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Summary	

 

Climate change, intensive land management, and industrial activities such as 

mining have led to the degradation of ca. 20% of dryland systems globally. The 

ecological decline of these systems is being addressed through restoration, largely using 

direct seeding. However, despite substantial investment in both Australia and the United 

States, direct seeding results in less than 5% plant establishment, which often leads to 

restoration failure. In drylands, plant recruitment is most constrained during 

germination and emergence, when plants are particularly sensitive to harsh 

environmental and edaphic conditions. More than 85% of plants that occur in these 

systems produce seeds that exhibit dormancy, a bet-hedging strategy, which delays 

following large-scale disturbance, rapid re-establishment of native plant communities is 

necessary to prevent further degradation through erosion, weed invasion, and other 

destructive processes. In such conditions, given the lack of adequate propagule sources 

(resulting from the loss of aboveground vegetation and/or seed soil bank), direct seeding 

is the first step in the restoration process.  Enabling reliable plant establishment requires 

an understanding of species-specific germination traits and dormancy break 

requirements. In these highly dynamic, arid environments additional approaches such as 

seed enhancement (e.g. priming, coating, chemical growth stimulants [gibberellic acid 

and karrikinolide) designed to address site-, species-, and temporal-limitations can be 

used as means of bet-hedging to improve the chances of plant performance in the field.  

In this thesis, I used a three-step framework to address specific knowledge gaps 

in seed-based restoration across drylands by focusing on two regions - a cold desert 

(Great Basin) in the western United States and a hot desert (Pilbara) in north-west 

Western Australia - both experiencing large-scale degradation. To address the lack of 

information on the seed biology of Great Basin flora, I conducted the first systematic 

investigation of seed dormancy and germination traits for 26 species important for 

restoration in that region (Chapter 2). I concluded that 80.8% of species produced seeds 

that were dormant and included those with physiological (61.5%), physical (7.7%), 

combinational (7.7%), and morphophysiological (3.9%) dormancy. Exogenous GA3 and 

KAR1 improved germination in 11 and five species, respectively, with germination 

optimised at 10-25°C for most species. Temperatures below 10°C generally limited 

germination. 
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For Great Basin species with physical (Dalea ornata and Sphaeralcea 

munroana) and combinational seed dormancy (Astragalus filipes and Lupinus 

arbustus), I examined the effects of temperature- (i.e. wet heat, freezing + wet heat, 

freeze-thaw cycles) and abrasion-based (i.e. pneumatic scarification and manual 

scarification) techniques on inducing dormancy loss (Chapter 3). Abrasion-based 

techniques were the most effective at improving water uptake across all species. 

Pneumatic scarification significantly enhanced germination and appears to be an 

effective treatment with a potential to be scaled up for operational use.  

To understand dormancy and germination traits in seeds of Great Basin species 

that exhibit physiological dormancy, in Chapter 4, I focused on four herbaceous 

perennials (Arnica mollis, Crepis acuminata, Erigeron pumilus, and Chaenactis 

douglasii). I assessed the effects of (1) chemical stimulants, (2) cold stratification, (3) 

dry after-ripening, and (4) dry cold storage on germination across a suite of incubation 

temperatures. Findings indicated that seeds of these species likely germinate in late 

winter or early spring. Changes in the thermal germination envelope were species-

dependent and distinguished different germination niches. Three months of cold 

stratification facilitated the highest dormancy loss among all species, which was further 

enhanced by exposure to warmer temperatures following stratification. Responses to dry 

after-ripening and cold storage were highly variable across species, temperature, and 

time. Chemical stimulants promoted germination in three species and may be a fast-

acting alternative to cold stratification or dry after-ripening.  

To explore the potential of combining dormancy alleviation with seed 

enhancement technologies, in Chapter 5, I focused on a keystone Pilbara grass species 

(Triodia pungens), used in the majority of post-mining restoration attempts throughout 

the region. I tested whether seed cleaning (floret removal), KAR1 priming, seed coating, 

and their combination could increase seedling recruitment across differing levels of 

water availability. KAR1 priming promoted the highest germination, emergence, 

seedling size, and root development, and enabled establishment under drier conditions. 

Coating had a minor negative effect on seedling emergence. Under non-limiting 

moisture, priming + coating produced the largest seedlings.  

