species from 

the Pilbara are attuned to the more reliable rainfall that occurs in the warmer 

summer months. This aligns with previous studies assessing seasonal temperature 

preferences for germination in arid systems (Jurado & Westoby 1992; Facelli, 

Chesson & Barnes 2005; Hoyle et al. 2008c; Commander et al. 2009b). 

However, across the diversity assessed, the thermal optima and dormancy status 

for sympatric species were often remarkably divergent.  For example, species 

assigned to GS 4 (Figure 2.7, Appendix B) demonstrated a strong preference for 

germination at 25-35°C, but the species-specific germination profiles and 

dormancy classes are somewhat different. For instance Cyperus ixiocarpus (ND), 

Eriachne pulchella subsp. dominii (ND), Gomphrena cunninghamii (PD), and 

Pterocaulon sphacelatum (ND) were all collected within proximity to each other, 

but had vastly different germination on water and dormancy classes (Table 2.1 and 

Appendix B). Such divergence highlights the specificity of germination traits and 

influence of seed dormancy for species growing in the same environment and 

would support why year-to-year variability occurs with species composition in 

arid environments (Facelli, Chesson & Barnes 2005). Thus, these germination 

differences point to the possibility of species co-existence where establishment 

will shift from one species to another depending on the season of rainfall and 

prevailing soil temperatures.  Since some of these species can be long-lived 

perennials, this may lead to a semi-permanent changes in species composition 

with important consequences for restoration planning. 
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From a seed-handling perspective with respect to managing dormancy, and to 

increase the plant diversity available for large-scale restoration efforts, 

considerable efforts need to be directed towards overcoming PD in species lowest 

in the GS continuum. For instance, the classification tree analysis suggested that 

plant family (and the associated dormancy class) was most closely associated with 

the GS classification of any particular species (Figure 2.9, Chapter 2). Therefore, 

research should concentrate efforts on overcoming the different levels of PD in 

species from groups such as the deeply dormant species in GS 1 using approaches 

that have been demonstrated to remove complex dormancy mechanisms 

(Commander et al. 2009a; Turner et al. 2009b; Hidayati et al. 2012; Turner et al. 

2013). These “problem species” consistently occur in plant families such as the 

Poaceae, Solanaceae, Goodeniaceae, and Araliaceae (Merritt et al. 2007; 

Commander et al. 2008; Hoyle et al. 2008a; Hoyle et al. 2008c). 

 

Overcoming physiological dormancy using dry after-ripening and future alternative 

approaches  

Using the understanding that the majority of study species, mainly those from the 

Poaceae, had some level of PD (Chapter 2), treatments were designed to overcome 

PD and promote germination in seeds of Triodia species that are a dominant 

component of the vegetation. Dry after-ripening (DAR) is a technique that 

simulates the warm-dry soil conditions seeds are exposed to immediately after 

dispersal in arid systems (Hoyle et al. 2008a; Commander et al. 2009a) and 

therefore is the first logical technique to test in species exhibiting PD. 

However, limited information is available on the use of DAR in arid zone species, 

with only a few studies attempting warm-dry storage as a means to promote 

germination (Mott 1974; Schütz, Milberg & Lamont 2002; Hoyle et al. 2008a; 

Commander et al. 2009a). Similar to Commander et al. (2009a) and Hoyle et al. 

(2008a), I found species-specific differences in dormancy loss existed that 

depended on the DAR period and secondary treatments post-storage (e.g. 

exposure to chemical stimulants). Further, not all treatments attempted promoted 

the complete alleviation of PD. One advantage for this study was the direct 

comparison between florets and seeds within a species. Overall, it was found that 
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cleaning to seeds outperformed florets in most cases after 12-24 months of DAR 

and exposure to KAR1.  

The largely un-tested seed-handling option utilised in this study (e.g. cleaning to 

seeds) before treating with DAR warrants examination across a broader spectrum 

of species of the Poaceae. Most PD-alleviation studies to date manipulate the 

temperature and moisture combinations during the storage period with secondary 

applications of germination stimulants (e.g. Commander et al. 2009a). But, if future 

studies considered cleaning to pure seeds prior to PD-alleviation, through physical 

removal (this study) or weakening of the dispersal unit with treatments such as 

sulphuric acid (Ma et al. 2010), similar dormancy alleviation and germination 

enhancement may be observed across many species. However, reports for efficient 

methods to remove unwanted dispersal appendages are limited. Some reports 

suggest that the development of bulk-handling and cleaning procedures for some 

grass (Lippitt, Fidelibus & Bainbridge 1994; Loch et al. 1996) and shrub 

(Richmond & Chinnock 1994) species could result in removal of floral appendages 

and woody fruits, improving the germination potential for these problematic 

species required for use restoration programs (Commander et al. 2009b; Farley, 

Bellairs & Adkins 2013). 

Therefore, many management options exist to promote the physiological ripening 

of seeds with PD within the Triodia genus and other species untested in this study. 

For instance, combining novel cleaning techniques with subtle manipulations to 

the storage environment, such as shifts in temperature and seed moisture, may 

alter the rate at which seeds after-ripen, and to a lesser extent, maintain or lose 

viability (Commander et al. 2009a). Introducing a periodic application of complete 

hydration during the DAR storage period, termed ‘wet-dry cycling’, has also 

recently shown promising results to alleviate difficult-to-germinate PD species 

(Hoyle et al. 2008a). The wet-dry cycling technique may also vastly shortened 

treatment periods. Further, combining either DAR or wet-dry cycles with smoke-

derived products, such as KAR1 or smoke water, can promote significant 

germination stimulation in more complex forms of seed dormancy (e.g. MPD - 

Hidayati et al. 2012) and a wide range of seeds with PD (Commander et al. 2009a; 

Turner et al. 2009b).  
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Treatment with wet heat outperforms dry heat in physically dormant seeds 

Investigations into the effects of fire-related heat treatments are commonly used 

for species known to have an impermeable or ‘hard’ seed coat (Auld & O'Connell 

1991; Morrison et al. 1998; Santana et al. 2010; Gama-Arachchige et al. 2013a). I 

investigated a wide array of heat treatments including a gradation of increasing 

temperature, time of exposure, and ‘type’ of heat on the alleviation of PY in 12 

species from the Fabaceae and Malvaceae (Chapter 4). Wet heat was more 

beneficial in promoting germination than dry heat, with the optimum range of wet 

heat exposure determined to be 80-90°C for 1-2 minutes for most Fabaceae 

species tested, and two Malvaceae species, Androcalva luteiflora and Corchorus 

lasiocarpus (Figures 4.3-4.5). 

This optimum range of treatment temperatures is based on the evidence that: (1) 

dry heat requires longer treatment durations and higher temperatures to promote 

similar PY alleviation and germination, if at all, when compared to the wet heat 

treatment combinations, (2) there is a rapid rise in germination after dormancy 

alleviation and an eventual “tipping point” in the treatment-time combination that 

leads to viability loss at higher temperatures and longer treatment durations (e.g. 

drops in germination for Senna glutinosa, Corchorus lasiocarpus, and Hibiscus 

haynaldii wet heat treatments – Figure 4.4-4.5 and Appendix D), and (3) the 

minimum temperature threshold for wet heat at 80-90°C was statistically 

supported in the GLM parameter estimates (Table 4.2-4.3 and Appendix C).    

Importantly, as practitioners strive to introduce more diverse plantings to 

restoration sites to achieve high plant diversity targets, and seed quantity 

requirements increase to cover the extent of the disturbed lands requiring 

restoration, there is a need for efficient and safe techniques to overcome PY in 

many species. Wet heat appears to be an ideal approach to alleviate PY safely on 

larger batches of seeds. 

In addition to seeds possessing PY, multiple genera belonging to the Fabaceae and 

Malvaceae (i.e. Abutilon, Hibiscus, and Tephrosia in Chapter 2 and 4) were 

determined to have a secondary block to germination via physiological dormancy 

of the embryo (i.e. PY+PD). To our knowledge, this is the first report for PY+PD in 

these three genera (Baskin & Baskin 2014). Similar to MD and MPD, PY+PD is not 
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common in arid systems (Kos, Baskin & Baskin 2012) or globally (Baskin & Baskin 

2001). For example, in a global assessment of seed dormancy across 2395 species 

from the Fabaceae and Malvaceae, PY+PD accounts for < 2% of species (see Table 

S1 in Willis et al. 2014).  

Ecologically, the often weaker PD component of PY+PD is thought to be a 

secondary safety mechanism to prevent out-of-season germination that is not 

conducive to seedling establishment (Van Assche & Vandelook 2010). In the 

Pilbara at least, for genera identified to have PY+PD, fire frequently occurs in the 

period immediately after dispersal but just prior to the onset of rainfall during the 

summer months. Therefore, if a fire were to pass over recently dispersed seeds 

with PY+PD and alleviate the PY component of dormancy, germination would not 

occur if early season breaking rains were to occur. This bet-hedging strategy would 

prevent complete commitment of the seed cohort to germinating at a time of year 

where establishment is risky (Venable 2007). However, like any dormancy 

impediment identified in Chapter 2, delayed germination can hinder establishment 

success when seeds are broadcast in restoration sites. By combining the use of wet 

heat to alleviate PY (Chapter 4), and DAR treatments to alleviate PD (Chapter 3), it 

would be expected that PY+PD could be overcome relatively easy prior to use in 

restoration (Turner et al. 2006a; Van Assche & Vandelook 2010; Qu, Baskin & 

Baskin 2012). 

 

Biogeographical considerations for seed dormancy in the Pilbara 

This study assessed approximately 4-5% of the 1800-2100 species recognised in 

the Pilbara (DEC 2007 -; Maslin & van Leeuwen 2008). Thus, the process of 

understanding the varying levels of dormancy classes present in the Pilbara region 

has only just commenced. However, given our collection strategy targeted a wide 

range of community assemblages, plant forms, and life forms, at least one species 

from nine of the top 10 families and genera present in the Pilbara (Table 2.1-2.2) 

was assessed. Therefore, the likelihood of having dormancy information available 

on the most common species required for restoration is high, and if no information 

is available, it is highly likely that information on another closely-related species 

from the same genus or family would be available.  
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For instance, apart from the two families (Fabaceae and Malvaceae) and seven 

genera (Abutilon, Acacia, Androcalva, Corchorus, Hibiscus, Senna, and Sida) tested in 

Chapter 4, PY was confirmed in species from three additional families 

(Convolvulaceae, Sapindaceae, and Surianaceae) and six more genera (Convolvulus, 

Dodonaea, Indigofera, Mirbelia, Tephrosia, and Stylobasium) in Chapter 2 (Table 

2.1). Taking into account all known species in the Pilbara within these genera 

(Western_Australian_Herbarium 1998 -), seeds for over 300 species may possess 

PY, and therefore be responsive to wet heat treatments. One caveat to this 

extrapolation is the fact that I have not tested these species on an individual basis, 

and within a genus, a species may possess a different class of dormancy (Baskin & 

Baskin 2001), an assumption that could lead to misclassification if you were to 

base a dormancy class assignment of an un-tested species at the genus level (e.g. 