By using a systematic approach to identify and address knowledge gaps that 

limit plant recruitment in two imperiled desert ecosystems, I created a foundation for 

understanding the critical life stages of plant development. Together, these findings 

contribute to the advancement of restoration practices to promote the recovery of 

dryland ecosystems worldwide. 
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Chapter 1 

 

General Introduction 

 

Global Degradation and Recovery of Drylands 

Drylands account for nearly half of the global terrestrial surface area, and 

include arid, semi-arid, and dry sub-humid regions where the aridity index, or ratio of 

total annual precipitation to potential evapotranspiration, ranges between 0.05 and 0.65 

(Middleton and Thomas, 1992; Middleton and Thomas, 1997; Reynolds et al., 2003). 

These regions support more than two billion people, store 45% of the global carbon, 

and represent a third of the biodiversity hotspots world-wide (James et al., 2013; 

Maestre et al., 2012; Myers et al., 2000; Reynolds et al., 2007; Verstraete et al., 2009). 

The extreme environmental conditions characteristic of drylands make them highly 

susceptible to degradation and significantly limit natural recovery following disturbance 

(Bainbridge, 2012; Reynolds et al., 2007; Safriel et al., 2005).  

Excessive grazing, exotic species, and land alteration through resource 

extraction can shift these ecosystems beyond thresholds for autogenic recovery and 

requires human intervention (Bainbridge, 2012). Degradation is estimated to affect up 

to 20% of drylands worldwide (Safriel et al., 2005). The resulting losses of productivity 

and ecosystem function cost ca. US $42 billion annually (Brauch and Spring, 2009) and 

threaten the ecological, socioeconomic, and political sustainability of arid regions 

(Geist and Lambin, 2004; Reynolds et al., 2003; UNCCD, 2012; Verstraete et al., 2009; 

Zika and Erb, 2009). To counter the current magnitude and rate of degradation, 

restoration strategies require approaches that can be applied on a landscape-scale (Menz 

et al., 2013; Merritt and Dixon, 2011; Suding, 2011).  

	
Limits to Using Seeds for Restoration 

Direct seeding is the least costly and most spatially feasible approach for 

restoring the expanding land disturbance footprint across natural areas (Campos-Filho 

et al., 2013; Grossnickle, 2005; Merritt and Dixon, 2011; Palmerlee and Young, 2010). 

These efforts require thousands of tonnes of native plant seeds (Knutson et al., 2009; 

Krabacher, 2014), the majority of which are wild-collected or purchased from 

specialised producers (Broadhurst et al., 2015; Merritt and Dixon, 2011). High global 

market costs for diverse native plant seeds and the high sowing densities resulting from 
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poor establishment, requires investments of hundreds of millions of US dollars 

(Broadhurst et al., 2016; Kildisheva et al., 2016; Merritt and Dixon, 2014; Merritt and 

Dixon, 2011). The limited quantity and the high cost of wild seeds highlight the need 

for more efficient seed use by improving plant recruitment success (Broadhurst et al., 

2015; Broadhurst et al., 2016; Haidet and Olwell, 2015; Merritt and Dixon, 2011).  

Despite significant financial and labour investments, only 5–10% of seeds sown 

lead to plant recruitment (James et al., 2013; James et al., 2011; Merritt and Dixon, 

2011; Williams et al., 2002). In drylands, the majority of recruitment failure occurs 

during the critical life stages of seed germination and seedling emergence, when plants 

are particularly susceptible to the harsh climate and soils conditions (Boyd and James, 

2013; James et al., 2013; Lewandrowski et al., 2018; Lewandrowski et al., 2017; 

Madsen et al., 2016; Muñoz-Rojas et al., 2016). These early plant life stages represent a 

bottleneck to plant recruitment and strongly influence the success of restoration actions 

(James et al., 2011). Enhancing seedling recruitment requires the study of seed traits, 

including those associated with dormancy and germination, along with knowledge of 

seedling tolerance to environmental and edaphic stresses during early phases of growth 

(Merritt et al., 2007).  

 

Seed Dormancy and Germination Traits  

Seed dormancy prevents germination during transient periods of environmental 

conditions that are suitable for germination, but that are suboptimal for seedling 

survival. Seed dormancy therefore contributes to the likelihood of plant population 

persistence, across both space and time (Childs et al., 2010; Venable, 2007). In dryland 

systems, more than 80% of plant species produce seeds that are dormant at maturity 

(Baskin and Baskin, 2014). Plant community establishment in these systems is slow and 

episodic – driven by stochastic growing conditions and prolonged periods of 

environmental stress (Bainbridge, 2012; Lepš et al., 1982). However, in a restoration 

setting, seed dormancy is problematic when it limits germination of the majority of the 

seeds sown, because predictable and uniform germination is desirable to achieve 

restoration objectives (e.g. to restore biodiversity, prevent invasive species spread, and 

reduce soil erosion). Sowing of dormant seeds, especially outside the time of natural 

dispersal, often implies that they may not receive the appropriate cues needed to 

germinate. In the context of restoration, the longer seeds are left dormant in the soil, the 

more likely they are to be lost prior to establishment as a result of erosion, predation, or 

viability loss (Chambers and MacMahon, 1994; De Falco et al., 2012; Lewandrowski et 
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al., 2017; Long et al., 2014; Pellish et al., 2018). Thus, ideally, non-dormant seeds 

should be sown at a time that is well-aligned with the growing season, with the 

objective of rapid and predictable plant establishment. To accomplish this, dormancy of 

all target species must be understood and managed as part of the restoration process to 

prevent establishment failure or delay (Broadhurst et al., 2015; Erickson et al., 2016b; 

Erickson et al., 2017; Merritt and Dixon, 2014).  

The mechanisms that control seed dormancy vary widely with phylogeny and 

geography (Baskin and Baskin, 2014; Wang et al., 2009). Physical dormancy (PY) 

occurs solely in seeds of angiosperms (Baskin and Baskin, 2014; Nikolaeva, 1977) and 

this type of dormancy comprises fruits or seeds that possess a fully developed embryo, 

but that are impermeable to water. Impermeability in seeds with physical dormancy 

results from a specialised layer of palisade cells within the seed or fruit coat (Corner, 

1976; Jayasuriya et al., 2008; Lyshede, 1992). Under natural conditions, physical 

dormancy may be lost following exposure to high temperatures brought on by fire or 

dry summer conditions (Moreira and Pausas, 2012; Ooi et al., 2014; Zalamea et al., 

2015), low soil temperatures during the cool months (Baskin and Baskin, 2014; Iwata, 

1966), or fluctuations in both temperature and moisture (Gama-Arachchige et al., 2012; 

Liu et al., 2017; Van Klinken et al., 2006; Vázquez-Yanes and Orozco-Segovia, 1982).  

Physiological dormancy (PD) is the most common seed dormancy class, which 

encompasses seeds that are permeable to water and possess a fully developed embryo, 

but in which germination is physiologically inhibited through biochemical or 

mechanical means (Baskin and Baskin, 2014; Nikolaeva, 1977). For herbaceous plants 

and shrubs native to cold arid regions, physiological dormancy is often lost over the 

course of winter, in response to soil moisture and cool temperatures through a process 

of ‘cold stratification’ (Barga et al., 2017; Seglias et al., 2018; Wang et al., 2009; Wei et 

al., 2007), and/or during summer and early autumn through ‘dry after-ripening’ in warm 

dry conditions (Gasch and Bingham, 2006; Sun et al., 2009; Tang and Tian, 2010). In 

some species, both after-ripening and cold stratification are required for dormancy loss 

(Garvin and Meyer, 2003; Meyer, 1989; Meyer and Pendleton, 2005). Physiologically 

dormant seeds of species from hot deserts, often lose dormancy in response to exposure 

to high temperatures under warm moist conditions (i.e. ‘warm stratification’) or warm 

dry conditions (i.e. ‘dry after-ripening’), and sometimes their combination, which is 

commonly referred to as ‘wet-dry cycling’ (Baskin and Baskin, 2014; Hoyle et al., 

2008; Merritt et al., 2007; Pendleton and Pendleton, 2014; Turner et al., 2006a).  
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Combinational or physiophysical (PY + PD) dormancy refers to seeds with 

impermeable fruit or seed coats and physiologically inhibited embryos (Baskin and 

Baskin, 2004; Nikolaeva, 1969; Willis et al., 2014). In this thesis, I refer to this class of 

dormancy class as ‘combinational’. In these seeds, both components of dormancy must 

be lost for germination to proceed (McKeon and Mott, 1984; Pipinis et al., 2011; Qu et 

al., 2012; Tang and Tian, 2010). Species that produce seeds with combinational 

dormancy are thought to be uncommon (≤2%) in both hot and cold deserts (Baskin and 

Baskin, 2014).  

In seeds with morphological dormancy (MD), embryos are underdeveloped or 

undifferentiated at maturity and must grow inside the seed to enable germination to 

occur, with growth initiated by singular or the combination of exposure to favorable 

moisture, temperature, and (occasionally) light conditions (Baskin and Baskin, 2014; 

Jacobsen and Pressman, 1979; Pressman et al., 1977). While generally rare (≤3% of all 

dormant seeds globally), only one herbaceous warm desert species (Wahlenbergia 

tumidifructa) has been reported to have morphologically dormant seeds (Erickson et al. 

2016a; Erickson et al. 2017), and none have yet been identified in cold deserts (Baskin 

and Baskin, 2014).  