PD versus ND in Aristida and Goodenia species, Chapter 2, Table 2.1). However, PY 

as opposed to PD is far less flexible at adapting to differing environmental 

conditions and may be more conservative as an individual dormancy class (Willis 

et al. 2014), thus, this extrapolation for seeds with PY may be cautiously safe to 

assume.  

 

Directions for future research and concluding remarks 

As large-scale restoration programs comprehend the complexity of successfully 

establishing plants in degraded lands (James, Svejcar & Rinella 2011; James et al. 

2013), developing these large seed-based dormancy and germination inventories 

contributes to understanding the impediments associated with recruitment failure 

from seed (Merritt et al. 2007; Merritt & Dixon 2011). Further, when biodiverse 

restoration is most likely going support greater multi-functionality with increasing 

species richness (Maestre et al. 2012; Midgley 2012), and regulatory conditions 

require an agreed upon level of biodiversity reinstatement (EPA 2013), there is a 

critical need to have the ability to re-introduce a large majority of species from the 

local species pool preferably using a ‘one-pass’ restoration approach.  

As a first step to achieving biodiverse restoration in the Pilbara, this study 

therefore focussed on: (1) documenting the prevalence of dormancy classes in 

Pilbara species, (2) determining the germination capability across a broad range of 

environmental parameters (e.g. temperature and germination stimulants), (3) 
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testing and overcoming multiple dormancy alleviating treatments to assist in PD 

and PY alleviation, and (4) synthesising these findings into scientifically-driven 

seed-use recommendations to improve the likelihood of successful restoration 

outcomes.  

As we progressively develop techniques to overcome seed dormancy we can 

combine this knowledge with seed management strategies such as polymer seed 

coat technologies to alleviate the biotic and abiotic recruitment constraints often 

observed in degraded environments (Madsen et al. 2012; James et al. 2013). 

Additionally, species that exhibit similar dormancy traits and pre-treatment 

options could potentially be combined into batches that receive ‘bulk’ pre-

treatments prior to sowing (e.g. wet heat at 90°C and 2 mins for multiple Acacia 

spp.). The development of integrated seed-based restoration principles and 

technologies will over time allow practitioners to streamline seed batch handling 

and strengthen our ability to re-instate complex biodiverse plant communities in 

arid land restoration programs globally. 
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Appendix A. Imbibition curves of Triodia wiseana and Acacia cowleana  

 

The distinction between seeds with PY and all remaining dormancy classes is to 

confirm or refute the ability of freshly collected fruit or seed to take up water 

(Baskin, Baskin & Li 2000; Baskin & Baskin 2004c). Typically, comparisons are 

carried out between un-treated fruits/seeds and seeds that have been scarified, 

nicked, or treated in a manner that removes any covering structure thought to be 

preventing water uptake. All species in this study that belonged to families known 

to possess PY (Gama-Arachchige et al. 2013a) were treated with near boiling water 

(95°C for 1-5 mins) to alleviate PY. Occasionally, multiple techniques to alleviate 

PY were assessed such as immersion in concentrated sulphuric acid (98% H2SO4 

for 1-8 h) or physically nicking the fruit seed coat with a scalpel blade. For all 

Triodia species in Chapter 2 and 3, confirmation of water uptake was assessed by 

testing both the florets and cleaned seeds of each species.  

Triodia species imbibed water readily over the 96h test period in both florets and 

seeds indicating that there is no water uptake restriction in this genus. On the 

other hand, water uptake was clearly evident for treated versus un-treated seeds 

of Acacia, confirming the presence of an impermeable seed coat in the genus. An 

example of the imbibition test for Triodia and Acacia species has been provided in 

Figure A. 

 

Methods 

Three replicates of 10-25 florets/seeds (always > 0.03 g per replicate) were 

weighed to obtain the initial weight and placed on moistened filter paper in Petri 

dishes under laboratory conditions (ca. 20-25°C, 50% RH). At intervals of 1, 2, 4, 8, 

24, 48, 72, and 96 h, florets/seeds were removed from the Petri dishes, blotted dry 

to remove excess moisture, and re-weighed. Percentage increase in florets/seeds 

mass was calculated, with the amount of water taken up determined as actual 

increases in florets/seeds weights and converted to percentages using the formula: 

% increase in mass = [(Wi - Wd) / Wd]*100, where Wi and Wd = mass of imbibed 

and dry florets/seeds, respectively. 



168 
 

Appendix A. Continued 

 
Figure A. Percentage increase in floret versus seed weight (mean ± s.e.) for Triodia wiseana and 
treated (95°C hot water treatment for 2 mins) versus un-treated seeds of Acacia cowleana. 
Note the different scale bars on both axes. The Acacia assessment was terminated at 48 h as 
germination occurred in the treated seeds, indicating the imbibition phase had ceased. 
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Appendix B. Raw germination data (± s.e.) for all 89 species after germination testing on water agar ± GA3 or KAR1 tested across constant 10°C, 15°C, 20°C, 25°C, 30°C, and 
35°C. Species are grouped by their assigned germination signature (GS) and transition from deeply dormant, low germinating species in GS 1 through to non-dormant, high 
germinating species in GS 9. Six species were not assigned a GS due to insufficient seed numbers (n/t = not tested). 

GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

1 Arali- Astrotricha hamptonii 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

5  
(3.0) 

0  
(0.0) 

0  
(0.0) 

1 Arali- Trachymene oleracea 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

2  
(1.2) 

3  
(1.9) 

5  
(1.9) 

1  
(1.0) 

 0  
(0.0) 

3 
(1.9) 

5  
(2.5) 

4  
(2.3) 

1  
(1.0) 

5  
(3.0) 

1 Fab- Indigofera monophylla 
5  

(3.0) 
9  

(4.4) 
11 

(4.1) 
2  

(1.2) 
5  

(2.5) 
5  

(2.5) 

 4  
(2.3) 

3  
(1.9) 

9  
(1.0) 

8  
(2.8) 

4  
(4.0) 

5  
(1.9) 

 3  
(1.0) 

3 
(1.9) 

8 
(2.8) 

6  
(2.6) 

5  
(1.0) 

9  
(4.1) 

1 Fab- 
Tephrosia sp. Fortescue  
(A.A. Mitchell 606) 

0  
(0.0) 

1  
(1.0) 

0  
(0.0) 

2  
(2.0) 

4  
(1.6) 

0  
(0.0) 

 0  
(0.0) 

0  
(0.0) 

1  
(1.0) 

2  
(1.2) 

5  
(3.0) 

4  
(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

2  
(2.0) 

6  
(3.8) 

1  
(1.0) 

1 Goodeni- Velleia panduriformis 
0  

(0.0) 
2  

(2.0) 
0  

(0.0) 
1  

(1.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

1  
(1.0) 

7  
(1.9) 

12 
(2.8) 

1  
(1.0) 

0  
(0.0) 

 0  
(0.0) 

7  
(3.4) 

1  
(1.0) 

9  
(1.9) 

3  
(1.0) 

0  
(0.0) 

1 Po-  Eragrostis dielsii 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
2  

(1.2) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

3  
(1.0) 

0  
(0.0) 

2  
(1.2) 

2  
(2.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

1  
(1.0) 

0  
(0.0) 

2  
(1.2) 

1 Po-  Eragrostis eriopoda 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

2  
(2.0) 

1  
(1.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

1 Po-  Eragrostis tenellula 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
2  

(2.0) 
1  

(1.0) 
1  

(1.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

21  
(7.2) 

1  
(1.0) 

2  
(1.2) 

 0  
(0.0) 

0  
(0.0) 

1  
(1.0) 

2  
(1.2) 

1  
(1.0) 

8  
(3.3) 

1 Solan- Solanum diversiflorum 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

2 Goodeni- Goodenia stobbsiana 
0  

(0.0) 
1  

(1.0) 
2  

(1.2) 
0  

(0.0) 
1  

(1.0) 
0  

(0.0) 

 0  
(0.0) 

31  
(7.6) 

86  
(4.8) 

70 
(4.2) 

45  
(6.4) 

33  
(5.7) 

 0  
(0.0) 

3  
(3.0) 

2  
(2.0) 

2  
(2.0) 

0  
(0.0) 

0  
(0.0) 

2 Po-  Enneapogon caerulescens 
1  

(1.0) 
6  

(4.8) 
31  

(8.7) 
57  

(8.7) 
36  

(6.3) 
34  

(3.5) 

 3  
(1.9) 

19  
(1.0) 

39  
(5.3) 

62 
(8.3) 

63  
(5.0) 

46  
(2.0) 

 0  
(0.0) 

1  
(1.0) 

2  
(2.0) 

5  
(1.9) 

8  
(5.7) 

14  
(2.6) 

2 Po-  Paraneurachne muelleri 
0  

(0.0) 
2  

(1.2) 
4  

(1.6) 
10  

(2.6) 
6  

(2.6) 
4  

(1.6) 

 7  
(3.0) 

62  
(6.2) 

75  
(3.4) 

77  
(1.9) 

77  
(2.5) 

79  
(1.9) 

 0  
(0.0) 

0  
(0.0) 

3  
(1.0) 

12  
(1.6) 

13  
(2.5) 

7  
(3.0) 

2 Portulac- Portulaca oleracea 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
1  

(1.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

40  
(14.0) 

95  
(1.0) 

93  
(1.9) 

89  
(4.4) 

96  
(1.6) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

0  
(0.0) 
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Appendix B. Continued 

GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

3 Boragin- Trichodesma zeylanicum 
4  

(2.8) 
16 

(2.8) 
8  

(3.3) 
1  

(1.0) 
0  

(0.0) 
1  

(1.0) 

 7  
(3.4) 

19 
(4.1) 

21 
(4.4) 

1  
(1.0) 

0  
(0.0) 

0  
(0.0) 

 1  
(1.0) 

1  
(1.0) 

2  
(1.2) 

0  
(0.0) 

1  
(1.0) 

1  
(1.0) 

3 Chenopodi- Dysphania rhadinostachya 
2  

(2.0) 
32  

(4.3) 
6  

(1.2) 
9  

(1.9) 
2  

(1.2) 
4  

(1.6) 

 10  
(2.0) 

35  
(5.3) 

28  
(5.9) 

20  
(5.7) 

24  
(3.3) 

33  
(5.0) 

 11  
(3.0) 

23  
(4.4) 

6  
(3.5) 

4  
(1.6) 

7  
(3.4) 

4  
(1.6) 

3 Cleom- Cleome viscosa 
0  

(0.0) 
0  

(0.0) 
16  

(1.6) 
3  

(1.0) 
3  

(1.0) 
5  

(1.9) 

 0  
(0.0) 

0  
(0.0) 

42  
(8.4) 

24  
(4.9) 

14  
(2.0) 

22  
(2.0) 

 0  
(0.0) 

0  
(0.0) 

36  
(5.2) 

26  
(2.9) 

23  
(1.9) 

31  
(4.1) 

3 Goodeni- Goodenia vilmoriniae 
0  

(0.0) 
3  

(1.9) 
2  

(1.2) 
0  

(0.0) 
1  

(1.0) 
1  

(1.0) 

 3  
(3.0) 

18  
(6.8) 

25  
(6.0) 

23  
(4.4) 

31 
(6.4) 

33  
(4.1) 

 0  
(0.0) 

18  
(2.6) 

5  
(3.8) 

6  
(3.5) 

12  
(1.6) 

6  
(1.2) 

3 Nyctagin- Boerhavia coccinea 
0  

(0.0) 
0  

(0.0) 
20  

(2.3) 
13  

(4.1) 
4  

(1.6) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

2  
(1.2) 

16  
(2.3) 

12  
(1.6) 

12  
(4.3) 

 0  
(0.0) 

10  
(3.5) 

45  
(3.0) 

38  
(6.0) 

15  
(6.2) 

11  
(2.5) 

3 Po-  Aristida contorta 
0  

(0.0) 
0  

(0.0) 
9  

(3.8) 
41  

(6.0) 
31  

(1.9) 
30  

(2.6) 

 2  
(2.0) 

9  
(2.7) 

25  
(3.5) 

61  
(4.8) 

39  
(1.3) 

32  
(4.6) 

 0  
(0.0) 

0  
(0.0) 

17  
(2.5) 

10  
(3.8) 

22  
(4.2) 

30  
(4.8) 

3 Po-  Brachyachne convergens 
0  

(0.0) 
0  

(0.0) 
3  

(1.9) 
10  

(3.8) 
15  

(3.4) 
21  

(4.4) 

 0  
(0.0) 

0  
(0.0) 

15  
(4.7) 

40  
(6.3) 

40  
(5.7) 

69  
(4.7) 

 0  
(0.0) 

0  
(0.0) 

0  
(0.0) 

9  
(4.1) 

11  
(3.0) 

26  
(2.0) 

3 Po-  Enneapogon polyphyllus 
0  

(0.0) 
4  

(1.6) 
11  

(3.0) 
19  

(1.0) 
23  

(3.0) 
15  

(4.4) 

 7  
(2.5) 

16  
(3.7) 

19  
(1.9) 

54 
(9.6) 

56  
(2.8) 

74  
(4.2) 

 0  
(0.0) 

0  
(0.0) 

8  
(1.6) 

7  
(4.4) 

21  
(4.7) 

9  
(2.5) 

3 Po- Triodia angusta 
0  

(0.0) 
0  

(0.0) 
1  

(1.0) 
4  

(2.3) 
3  

(1.0) 
6  

(2.0) 

 0  
(0.0) 

7  
(3.0) 

10  
(4.8) 

10  
(2.6) 

22  
(4.2) 

23  
(5.3) 

 0  
(0.0) 

12  
(1.6) 

29  
(1.0) 

45  
(1.9) 

38  
(6.0) 

45  
(2.5) 

3 Po-  Triodia basedowii 
0  

(0.0) 
2  

(1.2) 
15  

(3.4) 
18  

(4.8) 
18  

(2.6) 
19  

(1.0) 

 0  
(0.0) 

13  
(5.3) 

19  
(3.4) 

32  
(1.6) 

27  
(1.9) 

28  
(7.1) 

 0  
(0.0) 

18 
(2.6) 

42  
(2.6) 

54 
(8.1) 

40  
(5.9) 

40  
(4.6) 

3 Po-  
Triodia sp. Shovelanna Hill 
(S. van Leeuwen 3835) 

0  
(0.0) 

19  
(4.1) 

40  
(1.0) 

20  
(1.6) 

35 
(7.2) 

29  
(5.0) 

 6  
(3.5) 

35  
(6.4) 

61  
(4.4) 

50  
(3.8) 

48  
(4.9) 

43  
(4.4) 

 0  
(0.0) 

28  
(6.3) 

67  
(4.1) 

43  
(5.3) 

34  
(7.4) 

39  
(1.9) 

3 Solan- Solanum dioicum 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 0  
(0.0) 

0  
(0.0) 

12  
(3.3) 

10  
(2.6) 

5  
(1.9) 

7  
(1.0) 

 0  
(0.0) 

0  
(0.0) 

15  
(4.4) 

2  
(2.0) 

1  
(1.0) 

2  
(1.2) 
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Appendix B. Continued 

GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

4 Amaranth- Gomphrena cunninghamii 
4  

(1.6) 
32  

(6.7) 
45  

(4.7) 
34  

(7.0) 
28  

(1.6) 
17  

(5.7) 

 3  
(1.0) 

38  
(8.3) 

84  
(1.6) 

92  
(2.8) 

88  
(1.6) 

91  
(3.4) 

 62  
(7.4) 

97  
(1.9) 

96  
(2.3) 

87  
(1.9) 

90 
(3.5) 

89  
(1.9) 

4 Aster- Pterocaulon sphacelatum 
12  

(4.3) 
9  

(2.5) 
5  

(1.0) 
23  

(4.7) 
65  

(6.4) 
9 

(3.4) 

 78  
(4.8) 

93  
(3.0) 

61  
(3.4) 

60  
(2.8) 

84  
(2.8) 

88  
(5.9) 

 52 
(6.9) 

46  
(3.5) 

46  
(5.3) 

57  
(3.4) 

82  
(3.8) 

78  
(5.0) 

4 Aster- Streptoglossa decurrens 
4  

(4.0) 
4  

(1.6) 
30  

(11.6) 
98  

(2.0) 
68  

(13.2) 
92  

(4.6) 

 61  
(13.0) 

100  
(0.0) 

42  
(6.8) 

100  
(0.0) 

100  
(0.0) 

55  
(8.2) 

 66  
(9.6) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

4 Brassic- Lepidium pedicellosum 
44  

(5.2) 
16  

(1.6) 
19  

(5.3) 
50  

(4.8) 
6  

(3.8) 
0  

(0.0) 

 45  
(10.8) 

73  
(5.7) 

75  
(5.5) 

71  
(1.9) 

54  
(2.0) 

0  
(0.0) 

 80  
(3.7) 

87  
(6.6) 

88  
(4.3) 

80  
(5.2) 

72  
(3.7) 

1  
(1.0) 

4 Cyper- Cyperus ixiocarpus 
0  

(0.0) 
0  

(0.0) 
2  

(1.2) 
30  

(6.6) 
54  

(8.7) 
84  

(7.83) 

 0  
(0.0) 

0  
(0.0) 

2  
(1.2) 

18  
(5.0) 

67  
(5.3) 

87  
(4.4) 

 0  
(0.0) 

0  
(0.0) 

2  
(1.2) 

15  
(1.9) 

68  
(4.6) 

86  
(2.6) 

4 Po-  
Eriachne pulchella  
subsp. dominii 

0  
(0.0) 

0  
(0.0) 

24  
(13.9) 

71  
(4.7) 

67  
(4.1) 

84  
(2.8) 

 0  
(0.0) 

0  
(0.0) 

96  
(1.6) 

96  
(2.3) 

96  
(2.3) 

100  
(0.0) 

 0  
(0.0) 

0  
(0.0) 

14  
(4.8) 

96  
(1.6) 

85  
(1.9) 

89  
(2.5) 

4 Po-  Triodia brizoides 
0  

(0.0) 
6  

(2.6) 
9  

(6.4) 
5  

(1.0) 
10  

(2.6) 
10  

(2.0) 

 0  
(0.0) 

14  
(5.8) 

24  
(4.3) 

29  
(8.9) 

11  
(3.0) 

17  
(3.0) 

 0  
(0.0) 

60  
(5.9) 

70  
(5.3) 

62  
(4.8) 

74  
(7.4) 

68  
(3.3) 

4 Po-  Triodia epactia 
0  

(0.0) 
15  

(3.8) 
55  

(4.4) 
59  

(3.4) 
39  

(10.3) 
57  

(8.7) 

 0  
(0.0) 

14  
(3.5) 

56  
(5.9) 

66  
(6.8) 

62  
(3.5) 

68  
(4.9) 

 0  
(0.0) 

23  
(6.0) 

69  
(3.0) 

63  
(4.7) 

69  
(1.9) 

75  
(3.4) 

4 Po-  Triodia pungens 
0  

(0.0) 
33  

(3.4) 
38  

(5.0) 
37 

(5.5) 
33  

(1.0) 
35  

(1.9) 

 0  
(0.0) 

36  
(5.9) 

40  
(4.3) 

55  
(4.4) 

60  
(7.1) 

56  
(5.9) 

 0  
(0.0) 

70  
(7.6) 

89  
(1.0) 

89  
(2.5) 

92  
(2.8) 

80  
(2.8) 

4 Po-  Triodia wiseana 
23  

(3.4) 
21  

(1.9) 
28  

(5.9) 
25  

(3.8) 
33  

(6.6) 
31  

(5.7) 

 31  
(1.9) 

28  
(6.3) 

42  
(4.8) 

42  
(7.0) 

42  
(3.8) 

45  
(4.4) 

 57  
(4.1) 

61  
(4.4) 

74  
(7.4) 

63  
(1.9) 