Finally, morphophysiological dormancy (MPD) refers to seeds with 

underdeveloped or undifferentiated embryos, the growth of which is physiologically 

inhibited. In species that fit into this dormancy class, the physiological component is 

often lost through exposure to warm or cold stratification (Scholten et al., 2009; Soriano 

et al., 2011; Yang et al., 2011), dry after-ripening (Meyer, 1989; Meyer and Pendleton, 

2005), or their combination (Mamut et al., 2014; Nikolaeva, 1977; Nurulla et al., 2015). 

Species with morpophysiologically dormant seeds are seldom found in deserts, with 

<1% of shrubs and ≤8% of herbaceous perennials reported to exhibit this dormancy in 

either hot or cold deserts (Baskin and Baskin, 2014; Dalziell et al., 2018).  

Ex situ, dormancy alleviation can be accomplished by mimicking seed bank 

conditions characteristic of the target ecosystem or through the use of biochemical or 

mechanical techniques that promote germination (Baskin and Baskin, 2014; Erickson et 

al., 2016c; Erickson et al., 2016d; Erickson et al., 2016e; Long et al., 2011; Merritt et 

al., 2007). The specific methods used will depend on the class of dormancy present and 

include: mechanical or chemical abrasion, wet or dry heat, dry after-ripening, warm or 

cold stratification, and the application of chemical stimulants (e.g. gibberellic acid and 

karrikinolide) (Baskin and Baskin, 2014; Bonner et al., 2008; Commander et al., 2009a; 
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Commander et al., 2009b; Hargurdeep et al., 1986; Kildisheva et al., 2011; Morris, 

2000; Turner and Merritt, 2009). Several of these techniques have demonstrated 

potential to increase the effectiveness of seed-based restoration under field conditions 

(Campos-Filho et al., 2013; Erickson et al., 2017; Jones et al., 2016; Lewandrowski et 

al., 2017; Lex Engel and Parrotta, 2001; Rokich and Dixon, 2007; Turner et al., 2006b). 

However, we still lack the critical information on seed dormancy across a variety of 

species and geographies that are necessary to improve restoration outcomes.  

 

Seed Enhancement Technologies  

Seed enhancement technologies are widely adopted in the horticulture, turf, and 

agriculture industries (Bewley et al., 2011; Halmer, 2008; Taylor, 2003; Taylor et al., 

1998), but are an emerging frontier in restoration ecology (Abella et al., 2015; Davies et 

al., 2018; Davies et al., 2017; Guzzomi et al., 2016; Madsen et al., 2015; Madsen et al., 

2013; Madsen et al., 2016). Seed enhancements are defined as specific post-harvest 

techniques applied to seeds to improve germination, increase seedling growth, and 

facilitate mechanised planting (Taylor et al., 1998). Of particular interest are priming 

and coating, which have shown promise in improving germination across a number of 

species (Toselli, 2007; Toselli and Casenave, 2005), including native plants (Erickson 

et al., 2017; Madsen et al., 2018), although research on this topic is still limited (Pedrini 

et al., 2017). Priming refers to controlled seed hydration and is administered using 

aerated water, osmotic, or matric substrates. Priming initiates metabolic activity, 

promotes embryo growth, lowers the base water potential for germination, and 

stimulates higher germination speed and uniformity across the seed population 

(Bradford, 1995; Paparella et al., 2015). This technique can be used in conjunction with, 

or as a means of, delivering beneficial chemical compounds (e.g. gibberellins and 

karrikins; Erickson et al., 2017; Kildisheva et al., 2011) that can further facilitate 

germination across a range of previously sub-optimal environmental conditions 

(Erickson et al., 2016d; Lewandrowski, 2016). Seed coating is a process of 

encapsulating seeds in exogenous materials (Madsen and Petersen, 2010; Pedrini et al., 

2017). Coating commonly combines wetting agents (e.g. surfactants) and adhesives 

(e.g. polymers) with other organic and inorganic compounds (Madsen et al., 2012a; 

Madsen et al., 2012b; Madsen and Petersen, 2010; Pearson et al., 2018; Pedrini et al., 

2017). It is used to deliver beneficial compounds, protect the seed structure, and 

improve mechanised seed deployment by homogenising seed size and shape (Madsen et 
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al., 2016; Madsen et al., 2012a; Madsen et al., 2012b; Turner et al., 2006b). However, 

the coating itself may limit emergence by creating an artificial barrier to radicle and 

cotyledon expansion (Gesch et al., 2012; Kavak and Eser, 2009) and thus warrants 

further investigation of its utility for use among seeds of wild plant species.  

To date, seed enhancements are primarily used in the agriculture and 

horticulture industries; as a result, the existing techniques largely target plants that do 

not express seed dormancy and focus primarily on delivering protective chemicals, 

modifying seed shape, and improving the ease of seed handling (Pedrini et al., 2017). 

Furthermore, many of these techniques remain proprietary, limiting their adoption into 

the native seed industry. Given the prevalence of dormancy in native plant systems 

(Baskin and Baskin, 2014; Erickson et al., 2016a), a systematic approach that combines 

dormancy alleviation and seed enhancement to address site, species, or temporal 

limitations has significant untapped potential to improve the chances of native plant 

community re-establishment in highly disturbed arid environments. 

 

A Systematic Approach to Improving Seed-based Plant Recruitment 

Numerous biotic and abiotic factors limit plant establishment across different 

ecosystems and land degradation scenarios. Thus, using a systematic approach to 

identify and address gaps in knowledge within a particular system is the most effective 

means of resolving key barriers to plant recruitment (Erickson et al., 2017; James et al., 

2013). In this thesis, I adopt a three-step framework designed to target limitations that 

occur between seed sowing and establishment to address recruitment failures in water-

limited systems (Figure 1.1; published as Kildisheva et al. (2018), Appendix S1). The 

first step (1) is to classify the seed dormancy status and germination behavior within 

target species (Baskin and Baskin, 2004; Erickson et al., 2016a). Once classified, the 

next step (2) is to identify the appropriate dormancy alleviation treatments and lastly, 

(3) tailor the application of seed enhancement techniques to address species- and/or 

site-level recruitment limitations.  

In this thesis, I use this framework to address specific knowledge gaps in seed-

based restoration across two geographically and climatically distinct deserts - the Great 

Basin (western United States) and the Pilbara (north-west Western Australia). Both of 

these ecologically and economically valuable ecosystems are undergoing degradation at 

a landscape-level. In both systems, large-scale restoration efforts are regularly 

implemented using native plant seeds, but their success is severely undermined by low 
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recruitment resulting from the tenuous capacity of plants to buffer stress during the 

germination and emergence phases of their development. 

 
Figure 1.1. A three-step framework can be used to overcome major limitations to wild plant recruitment 
from seed. Dormancy classes include: Physical (PY), Combinational (PY+PD), Physiological (PD), 
Morphological (MD), and Morphophysiological (MPD). Figure published as Appendix S1 in Kildisheva 
et al. (2018). 
 

The Great Basin, North America 	

The sage steppe ecosystem of the Great Basin is the largest and one of the most 

ecologically imperiled of the North American deserts (Ricketts and Ricketts, 1999; 

Stein, 2000). Although definitions of ecosystem boundaries vary (Lysne and Pellant, 

2004), the floristic boundaries of this region are largely synonymous with the Central 

Basin and Range Level III Ecoregion, which covers approximately 341,800 km² and is 

delineated by the Colorado and Columbia Plateaus, the Sierra Nevada Mountains, and 

the Mojave Desert (Lysne and Pellant, 2004; Omernik, 1995; Soulard, 2007; Figure 

1.2). This system is characterised by moderate diurnal (≤ 20°C) fluctuations and 

extreme seasonal (≤ 80°C) differences in temperature (Wickens, 1998). Precipitation 

ranges between 50-300 mm annually and occurs primarily between November and 

May; the high spatial variability in precipitation patterns is due to the topographic 

heterogeneity across the Basin (Comstock and Ehleringer, 1992). The vegetation 

community is primarily composed of C3 grasses and shrubs, a lesser portion of annual 

and perennial forbs, and a minor component of coniferous trees (generally restricted to 
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higher elevation sites [>2,100 m], except for Juniperus spp. that occur at the lowest 

elevation limits (Miller and Rose, 1999; Tausch et al., 1981 ).  

The decline of the sagebrush steppe ecosystem in this region is the result of 

decades of destructive land use combined with the spread of exotic plants, which 

together have led to the increased frequency and severity of wildfires (D'Antonio and 

Vitousek, 1992; Davies and Sheley, 2011). Such fires typically cover tens of thousands 

of square kilometres, contribute to landscape-level degradation of native plant 

communities, and perpetuate the dominance of exotic invasive plants through the 

“cheatgrass-fire cycle” (Balch et al., 2013; Pilliod et al., 2017; Whisenant, 1999). As a 

result, less than 10% of this ecosystem remains intact (Holland et al., 2018), which has 

led to the loss of habitat for more than 350 species of plants and animals (Connelly et 

al., 2011; Crawford et al., 2004). In the United States, ecological restoration of this 

region is a major national priority (Pellant et al., 2004). The bulk of current restoration 

efforts occur following wildfires and focus on controlling erosion and reducing invasive 

species pressure in the short-term, with a goal of reinstating ecosystem function and 

diversity in the long-term.  
 