82  
(6.2) 

71  
(1.9) 

4 Prote- 
Grevillea wickhamii  
subsp. hispidula 

1  
(1.0) 

2  
(2.0) 

40  
(6.3) 

76  
(2.8) 

6  
(1.2) 

11  
(4.1) 

 0  
(0.0) 

6  
(3.5) 

41  
(4.4) 

60  
(5.4) 

12  
(1.6) 

22  
(4.8) 

 0  
(0.0) 

54  
(8.9) 

98  
(1.2) 

98  
(1.2) 

46  
(2.6) 

31  
(5.7) 

4 Prote- 
Grevillea wickhamii  
subsp. macrodonta 

3  
(1.0) 

25  
(1.9) 

76  
(5.9) 

68  
(7.8) 

22  
(2.0) 

22  
(3.5) 

 15 
(3.4) 

55  
(5.7) 

86  
(2.6) 

84  
(2.3) 

34  
(1.2) 

31  
(4.4) 

 8  
(1.6) 

79  
(1.9) 

93  
(3.0) 

91  
(1.0) 

53  
(4.7) 

41  
(1.9) 

4 Stylidi-  Stylidium desertorum 
0  

(0.0) 
10  

(5.0) 
3  

(1.9) 
26  

(2.6) 
25  

(1.0) 
8  

(3.3) 

 0  
(0.0) 

62  
(9.5) 

74  
(7.4) 

95  
(1.0) 

97  
(1.0) 

86  
(2.6) 

 0  
(0.0) 

61  
(11.6) 

55  
(7.2) 

72  
(7.1) 

92  
(2.3) 

35  
(4.8) 
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GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

5 Aster- Chrysocephalum apiculatum 
60  

(5.9) 
48  

(3.3) 
82  

(4.8) 
76  

(5.4) 
74  

(2.6) 
37  

(1.9) 

 89  
(5.0) 

97  
(1.0) 

100  
(0.0) 

99  
(1.0) 

98  
(1.2) 

77  
(1.0) 

 78  
(6.8) 

69  
(6.2) 

75 
(5.3) 

80  
(2.8) 

74  
(6.6) 

46  
(5.0) 

5 Aster- Rhodanthe margarethae 
1  

(1.0) 
29  

(7.7) 
89  

(3.0) 
99  

(1.0) 
21  

(4.1) 
0  

(0.0) 

 2  
(1.2) 

39  
(4.4) 

92  
(2.3) 

97  
(1.9) 

35  
(6.6) 

0  
(0.0) 

 1  
(1.0) 

49  
(1.0) 

81  
(8.2) 

89  
(2.5) 

19  
(3.4) 

0  
(0.0) 

5 Campanul- Wahlenbergia tumidifructa 
92  

(1.6) 
92  

(1.6) 
81  

(3.0) 
85  

(2.5) 
88  

(3.3) 
0  

(0.0) 

 83  
(5.0) 

84  
(1.6) 

78  
(8.1) 

84  
(5.2) 

92  
(4.3) 

8  
(4.9) 

 76  
(3.7) 

82  
(3.8) 

78  
(2.6) 

70  
(6.2) 

71  
(5.0) 

0  
(0.0) 

5 Malv- Abutilon otocarpum 
40  

(1.6) 
64  

(7.5) 
57  

(4.4) 
51  

(3.0) 
55  

(7.7) 
50  

(8.3) 

 67  
(7.7) 

62  
(4.2) 

64  
(4.3) 

62  
(2.0) 

58  
(4.8) 

57  
(5.7) 

 48  
(5.9) 

60  
(5.9) 

57  
(9.0) 

61  
(7.9) 

51  
(4.1) 

60  
(7.5) 

5 Malv- Androcalva luteiflora 
35  

(4.1) 
83  

(4.7) 
78  

(7.0) 
74  

(4.8) 
53  

(7.7) 
62  

(5.3) 

 37  
(3.0) 

82  
(3.8) 

81  
(5.5) 

60  
(3.3) 

48  
(3.7) 

57  
(12.3) 

 25  
(8.1) 

81  
(2.5) 

72  
(4.3) 

65  
(6.6) 

60  
(7.1) 

64  
(5.4) 

5 Malv- Hibiscus haynaldii 
0  

(0.0) 
18  

(6.8) 
44  

(6.7) 
45 

(4.4) 
40  

(7.5) 
19  

(5.7) 

 7  
(3.0) 

64  
(5.9) 

85  
(1.9) 

87  
(3.0) 

71  
(3.4) 

62  
(7.8) 

 0  
(0.0) 

12  
(3.7) 

36  
(5.2) 

46  
(2.0) 

56  
(6.3) 

42  
(5.0) 

5 Po-  Aristida latifolia 
23  

(10.9) 
67  

(6.8) 
74  

(4.8) 
61  

(5.0) 
22  

(2.0) 
10  

(2.6) 

 79  
(3.0) 

95  
(2.5) 

95  
(3.0) 

89  
(4.4) 

86  
(1.2) 

69  
(5.3) 

 20  
(4.3) 

78  
(2.6) 

76  
(4.3) 

57  
(5.7) 

21  
(6.8) 

7  
(3.4) 

5 Po-  Enneapogon robustissimus 
8  

(1.6) 
50  

(4.2) 
52  

(3.7) 
81  

(4.7) 
78  

(6.0) 
66 

(4.2) 

 69  
(8.4) 

78  
(5.8) 

82  
(6.2) 

99  
(1.0) 

99  
(1.0) 

97  
(1.9) 

 9  
(4.4) 

53  
(1.0) 

83  
(3.4) 

81  
(4.4) 

85  
(4.1) 

60  
(7.1) 

5 Portulac- Calandrinia schistorhiza 
32  

(6.7) 
70  

(6.6) 
91 

(1.9) 
81  

(2.5) 
88  

(2.8) 
79  

(7.2) 

 74  
(2.0) 

82  
(3.5) 

83  
(4.1) 

89  
(2.5) 

94  
(2.6) 

64  
(7.1) 

 29  
(6.6) 

64  
(6.7) 

69  
(9.6) 

88  
(4.3) 

79 
(1.9) 

27  
(10.9) 

6 Caryophyll- Polycarpaea corymbosa 
3  

(1.9) 
79  

(6.4) 
100  
(0.0) 

98  
(2.0) 

96  
(1.6) 

98  
(1.2) 

 7  
(1.0) 

81  
(9.7) 

94  
(2.0) 

94  
(2.6) 

95  
(3.0) 

96  
(2.8) 

 3  
(1.9) 

96  
(2.3) 

100  
(0.0) 

97  
(1.9) 

97  
(1.0) 

95  
(2.5) 

6 Fab- Acacia sclerosperma 
47  

(7.0) 
66  

(2.6) 
72  

(3.3) 
82  

(2.6) 
87  

(3.0) 
58  

(7.8) 

 31  
(4.4) 

60  
(3.7) 

78  
(3.5) 

78  
(4.2) 

87  
(5.3) 

54  
(7.8) 

 39  
(3.4) 

71  
(6.8) 

80  
(2.8) 

81  
(2.5) 

88  
(3.3) 

79  
(3.4) 

6 Fab- 
Senna artemisioides  
subsp. oligophylla 

0  
(0.0) 

79  
(1.9) 

79  
(5.5) 

75  
(4.4) 

74  
(2.6) 

77  
(9.9) 

 0  
(0.0) 

76  
(5.9) 

77  
(4.4) 

78  
(4.8) 

82  
(3.5) 

76  
(4.9) 

 0  
(0.0) 

75  
(6.4) 

75  
(3.0) 

65  
(7.2) 

80  
(3.3) 

68  
(9.1) 

6 Fab- 
Senna glutinosa  
subsp. pruinosa 

23  
(1.0) 

94  
(2.6) 

90  
(2.6) 

92  
(1.6) 

84  
(3.7) 

51  
(9.6) 

 36  
(5.9) 

93  
(1.9) 

95  
(3.8) 

96  
(1.6) 

82  
(6.6) 

69  
(6.0) 

 54 
(3.5) 

88  
(1.6) 

90  
(3.5) 

89  
(3.0) 

94  
(3.8) 

95  
(3.0) 

6 Goodeni- Goodenia triodiophila 
6  

(3.8) 
66  

(1.2) 
79  

(4.1) 
98  

(1.2) 
98  

(1.2) 
77  

(9.0) 

 13  
(5.3) 

74  
(3.5) 

96  
(1.6) 

99  
(1.0) 

99  
(1.0) 

88  
(4.3) 

 34  
(4.8) 

92  
(2.3) 

97  
(1.0) 

100  
(0.0) 

96  
(1.6) 

88  
(4.3) 

6 Malv- Corchorus lasiocarpus 
20  

(1.6) 
65  

(5.3) 
87  

(4.7) 
91  

(1.9) 
89  

(9.7) 
84  

(3.3) 

 19  
(3.8) 

91  
(3.0) 

95  
(1.9) 

92  
(2.8) 

92  
(2.3) 

95  
(2.5) 

 1  
(1.0) 

73  
(5.5) 

93  
(1.9) 

95  
(1.9) 

96  
(2.3) 

97  
(1.0) 

6 Po-  Cymbopogon ambiguus 
8  

(1.6) 
89  

(2.5) 
78  

(5.3) 
90  

(4.8) 
89  

(3.0) 
89  

(2.5) 

 51  
(1.0) 

88  
(3.3) 

91  
(2.5) 

82  
(3.5) 

84  
(2.8) 

91  
(3.8) 

 4  
(2.8) 

86  
(4.2) 

90  
(4.8) 

93  
(3.4) 

94  
(3.5) 

90  
(1.2) 

6 Po-  Cymbopogon obtectus 
0  

(0.0) 
64  

(3.7) 
93  

(2.5) 
94  

(1.2) 
89  

(3.0) 
91  

(3.4) 

 10  
(4.2) 

85  
(4.1) 

97  
(1.9) 

99  
(1.0) 

95  
(1.9) 

97  
(1.9) 

 3  
(1.9) 

79  
(4.1) 

90  
(2.0) 

95  
(2.5) 

94  
(2.0) 

95  
(3.8) 

6 Surian- Stylobasium spathulatum 
2  

(1.2) 
63  

(3.4) 
81  

(3.4) 
77  

(5.0) 
81  

(3.0) 
78  

(3.5) 

 1  
(1.0) 

63  
(8.7) 

78  
(1.2) 