 
Figure 1.2. The Great Basin Ecoregion (highlighted in grey), located in the western United States. The 
Great Basin Ecoregion merges the "Northern Basin and Range" and "Central Basin and Range Level III" 
ecoregions established by U.S. Environmental Protection Agency. U.S. state abbreviations are defined 
clockwise from top left: OR – Oregon, ID – Idaho, WY – Wyoming, UT – Utah, AZ – Arizona, NV – 
Nevada, and CA – California. Source: Image modified from Mathie et al. (2011).  
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The Pilbara Bioregion, Western Australia 

The hot desert ecosystem of the Pilbara Bioregion stretches over ca. 178,060 

km2 of north-western Western Australia (Bastin, 2008). The Pilbara climate is classified 

as semi-arid, with the mean annual precipitation between 250 and 400 mm (Sudmeyer, 

2016), falling primarily between December and March (late summer and autumn) and 

driven by both cyclone and convective storm activity, which occur as single, or as a 

series, of pulse events (BoM, 2017). The period of high precipitation coincides with the 

increase in mean daily temperatures, which often exceed 40°C (Charles et al., 2013; 

Sudmeyer, 2016).  

The Pilbara has extraordinary levels of species biodiversity (e.g. 1,800 species) 

and endemism (e.g. 270 species), with a high proportion of the region’s flora uniquely 

adapted to fire and extreme aridity (Erickson et al., 2016a). The dominant vegetation is 

composed of C4 hummock grasses (Triodia spp.) and a smaller component of tussock 

grasses, herbs and shrubs, as well as sparse mallees (small multi-stemmed eucalypts) 

and trees. The four most dominant plant families in this region are the Fabaceae (320 

spp.), Poaceae (223 spp.), Malvaceae (137 spp.), and Asteraceae (136 spp.) (Erickson et 

al., 2016a). 

Resource extraction has placed enormous pressure on the integrity of Pilbara 

ecosystems. Currently, the region serves as a source of more than 90% of Australia’s 

iron ore (DSD, 2017; Ye, 2008), obtained via open cut mining. This process leads to the 

removal of vast quantities of topsoil and the inherent seed bank, thus significantly 

altering the site’s edaphic conditions and diminishing ecosystem capacity for autogenic 

recovery (EPA, 2014). The current mining disturbance footprint exceeds 300,000 ha 

and is projected to increase in the coming years (EPA, 2018). Australian law requires 

that mine sites in many cases be restored to pre-disturbance conditions following 

closure (EPA, 2013; EPA, 2015). This requires large-scale intervention including land 

re-profiling and the return of topsoil and other substrates, followed by supplemental 

broadcast seeding of native vegetation (Erickson et al., 2016a; Merritt and Dixon, 

2011). 
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Figure 1.3. Map of the Pilbara Bioregion (highlighted in grey), located in the north-western portion of 
Western Australia. Source: Image modified from Bastin (2008).  
 

Thesis Aims and Organisation 

 

This work is presented as a series of papers. Each paper has been prepared for a 

target journal; however, the style is kept consistent throughout the document (where 

possible). The first portion of this work (Chapters 2-4) is focused on the Great Basin, 

where information on forb and shrub recruitment from seed is limited or lacking 

entirely. In Chapter 2, I investigate the seed dormancy and germination traits of 26 

species, which are ecologically valuable and are highly desirable for inclusion in 

restoration efforts but have limited current use due to poor in situ recruitment. 

Using the seed dormancy classification as a foundation for Chapter 3, I focus on 

another subset of four species with physical (Dalea ornata and Sphaeralcea munroana) 

or combinational dormancy (Astragalus filipes and Lupinus arbustus), to examine the 

effects of temperature- (i.e. wet heat, freezing + wet heat, freeze-thaw cycles) and 

abrasion-based (i.e. pneumatic scarification and manual scarification) techniques to 

promote dormancy loss. Additionally, once physical dormancy has been alleviated, I 

examine the potential to further enhance germination of the two combinationally 

dormant species through the exogenous application of gibberellic acid (GA3). In Chapter 

4, I select a subset of four herbaceous perennials (Arnica mollis, Crepis acuminata, 



    

 
23 

Erigeron pumilus, and Chaenactis douglasii [Asteraceae]) with physiological seed 

dormancy to investigate the potential of cold stratification, dry after-ripening, and dry 

cold storage to alleviate seed dormancy and alter germination across a range of thermal 

conditions. 