86  
(3.8) 

88  
(4.3) 

85  
(3.4) 

 4  
(4.0) 

72 
(1.6) 

73  
(3.0) 

79 
(1.9) 

78  
(3.8) 

73  
(5.0) 
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GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

7 Fab- Acacia acradenia 
59  

(12.1) 
99  

(1.3) 
100  
(0.0) 

100  
(0.0) 

99  
(1.3) 

100  
(0.0) 

 64  
(7.2) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

 43  
(9.2) 

99  
(1.3) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

7 Fab- Acacia eriopoda 
49  

(9.9) 
100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

99  
(1.0) 

 45  
(2.5) 

97  
(1.0) 

100  
(0.0) 

100  
(0.0) 

99  
(1.0) 

98  
(1.2) 

 58  
(6.8) 

97  
(1.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

8 Amaranth- Ptilotus auriculifolius 
54  

(7.4) 
75  

(6.0) 
77  

(5.7) 
81  

(1.9) 
82  

(1.2) 
84  

(2.8) 

 76  
(7.1) 

81  
(4.1) 

89  
(3.0) 

97  
(1.9) 

100  
(0.0) 

98  
(1.2) 

 60  
(4.9) 

81  
(4.7) 

88  
(2.3) 

95  
(5.0) 

95  
(1.9) 

84  
(5.7) 

8 Amaranth- Ptilotus macrocephalus 
58  

(3.5) 
72  

(3.3) 
86  

(3.5) 
98  

(1.2) 
96  

(2.8) 
96  

(4.0) 

 98  
(1.2) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

 79  
(6.6) 

88  
(3.7) 

99  
(1.0) 

100  
(0.0) 

100  
(0.0) 

93  
(1.0) 

8 Amaranth- Ptilotus nobilis 
98  

(1.2) 
96  

(1.6) 
93  

(2.5) 
94  

(2.6) 
97  

(1.9) 
100  
(0.0) 

 100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

 98  
(1.2) 

97  
(1.0) 

98 
(1.2) 

97  
(1.9) 

97  
(1.9) 

98 
(1.2) 

8 Brassic- Lepidium echinatum 
94  

(2.6) 
97  

(1.9) 
97  

(1.9) 
95  

(1.9) 
97  

(1.9) 
75  

(4.1) 

 85  
(3.0) 

95  
(1.9) 

97  
(1.9) 

98  
(1.2) 

98  
(1.2) 

97  
(1.9) 

 97  
(1.9) 

97  
(1.0) 

100  
(0.0) 

95  
(3.0) 

88  
(4.3) 

83  
(4.7) 

8 Convolvul- Convolvulus clementii 
53  

(5.0) 
87  

(2.5) 
92  

(4.3) 
89  

(1.9) 
88  

(3.7) 
96  

(0.0) 

 90 
(1.2) 

93  
(1.9) 

91  
(4.1) 

92  
(2.3) 

96  
(2.3) 

95  
(3.0) 

 94  
(3.8) 

82  
(2.0) 

87  
(1.0) 

97  
(1.9) 

98  
(1.2) 

97  
(1.0) 

8 Fab- Acacia ancistrocarpa 
80  

(1.6) 
90  

(2.6) 
98  

(2.0) 
97  

(1.9) 
98  

(1.2) 
97  

(3.0) 

 82  
(2.6) 

90  
(2.6) 

98  
(1.2) 

96  
(1.6) 

96  
(1.6) 

96  
(1.6) 

 76  
(1.6) 

90  
(3.5) 

96  
(2.3) 

96  
(1.6) 

95  
(3.0) 

93  
(3.4) 

8 Fab- Acacia bivenosa 
97  

(3.0) 
90  

(5.8) 
98  

(2.0) 
95  

(1.9) 
96  

(1.6) 
49  

(19.6) 

 92  
(1.6) 

99  
(1.0) 

100  
(0.0) 

99  
(1.0) 

99  
(1.0) 

28  
(12.3) 

 94  
(2.0) 

97  
(1.0) 

98  
(1.2) 

97  
(1.9) 

97  
(1.9) 

74  
(9.0) 

8 Fab- Acacia cowleana 
98  

(1.2) 
98  

(2.0) 
99  

(1.0) 
98  

(1.2) 
99  

(1.0) 
99  

(1.0) 

 100  
(0.0) 

97  
(1.9) 

98  
(1.2) 

97  
(3.0) 

75  
(4.1) 

92  
(2.8) 

 99  
(1.0) 

100  
(0.0) 

100  
(0.0) 

98  
(2.0) 

99  
(1.0) 

95  
(1.9) 

8 Fab- Acacia monticola 
61  

(5.7) 
98  

(1.2) 
99  

(1.0) 
99  

(1.0) 
99  

(1.0) 
95  

(2.5) 

 59  
(8.1) 

98  
(1.2) 

98  
(1.2) 

98  
(2.0) 

98  
(1.2) 

98  
(2.0) 

 53  
(10.4) 

97  
(1.9) 

99  
(1.0) 

99  
(1.0) 

99  
(1.0) 

93  
(5.7) 

8 Fab- 
Acacia tumida  
var. pilbarensis 

75  
(3.0) 

93  
(3.0) 

93  
(3.4) 

99  
(1.0) 

93  
(3.4) 

93  
(1.9) 

 78  
(3.8) 

99  
(1.0) 

99  
(1.0) 

96  
(2.8) 

91  
(2.5) 

92  
(4.3) 

 78  
(1.2) 

97  
(1.9) 

98  
(2.0) 

98  
(1.2) 

99  
(1.0) 

97  
(1.9) 

8 Fab- Senna venusta 
58  

(3.8) 
88  

(4.3) 
83  

(5.3) 
78  

(3.5) 
92  

(4.9) 
98  

(1.2) 

 49  
(3.4) 

88  
(5.4) 

81  
(3.4) 

73  
(5.7) 

91  
(3.8) 

90  
(1.2) 

 44  
(9.5) 

89  
(5.5) 

100  
(0.0) 

72  
(5.4) 

85  
(7.5) 

96  
(2.3) 

8 Malv- Sida echinocarpa 
79  

(4.4) 
94  

(2.6) 
95  

(5.0) 
92  

(1.6) 
82  

(3.5) 
95  

(1.9) 

 100  
(0.0) 

100  
(0.0) 

97  
(1.9) 

93  
(3.0) 

91  
(6.6) 

94  
(2.0) 

 80  
(3.3) 

90  
(2.6) 

88  
(2.3) 

81  
(4.4) 

82  
(5.8) 

98  
(2.0) 

8 Myrt- Eucalyptus gamophylla 
77  

(4.1) 
71  

(7.4) 
65  

(9.2) 
77  

(2.5) 
80  

(1.6) 
79  

(3.8) 

 68  
(5.7) 

60  
(5.4) 

75  
(1.9) 

75  
(5.3) 

68  
(2.3) 

74  
(5.0) 

 66  
(2.6) 

72  
(1.6) 

83  
(3.0) 

83  
(3.4) 

77  
(3.0) 

80  
(2.8) 

8 Myrt- Melaleuca glomerata 
63  

(8.9) 
100  
(0.0) 

99  
(1.0) 

90  
(2.6) 

96  
(4.0) 

97  
(1.0) 

 30  
(12.3) 

83  
(6.6) 

95 
(1.9) 

93  
(1.9) 

94  
(3.8) 

95  
(1.9) 

 19  
(7.6) 

100  
(0.0) 

99  
(1.0) 

93  
(2.5) 

92  
(3.7) 

93  
(2.5) 

8 Po-  Aristida inaequiglumis 
89  

(3.4) 
91  

(3.8) 
90  

(4.8) 
97  

(1.9) 
82  

(3.5) 
80  

(5.2) 

 86  
(3.8) 

85  
(4.4) 

98  
(2.0) 

87  
(2.5) 

84  
(2.8) 

81  
(1.9) 

 84  
(3.3) 

84  
(5.9) 

91  
(3.4) 

95  
(3.8) 

87  
(2.5) 

88  
(3.7) 
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Appendix B. Continued 

GS 
Family                       
(-aceae) 

Species 
Control  GA3  KAR1 

10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C  10°C 15°C 20°C 25°C 30°C 35°C 

9 Fab- Acacia adsurgens 
95  

(2.0) 
99  

(1.3) 
99  

(1.3) 
100  
(0.0) 

99  
(1.3) 

100  
(0.0) 

 99  
(1.3) 

98  
(2.5) 

100  
(0.0) 

98  
(1.4) 

98  
(2.5) 

96  
(2.4) 

 99  
(1.3) 

95  
(3.5) 

100  
(0.0) 

99  
(1.3) 

100  
(0.0) 

99  
(1.3) 

9 Fab- Acacia citrinoviridis 
93  

(2.5) 
94  

(3.2) 
99  

(1.3) 
100  
(0.0) 

100  
(0.0) 

96  
(2.4) 

 95  
(2.9) 

100  
(0.0) 

98  
(1.4) 

95  
(2.0) 

98  
(1.4) 

100  
(0.0) 

 93  
(3.2) 

95  
(2.0) 

99  
(1.3) 

100  
(0.0) 

96  
(2.4) 

99  
(1.3) 

9 Fab- Acacia dictyophleba 
97  

(1.0) 
94  

(2.0) 
100  
(0.0) 

97  
(1.9) 

100  
(0.0) 

97  
(1.9) 

 97  
(1.9) 

97  
(1.0) 

97  
(1.9) 

95  
(1.0) 

98  
(1.2) 

99  
(1.0) 

 96  
(1.6) 

98  
(1.2) 

98  
(1.2) 

92  
(3.3) 

97  
(1.0) 

98  
(1.2) 

9 Fab- Acacia hamersleyensis 
99  

(1.0) 
99  

(1.0) 
100  
(0.0) 

100  
(0.0) 

99  
(1.0) 

97  
(1.9) 

 99  
(1.0) 

99  
(1.0) 

99  
(1.0) 

100  
(0.0) 

98  
(1.2) 

100  
(0.0) 

 97  
(1.0) 

98  
(1.2) 

99  
(1.0) 

100  
(0.0) 

98  
(1.2) 

99  
(1.0) 

9 Fab- Acacia inaequilatera 
98  

(1.2) 
97  

(1.0) 
97  

(1.9) 
100  
(0.0) 

97  
(1.9) 

99  
(1.0) 

 95  
(1.9) 

100  
(0.0) 

95  
(1.9) 

97  
(1.9) 

100  
(0.0) 

100  
(0.0) 

 98  
(2.0) 

99  
(1.0) 

97  
(1.9) 

100  
(0.0) 

99  
(1.0) 

97  
(3.0) 

9 Fab- Acacia pyrifolia 
95  

(1.9) 
100  
(0.0) 

99  
(1.0) 

98  
(1.2) 

99  
(1.0) 

98  
(2.0) 

 98  
(1.2) 

97  
(1.9) 

94  
(2.6) 

95  
(3.8) 

85  
(2.5) 

99  
(1.0) 

 95  
(2.5) 

92  
(3.7) 

95  
(2.5) 

96  
(2.8) 

97  
(1.9) 

99  
(1.0) 

9 Fab- Acacia stellaticeps 
85  

(2.5) 
94  

(1.2) 
99  

(1.0) 
96  

(1.6) 
96  

(1.6) 
99  

(1.0) 

 87  
(4.1) 

94  
(2.6) 

97  
(1.0) 

98  
(2.0) 

97  
(1.0) 

96  
(1.6) 

 83  
(4.1) 

98  
(1.2) 

98  
(1.2) 

97  
(1.0) 

97  
(1.9) 

98  
(1.2) 

9 Fab- Acacia tenuissima 
95  

(2.5) 
97  

(1.0) 
99  

(1.0) 
99  

(1.0) 
99  

(1.0) 
98  

(1.2) 

 94  
(2.56) 

98  
(1.2) 

97  
(1.9) 

97  
(1.9) 

99  
(1.0) 

98  
(1.2) 

 98  
(1.2) 

99  
(1.0) 

100  
(0.0) 

99  
(1.0) 

98  
(1.2) 

96  
(2.8) 

9 Fab- Senna notabilis 
96  

(1.6) 
98  

(1.2) 
100  
(0.0) 

100 
 (0.0) 

100 
(0.0) 

100  
(0.0) 

 89  
(4.1) 

91  
(2.5) 

98  
(1.2) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

 89  
(1.9) 

95  
(2.5) 

100  
(0.0) 

100  
(0.0) 

100  
(0.0) 

99  
(1.0) 

9 Myrt- Eucalyptus leucophloia 
80  

(4.3) 
93  

(2.5) 
98  

(1.2) 
97  

(1.0) 
98  

(1.2) 
96  

(1.6) 

 90  
(3.5) 

96  
(2.8) 

97  
(3.0) 

100  
(0.0) 

98  
(2.0) 

95  
(2.5) 

 88  
(2.8) 

97  
(1.0) 

98  
(1.2) 

100  
(0.0) 

100  
(0.0) 

97  
(1.9) 

n/t Fab- Mirbelia viminalis 
32 

(13.6) 
96 

(2.3) 
89 

(3.4) 
85 

(1.9) 
91 

(1.0) 
96 

(2.8) 

 
n/t n/t n/t n/t n/t n/t 

 
n/t n/t n/t n/t n/t n/t 

n/t Po-  Triodia melvillei 
0  

(0.0) 
30 

(4.2) 
42 

(6.8) 
57 

(3.4) 
47 

(3.4) 
57 

(5.5) 

 
n/t n/t n/t n/t n/t n/t 

 0  
(0.0) 

22 
(3.5) 

43 
(3.4) 

61  
(7.0) 

73 
(6.6) 

59 
(1.9) 

n/t Prote- 
Grevillea pyramidalis  
subsp. leucadendron 

39 
(5.5) 

74 
(3.9) 

100 
(0.0) 

98 
(1.2) 

94 
(2.4) 

90 
(4.1) 

 
n/t n/t n/t n/t n/t n/t 

 
n/t n/t n/t n/t n/t n/t 

n/t Prote- 
Grevillea refracta  
subsp. refracta 

0  
(0.0) 

28 
(10.1) 

61 
(10.7) 

80 
(4.6) 

35 
(3.5) 

28 
(6.0) 

 
n/t n/t n/t n/t n/t n/t 

 
n/t n/t n/t n/t n/t n/t 

n/t Sapind- Dodonaea coriacea 
0  

(0.0) 
88  

(2.8) 
91  

(4.1) 
91  

(5.3) 
95  

(3.0) 
93  

(3.4) 

 
n/t n/t n/t n/t n/t n/t 

 
n/t n/t n/t n/t n/t n/t 

n/t Zygophyll- Tribulus suberosus n/t n/t n/t 
0  

(0.0) 
0  

(0.0) 
0  

(0.0) 

 
n/t n/t n/t 

2  
(2.0) 

0  
(0.0) 

1  
(1.0) 

 
n/t n/t n/t 

1  
(1.0) 

0  
(0.0) 

1  
(1.0) 
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Appendix C. Generalised linear model parameter estimates for all statistically 
significant heat treatments when compared against the untreated control seeds. 
Parameter estimates are ranked within species from highest to lowest to indicate 
the optimal pre-treatment to maximise germination (above dashed line for each 
species, or bold values in Table 4.2 and 4.3). Confidence intervals (95%) depict the 
lower and upper limits of each treatment. 

Species Heat 
Treatment 

Temperature 
(°C) 

Parameter 
Estimate 

Confidence Limits (95%) 

Lower Upper 

Acacia ancistrocarpa  Wet 2 mins 100 6.28 2.89 9.66 

 Wet 5 mins 90 6.28 2.89 9.66 

 Wet 5 mins 100 6.28 2.89 9.66 

 Wet 2 mins 90 5.57 2.98 8.15 

 Wet 5 mins 80 4.07 2.30 5.84 

 Wet 2 mins 80 3.81 2.10 5.51 

Acacia bivenosa Wet 2 mins 90 9.19 5.09 13.29 

 Wet 2 mins 100 9.19 5.09 13.29 

 Wet 5 mins 90 9.19 5.09 13.29 

 Wet 5 mins 100 9.19 5.09 13.29 

 Wet 5 mins 80 7.35 4.20 10.49 

 Wet 2 mins 80 7.04 3.95 10.13 

 Wet 5 mins 70 5.54 2.57 8.51 

 Dry 30 mins 100 5.21 2.25 8.18 

 Wet 2 mins 70 4.84 1.88 7.79 

 Dry 10 mins 100 4.68 1.72 7.63 

 Dry 30 mins 90 4.02 1.06 6.98 

 Dry 5 mins 100 3.93 0.97 6.90 

 Dry 5 mins 90 3.44 0.46 6.42 

 Wet 5 mins 60 3.33 0.35 6.31 

 Dry 10 mins 90 3.15 0.15 6.14 
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Appendix C. (continued) 

Species Heat 
Treatment 

Temperature 
(°C) 

Parameter 
Estimate 

Confidence Limits 

Lower Upper 

Acacia cowleana Wet 2 mins 80 8.49 4.94 12.04 

 Wet 2 mins 90 8.49 4.94 12.04 

 Wet 2 mins 100 8.49 4.94 12.04 

 Wet 5 mins 80 8.49 4.94 12.04 

 Wet 5 mins 90 7.37 4.71 10.03 

 Wet 5 mins 100 7.37 4.71 10.03 

 Dry 30 mins 100 6.33 4.02 8.65 

 Dry 5 mins 100 6.21 3.92 8.49 

 Dry 10 mins 100 5.98 3.73 8.24 

 Wet 5 mins 70 5.63 3.42 7.83 

 Dry 30 mins 90 4.84 2.68 6.99 

 Wet 2 mins 70 4.79 2.64 6.94 

 Dry 10 mins 90 4.79 2.64 6.94 

 Dry 5 mins 90 4.09 1.96 6.23 

 Dry 30 mins 80 3.81 1.68 5.95 

 Dry 10 mins 80 3.49 1.35 5.62 

 Dry 5 mins 80 3.27 1.13 5.42 

 Wet 2 mins 60 2.90 0.74 5.05 

 Wet 5 mins 60 2.74 0.58 4.90 

 Wet 2 mins 50 2.51 0.33 4.68 

 Wet 5 mins 50 2.51 0.33 4.68 

 Dry 5 mins 70 2.23 0.03 4.43 

Acacia inaequilatera Wet 2 mins 70 6.41 3.19 9.63 

 Wet 2 mins 80 6.41 3.19 9.63 

 Wet 2 mins 90 6.41 3.19 9.63 

 Wet 2 mins 100 6.41 3.19 9.63 

 Wet 5 mins 70 6.41 3.19 9.63 

 Wet 5 mins 80 6.41 3.19 9.63 

 Wet 5 mins 90 6.41 3.19 9.63 

 Wet 5 mins 100 6.41 3.19 9.63 

 Dry 30 mins 100 3.55 2.31 4.79 

 Dry 10 mins 100 2.39 1.30 3.49 

 Dry 30 mins 90 2.22 1.13 3.31 

 Dry 10 mins 90 1.82 0.74 2.89 

 Dry 30 mins 80 1.82 0.74 2.89 

 Dry 5 mins 100 1.70 0.62 2.78 

 Wet 5 mins 60 1.66 0.57 2.74 

 Dry 10 mins 80 1.24 0.15 2.33 
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Appendix C. (Continued) 

Species Heat 
Treatment 

Temperature 
(°C) 