In Chapter 5, I apply the entire three-step framework to improve seed-based 

recruitment success of a keystone species (Triodia pungens [Poaceae]) critical for the 

restoration of the native plant communities in the Pilbara. The study aims to understand 

whether seed dormancy alleviation (through the removal of floral appendages and 

exposure to the smoke-derived germination stimulant karrikinolide [KAR1]) coupled 

with seed enhancement (priming and seed coating) increase the total fraction of seeds 

that can germinate and emerge, and together contribute to greater seedling recruitment. 

Secondly, I determine whether these treatments improve growth and survival compared 

to unprimed seeds (control) across a suite of increasingly arid conditions.  

Finally, in Chapter 6, I assemble and discuss key research findings in the context 

of restoration and describe how these can further the success and efficiency of seed-

based restoration across highly-degraded drylands.  
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Chapter 2 

 

Seed Germination and Dormancy Traits of Forbs and Shrubs Important for 

Restoration of North American Dryland Ecosystems 

	

Abstract 

 

 In degraded dryland systems, native plant community re-establishment 

following disturbance is almost exclusively carried out using seeds, but these efforts 

commonly fail. Much of this failure can be attributed to the limited understanding of 

seed dormancy and germination traits. We undertook a systematic classification of seed 

dormancy of 26 species of annual and perennial forbs and shrubs that represent key, 

dominant genera used in restoration of the Great Basin ecosystem in the western United 

States. We examined germination across a wide thermal profile to depict species-

specific characteristics and assessed the potential of gibberellic acid (GA3) and 

karrikinolide (KAR1) to expand the thermal germination envelope of fresh seeds.  

Of the tested species, 81% produce seeds that are dormant at maturity. The largest 

proportion (62%) exhibited physiological (PD), followed by physical (PY, 8%), 

combinational (PY+PD, 8%), and morphophysiological (MPD, 4%) dormancy classes. 

The effects of chemical stimulants were temperature- and species-mediated. In general, 

mean germination across the thermal profile was improved by GA3 and KAR1 for 11 and 

five species, respectively. We detected a strong germination response to temperature in 

freshly collected seeds of 20 species. Temperatures below 10°C limited the germination 

of all except Agoseris heterophylla, suggesting that in their dormant state, the majority 

of these species are thermally restricted. Our findings demonstrate the utility of 

dormancy classification as a foundation for understanding the critical regenerative traits 

in these ecologically important species and highlight their importance in restoration 

planning.  
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Introduction 

 

The cold desert of the Great Basin is the largest and one of the most ecologically 

imperiled of the North American deserts (Ricketts and Ricketts, 1999; Stein, 2000). 

Although definitions of ecosystem boundaries vary (Lysne and Pellant, 2004), this area 

is largely synonymous with the Central Basin and Range Level III Ecoregion, which 

covers approximately 341,800 km² and is delineated by the Colorado and Columbia 

Plateaus, the Sierra Nevada Mountains, and the Mojave Desert (Lysne and Pellant, 

2004; Omernik, 1995; Soulard et al., 2007). Decades of destructive land use, the spread 

of invasive exotic plant species, and the expansion of native piñon-juniper woodlands 

(Pinus monophylla, Juniperus osteosperma, and J. occidentalis), which were spatially 

restricted prior to European settlement, have promoted a significant increase in 

frequency and intensity of catastrophic wildfires in this region (D'Antonio and 

Vitousek, 1992; Davies and Sheley, 2011). With individual fires covering tens of 

thousands of square kilometers, the increases in fire frequency and size are contributing 

to the landscape-level conversion of native plant communities into highly degraded 

systems dominated by invasive exotic plants (Balch et al., 2013; Whisenant, 1999). This 

conversion is resulting in the loss of habitat for more than 350 species of plants and 

animals (Connelly et al., 2011; Crawford et al., 2004). Following catastrophic wildfires, 

the majority of restoration actions focus on controlling erosion and reducing invasive 

species pressure in the short-term and on returning ecosystem diversity and function in 

the mid- to long-term.  

In the western U.S. alone, current restoration efforts rely on the use of hundreds 

of metric tons of native plant seeds, which translates to material and seeding costs of 

tens of millions USD annually (Kildisheva et al., 2016; Knutson et al., 2009). Despite 

significant financial, labor, and logistical investments, plant establishment success is 

staggeringly low, with an average of only 5–10% of seed sown persisting through the 

seedling stage (Hardegree et al., 2013; James et al., 2013; James et al., 2011; Merritt 

and Dixon, 2011; Turner et al., 2006b; Wagner et al., 2011; Williams et al., 2002). 