Parameter 
Estimate 

Confidence Limits 

Lower Upper 

Acacia pyrifolia Wet 2 mins 80 7.77 4.45 11.10 

 Wet 2 mins 90 7.77 4.45 11.10 

 Wet 2 mins 100 7.77 4.45 11.10 

 Wet 5 mins 70 7.77 4.45 11.10 

 Wet 5 mins 80 7.77 4.45 11.10 

 Wet 5 mins 90 7.77 4.45 11.10 

 Wet 5 mins 100 7.77 4.45 11.10 

 Wet 2 mins 70 4.84 3.13 6.54 

 Dry 30 mins 90 3.18 1.56 4.80 

 Dry 30 mins 100 2.98 1.36 4.60 

 Dry 10 mins 100 2.90 1.28 4.52 

 Dry 30 mins 80 2.86 1.23 4.48 

 Wet 5 mins 60 2.73 1.11 4.35 

 Dry 5 mins 100 2.65 1.02 4.27 

 Dry 10 mins 90 2.56 0.93 4.19 

 Wet 2 mins 60 2.33 0.69 3.97 

 Dry 5 mins 90 2.13 0.48 3.78 

 Dry 10 mins 80 2.08 0.43 3.73 

Acacia tumida Wet 2 mins 90 7.54 4.15 10.93 

 Wet 2 mins 100 7.54 4.15 10.93 

 Wet 5 mins 90 7.54 4.15 10.93 

 Wet 5 mins 100 7.54 4.15 10.93 

 Wet 2 mins 80 4.94 3.24 6.63 

 Wet 5 mins 80 4.60 2.97 6.24 

 Wet 5 mins 70 4.04 2.47 5.62 

 Dry 30 mins 100 3.94 2.37 5.51 

 Wet 2 mins 70 3.89 2.33 5.45 

 Dry 10 mins 100 2.82 1.29 4.36 

 Dry 5 mins 100 2.50 0.96 4.04 

 Dry 30 mins 90 2.50 0.96 4.04 

 Wet 5 mins 60 2.00 0.44 3.56 

 Wet 2 mins 60 1.95 0.38 3.52 

Senna glutinosa Wet 5 mins 80 4.55 1.46 7.65 

 Wet 5 mins 70 3.84 1.57 6.12 

 Wet 5 mins 90 3.11 1.39 4.84 

 Wet 5 mins 60 1.86 0.62 3.10 
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Appendix C. (Continued) 

Species Heat 
Treatment 

Temperature 
(°C) 

Parameter 
Estimate 

Confidence Limits 

Lower Upper 

Abutilon otocarpum Dry 10 mins 90 4.80 1.86 7.74 

 Wet 5 mins 100 4.64 1.70 7.58 

 Dry 5 mins 90 4.48 1.54 7.42 

 Dry 10 mins 100 4.48 1.54 7.42 

 Wet 5 mins 90 4.39 1.45 7.34 

 Dry 5 mins 100 4.39 1.45 7.34 

 Dry 30 mins 90 4.39 1.45 7.34 

 Wet 2 mins 100 4.02 1.08 6.97 

 Dry 30 mins 100 3.75 0.80 6.70 

 Wet 2 mins 90 3.65 0.70 6.60 

 Wet 5 mins 80 3.08 0.10 6.06 

 Dry 30 mins 80 3.01 0.03 5.99 

Androcalva luteiflora Wet 2 mins 100 7.04 3.93 10.14 

 Wet 5 mins 100 6.41 3.38 9.44 

 Wet 5 mins 90 6.25 3.23 9.27 

 Wet 2 mins 90 5.86 2.86 8.86 

 Wet 2 mins 80 5.75 2.76 8.74 

 Wet 5 mins 80 5.49 2.51 8.47 

 Dry 30 mins 100 4.72 1.74 7.69 

 Wet 5 mins 70 4.35 1.38 7.33 

 Wet 2 mins 70 4.02 1.04 7.00 

 Dry 10 mins 100 3.93 0.95 6.91 

 Dry 5 mins 100 3.27 0.27 6.27 

Corchorus lasiocarpus Wet 2 mins 90 7.77 4.39 11.15 

 Wet 2 mins 80 7.07 4.44 9.70 

 Wet 5 mins 70 6.65 4.32 8.99 

 Wet 2 mins 70 5.93 3.95 7.91 

 Wet 5 mins 80 5.93 3.95 7.91 

 Wet 2 mins 100 5.27 3.46 7.08 

 Wet 5 mins 90 5.08 3.31 6.85 

 Dry 30 mins 90 4.56 2.86 6.27 

 Dry 5 mins 100 4.07 2.41 5.74 

 Wet 5 mins 60 3.75 2.10 5.41 

 Dry 10 mins 100 3.67 2.02 5.32 

 Dry 30 mins 100 3.42 1.77 5.07 

 Dry 10 mins 90 3.22 1.57 4.86 

 Wet 2 mins 60 3.18 1.53 4.82 

 Wet 5 mins 100 2.98 1.33 4.62 

 Dry 5 mins 90 2.28 0.62 3.95 

 Dry 5 mins 80 1.85 0.15 3.55 
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Appendix C. (Continued) 

Species Heat 
Treatment 

Temperature 
(°C) 

Parameter 
Estimate 

Confidence Limits 

Lower Upper 

Corchorus lasiocarpus Wet 2 mins 90 7.77 4.39 11.15 

 Wet 2 mins 80 7.07 4.44 9.70 

 Wet 5 mins 70 6.65 4.32 8.99 

 Wet 2 mins 70 5.93 3.95 7.91 

 Wet 5 mins 80 5.93 3.95 7.91 

 Wet 2 mins 100 5.27 3.46 7.08 

 Wet 5 mins 90 5.08 3.31 6.85 

 Dry 30 mins 90 4.56 2.86 6.27 

 Dry 5 mins 100 4.07 2.41 5.74 

 Wet 5 mins 60 3.75 2.10 5.41 

 Dry 10 mins 100 3.67 2.02 5.32 

 Dry 30 mins 100 3.42 1.77 5.07 

 Dry 10 mins 90 3.22 1.57 4.86 

 Wet 2 mins 60 3.18 1.53 4.82 

 Wet 5 mins 100 2.98 1.33 4.62 

 Dry 5 mins 90 2.28 0.62 3.95 

 Dry 5 mins 80 1.85 0.15 3.55 

Hibiscus haynaldii Wet 5 mins 70 5.46 2.61 8.32 

 Wet 2 mins 80 5.27 2.42 8.11 

 Wet 2 mins 70 5.18 2.34 8.02 

 Dry 5 mins 80 5.18 2.34 8.02 

 Dry 30 mins 80 5.01 2.18 7.84 

 Wet 2 mins 90 4.85 2.02 7.67 

 Wet 5 mins 90 4.70 1.88 7.52 

 Wet 5 mins 80 4.28 1.47 7.09 

 Dry 5 mins 90 4.28 1.47 7.09 

 Dry 30 mins 90 4.21 1.40 7.02 

 Dry 5 mins 70 4.08 1.27 6.89 

 Dry 5 mins 100 3.81 1.00 6.62 

 Wet 2 mins 100 3.53 0.71 6.35 

 Wet 5 mins 60 3.53 0.71 6.35 

 Dry 30 mins 70 3.38 0.29 6.48 

 Wet 2 mins 60 3.31 0.48 6.13 

 Dry 30 mins 100 2.89 0.04 5.73 

Sida echinocarpa Dry 30 mins 90 1.41 0.06 2.76 
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Appendix D. Mean germination response (% ± s.e.) of Abutilon otocarpum, 
Hibiscus haynaldii, and Sida echinocarpa seeds assessed after heat treatment and  
28 d germination at 25°C compared against the non-germinated fraction (un-
imbibed, imbibed, and non-viable %). 

Species Heat Treatment 
 Non-germinated 

Germinated % 
(± s.e.) 

Un-imbibed % 
(± s.e.) 

Imbibed % 
(± s.e.) 

Non-viable % 
(± s.e.) 

Abutilon 
otocarpum Un-treated  1.0 (1.00) 99.0 (1.00) 0.0 (0.00) 0.0 (0.00) 

 

Wet  
2 mins 

40 (°C) 2.0 (1.15) 97.0 (1.91) 1.0 (1.00) 0.0 (0.00) 
 50 (°C) 5.0 (1.00) 95.0 (1.00) 0.0 (0.00) 0.0 (0.00) 
 60 (°C) 3.0 (1.91) 97.0 (1.91) 0.0 (0.00) 0.0 (0.00) 
 70 (°C) 1.0 (1.00) 97.0 (1.00) 2.0 (1.15) 0.0 (0.00) 
 80 (°C) 15.0 (5.26) 83.0 (4.73) 2.0 (1.15) 0.0 (0.00) 
 90 (°C) 28.0 (4.90) 48.0 (5.89) 24.0 (1.63) 0.0 (0.00) 
 100 (°C) 36.0 (1.63) 45.0 (3.00) 18.0 (2.58) 1.0 (1.00) 
 

Wet  
5 mins 

40 (°C) 1.0 (1.00) 98.0 (1.15) 1.0 (1.00) 0.0 (0.00) 
 50 (°C) 1.0 (1.00) 98.0 (1.15) 1.0 (1.00) 0.0 (0.00) 
 60 (°C) 2.0 (2.00) 98.0 (2.00) 0.0 (0.00) 0.0 (0.00) 
 70 (°C) 1.0 (1.00) 99.0 (1.00) 0.0 (0.00) 0.0 (0.00) 
 80 (°C) 18.0 (2.00) 69.0 (5.51) 13.0 (4.12) 0.0 (0.00) 
 90 (°C) 45.0 (6.61) 31.0 (2.52) 24.0 (4.32) 0.0 (0.00) 
 100 (°C) 51.0 (5.74) 27.0 (3.42) 13.0 (3.42) 9.0 (3.79) 
 

Dry  
5 mins 

40 (°C) 1.0 (1.00) 98.0 (2.00) 1.0 (1.00) 0.0 (0.00) 
 50 (°C) 3.0 (1.91) 97.0 (1.91) 0.0 (0.00) 0.0 (0.00) 
 60 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 70 (°C) 0.0 (0.00) 99.0 (1.00) 1.0 (1.00) 0.0 (0.00) 
 80 (°C) 7.0 (1.91) 93.0 (1.91) 0.0 (0.00) 0.0 (0.00) 
 90 (°C) 47.0 (1.00) 39.0 (2.52) 14.0 (3.46) 0.0 (0.00) 
 100 (°C) 45.0 (5.97) 46.0 (4.76) 9.0 (1.91) 0.0 (0.00) 
 

Dry  
10 mins 

40 (°C) 2.0 (1.15) 97.0 (1.91) 1.0 (1.00) 0.0 (0.00) 
 50 (°C) 0.0 (0.00) 99.0 (1.00) 1.0 (1.00) 0.0 (0.00) 
 60 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 70 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 80 (°C) 9.0 (3.00) 90.0 (2.58) 1.0 (1.00) 0.0 (0.00) 
 90 (°C) 55.0 (7.19) 26.0 (1.15) 19.0 (6.61) 0.0 (0.00) 
 100 (°C) 47.0 (5.00) 13.0 (3.00) 38.0 (3.46) 2.0 (2.00) 
 

Dry  
30 mins 

40 (°C) 6.0 (1.15) 94.0 (1.15) 0.0 (0.00) 0.0 (0.00) 
 50 (°C) 1.0 (1.0) 99.0 (1.00) 0.0 (0.00) 0.0 (0.00) 
 60 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 70 (°C) 0.0 (0.00) 99.0 (1.00) 1.0 (1.00) 0.0 (0.00) 
 80 (°C) 17.0 (2.52) 75.0 (1.00) 8.0 (2.83) 0.0 (0.00) 
 90 (°C) 45.0 (5.74) 19.0 (5.51) 35.0 (4.43) 1.0 (1.00) 
 100 (°C) 30.0 (4.16) 4.0 (1.63) 22.0 (1.15) 44.0 (3.65) 
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Appendix D. (Continued) 

Species Heat Treatment 
 Non-germinated 

Germinated % 
(± s.e.) 

Un-imbibed % 
(± s.e.) 

Imbibed % 
(± s.e.) 

Non-viable % 
(± s.e.) 

Hibiscus 
haynaldii Un-treated  2.0 (1.67) 98.0 (1.67) 0.0 (0.00) 0.0 (0.00) 

 

Wet  
2 mins 

40 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 50 (°C) 11.7 (5.69) 88.3 (5.69) 0.0 (0.00) 0.0 (0.00) 
 60 (°C) 31.7 (5.69) 60.0 (8.16) 8.3 (3.19) 0.0 (0.00) 
 70 (°C) 75.0 (1.67) 11.7 (1.67) 13.3 (2.72) 0.0 (0.00) 
 80 (°C) 76.7 (4.30) 3.3 (1.92) 20.0 (5.44) 0.0 (0.00) 
 90 (°C) 68.3 (7.88) 0.0 (0.00) 26.7 (3.85) 5.0 (5.00) 
 100 (°C) 36.7 (5.77) 0.0 (0.00) 45.0 (7.39) 18.3 (11.98) 
 

Wet  
5 mins 

40 (°C) 0.0 (0.00) 100.0 (0.00) 0.0 (0.00) 0.0 (0.00) 
 50 (°C) 3.3 (1.92) 90.0 (1.92) 5.0 (1.67) 1.7 (1.67) 
 60 (°C) 36.7 (3.33) 48.3 (7.39) 15.0 (6.31) 0.0 (0.00) 
 70 (°C) 80.0 (2.72) 8.3 (1.67) 10.0 (3.33) 1.7 (1.67) 
 80 (°C) 55.0 (3.19) 1.7 (1.67) 41.7 (3.19) 1.7 (1.67) 
 90 (°C) 65.0 (5.69) 0.0 (0.00) 26.7 (7.20) 8.3 (1.67) 
 100 (°C) 8.3 (4.19) 1.7 (1.67) 20.0 (10.54) 70.0 (11.71) 
 

Dry  
5 mins 

40 (°C) 1.7 (1.67) 95.0 (3.19) 3.3 (1.92) 0.0 (0.00) 
 50 (°C) 1.7 (1.67) 96.7 (1.92) 1.7 (1.67) 0.0 (0.00) 
 60 (°C) 11.7 (4.19) 81.7 (4.19) 6.7 (2.72) 0.0 (0.00) 
 70 (°C) 50.0 (3.33) 40.0 (4.71) 6.7 (4.71) 3.3 (1.92) 
 80 (°C) 75.0 (5.69) 8.3 (1.67) 5.0 (3.19) 11.7 (1.67) 
 90 (°C) 55.0 (8.77) 0.0 (0.00) 40.0 (9.03) 5.0 (3.19) 
 100 (°C) 43.3 (1.92) 0.0 (0.00) 15.0 (8.77) 41.7 (9.18) 
 

Dry  
30 mins 

40 (°C) 3.3 (1.92) 95.0 (3.19) 0.0 (0.00) 1.7 (1.67) 
 50 (°C) 3.3 (1.92) 93.3 (4.71) 3.3 (3.33) 0.0 (0.00) 
 60 (°C) 15.0 (1.67) 81.7 (3.19) 1.7 (1.67) 1.7 (1.67) 
 70 (°C) 51.7 (7.39) 30.0 (4.30) 15.0 (6.31) 3.3 (1.92) 
 80 (°C) 71.7 (3.19) 1.7 (1.67) 25.0 (3.19) 1.7 (1.67) 
 90 (°C) 53.3 (0.00) 1.7 (1.67) 30.0 (3.33) 15.0 (3.19) 
 100 (°C) 23.3 (5.77) 0.0 (0.00) 0.0 (0.00) 76.7 (5.77) 

 

  



182 
 

Appendix D. (Continued) 

Species Heat Treatment 
 Non-germinated 

Germinated % 
(± s.e.) 

Un-imbibed % 
(± s.e.) 

Imbibed % 
(± s.e.) 

Non-viable % 
(± s.e.) 

Sida 
echinocarpa Un-treated  10.0 (2.04) 80.0 (7.07) 10.0 (5.40) 0.0 (0.00) 

 

Wet  
2 mins 

40 (°C) 8.8 (3.15) 83.8 (2.39) 6.3 (3.15) 1.3 (1.25) 
 50 (°C) 10.0 (2.04) 85.0 (2.04) 5.0 (2.89) 0.0 (0.00) 
 60 (°C) 10.0 (2.04) 78.8 (1.25) 11.3 (1.25) 0.0 (0.00) 
 70 (°C) 22.5 (6.61) 67.5 (7.50) 10.0 (2.04) 0.0 (0.00) 
 80 (°C) 18.8 (2.39) 58.8 (6.57) 22.5 (4.33) 0.0 (0.00) 
 90 (°C) 12.5 (3.23) 55.0 (5.40) 32.5 (4.33) 0.0 (0.00) 
 100 (°C) 12.5 (5.20) 45.0 (3.54) 25.0 (2.04) 17.5 (5.20) 
 

Wet  
5 mins 

40 (°C) 7.5 (3.23) 88.8 (3.75) 3.8 (1.25) 0.0 (0.00) 
 50 (°C) 10.0 (2.04) 86.3 (3.15) 3.8 (1.25) 0.0 (0.00) 
 60 (°C) 13.8 (4.73) 76.3 (3.75) 10.0 (2.04) 0.0 (0.00) 
 70 (°C) 8.8 (3.75) 78.8 (6.88) 12.5 (6.61) 0.0 (0.00) 
 80 (°C) 12.5 (4.33) 58.8 (10.87) 22.5 (7.77) 6.3 (2.39) 
 90 (°C) 17.5 (1.44) 36.3 (3.15) 36.3 (3.15) 10.0 (3.54) 
 100 (°C) 30.0 (3.54) 26.3 (2.39) 22.5 (3.23) 21.3 (2.39) 
 

Dry  
5 mins 

40 (°C) 8.8 (1.25) 81.3 (2.39) 8.8 (2.39) 1.3 (1.25) 
 50 (°C) 10.0 (4.08) 81.3 (2.39) 7.5 (1.44) 1.3 (1.25) 
 60 (°C) 10.0 (4.08) 82.5 (3.23) 6.3 (3.15) 1.3 (1.25) 
 70 (°C) 10.0 (2.04) 81.3 (1.25) 8.8 (1.25) 0.0 (0.00) 
 80 (°C) 7.5 (2.50) 83.8 (3.15) 8.8 (1.25) 0.0 (0.00) 
 90 (°C) 17.5 (5.95) 47.5 (3.23) 26.3 (4.27) 8.8 (3.15) 
 100 (°C) 13.8 (3.75) 20.0 (2.04) 47.5 (5.20) 18.8 (3.15) 
 

Dry  
10 mins 

40 (°C) 3.8 (1.25) 82.5 (5.95) 13.8 (5.15) 0.0 (0.00) 
 50 (°C) 11.3 (5.15) 81.3 (6.25) 7.5 (1.44) 0.0 (0.00) 
 60 (°C) 8.8 (1.25) 85.0 (4.56) 6.3 (3.75) 0.0 (0.00) 
 70 (°C) 6.3 (3.15) 85.0 (3.54) 8.8 (1.25) 0.0 (0.00) 
 80 (°C) 5.0 (5.00) 82.5 (6.61) 10.0 (2.89) 2.5 (1.44) 
 90 (°C) 16.3 (3.75) 48.8 (7.47) 28.8 (6.57) 6.3 (2.39) 
 100 (°C) 17.5 (2.5) 21.3 (3.75) 23.8 (5.54) 37.5 (10.30) 
 

Dry  
30 mins 

40 (°C) 7.5 (2.50) 83.8 (6.57) 8.8 (4.27) 0.0 (0.00) 
 50 (°C) 11.3 (5.15) 82.5 (5.95) 6.3 (3.15) 0.0 (0.00) 
 60 (°C) 5.0 (3.53) 82.5 (7.50) 10.0 (5.40) 2.5 (1.44) 
 70 (°C) 7.5 (1.44) 87.5 (2.50) 5.0 (2.04) 0.0 (0.00) 
 80 (°C) 7.5 (3.23) 86.3 (5.54) 5.0 (2.04) 1.3 (1.25) 
 90 (°C) 31.3 (6.88) 37.5 (4.79) 26.3 (1.25) 5.0 (5.00) 
 100 (°C) 16.3 (2.39) 3.8 (2.39) 15.0 (6.77) 65.0 (5.40) 
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Appendix E. Collaborative papers that have arisen over the duration of this study 

 

James JJ, Sheley RL, Erickson TE, Rollins KS, Taylor MH, Dixon KW (2013) A 
systems approach to restoring degraded drylands. Journal of Applied Ecology, 50, 
730-739. 

Contributions: JJJ 45%, RLS 10%, TEE 10%, KSR 12.5%, MHT 12.5%, KWD 10%. 
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Appendix E. (Continued) 

 

Shackelford N, Hobbs RJ, Burgar JM, Erickson TE, Fontaine JB, Laliberté E, 
Ramalho CE, Perring MP, Standish RJ (2013) Primed for change: developing 
ecological restoration for the 21st century. Restoration Ecology, 21, 297-304. 

Contributions: NS 40%, RJH 10%, JMB 6%, TEE 6%, JBF 6%, EL 6%, CER 6%, MPP 10%, RJS 10% 
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Appendix E. (Continued) 

 

Phillips RD, Steinmeyer F, Menz MHM, Erickson TE, Dixon KW (2014) Changes in 
the composition and behaviour of a pollinator guild with plant population size and 
the consequences for plant fecundity. Functional ecology, 28, 846-856. 

Contributions: RDP 40%, FS 25%, MHMM 15%, TEE 15%, KWD 5% 

 