Much of the plant reestablishment failure can be attributed to the lack of scientific and 

technical knowledge associated with seed biology, in particular, seed dormancy and 

germination traits (Erickson et al., 2017; Erickson et al., 2016a; Merritt et al., 2007). 

For example, in the Great Basin, the dominance of bunchgrasses in the higher 

precipitation portions of the basin, and the long-term emphasis on livestock grazing, has 
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meant that research and restoration efforts have historically focused on the propagation 

of native and introduced monocots (Svejcar et al., 2017). However, the decline in 

habitat quality for numerous Great Basin “sagebrush-steppe obligate” animals (Pyke et 

al., 2017) has highlighted the importance forbs and shrubs play in this system 

(Dumroese et al., 2016; Dumroese et al., 2015; Pennington et al., 2016; Shaw et al., 

2005) and invigorated efforts for their reestablishment through direct seeding. To date, 

research into seed dormancy has targeted a narrow range of forb and shrub species 

restricted to a few genera (Allen and Meyer, 1990; Forbis, 2010; Jones et al., 2016a; 

Jones et al., 2016b; Meyer and Kitchen, 1992; Scholten et al., 2009; Tilini et al., 2016). 

However, the success of direct seeding relies on a more comprehensive understanding 

of dormancy status and germination traits for a wider range of species used in 

restoration.  

More than 80% of dryland angiosperms produce seeds with some form of 

dormancy (Baskin and Baskin, 2014). Seed dormancy is a mechanism that reduces 

recruitment failure by preventing germination during transient periods that are suitable 

for germination, but suboptimal for subsequent plant growth, thus optimising the 

likelihood of plant survival across space and time (Childs et al., 2010; Venable, 2007). 

In the context of restoration, if dormancy is not understood and appropriately managed 

prior to, or directly following, seeding it may lead to establishment failure or delay.  

Classifying seed dormancy for individual species of interest is the first step in 

understanding plant establishment requirements and can serve as a means for 

identifying appropriate ex situ and in situ seed handling practices that promote 

germination (Appendix A S1). A widely accepted system for seed dormancy 

classification is outlined by Baskin and Baskin (2004) whereby key traits of fresh seeds 

(e.g. seed coat permeability, embryo size, shape, and developmental state, and embryo 

to seed coat ratio), along with germination responses over a range of environmental 

conditions, can be used to assign seeds to one of the five major dormancy classes (i.e. 

physical [PY], physiological [PD], morphological [MD], morphophysiological [MPD], 

and combinational [PY + PD]), or deemed non-dormant (ND) (Baskin and Baskin, 

2007; Baskin and Baskin, 2014; Baskin and Baskin, 2004; Erickson, 2015). Each 

particular dormancy class determines the appropriate combination of internal and 

external stimuli (Appendix A S2) needed to allow for dormancy release (Finch-Savage 

and Leubner-Metzger, 2006; Hilhorst et al., 2010) and is the first critical step required 

to inform better seed use in restoration.  

Classified as a cold desert, the Great Basin experiences seasonal temperatures 
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that range from -40°C in winter to 40°C in summer (Wickens, 1998). Precipitation in 

the region is highly variable due to differences in topography; most low elevation 

valleys receive < 300 mm annually, falling primarily between late autumn and early 

spring. The growing season is initiated with an increase in temperatures and moisture 

availability, usually in March or April (Turner and Randall, 1987). Seed dispersal 

occurs in June and July, during the hottest, driest period of the year. Thus, plant growth 

is initially constrained by the cold winter and early spring temperatures and later by 

decreasing moisture availability in the late spring and summer (Comstock and 

Ehleringer, 1992).  

Analogous to other dryland environments (Bainbridge, 2012), the frequency of 

natural recruitment events in the Great Basin is low. However, in a restoration context, 

it is often necessary to expedite the establishment of diverse native plant communities, 

to prevent extensive soil degradation and reduce the invasion of exotic annuals (Balch 

et al., 2013; D'Antonio and Vitousek, 1992). Current approaches to seed-based 

restoration in the Great Basin have focused on sowing during late autumn and early 

winter when field soils are accessible with heavy planting machinery (Monsen et al., 

2004). This practice presumes that seeds are either non-dormant at the time of sowing 

or will lose dormancy over the winter period. However, the low establishment of native 

forb and shrub species observed following seeding suggests that dormancy loss may not 

be occurring within a sufficient proportion of the seed lot under field conditions (Jones 

et al., 2016a; Shaw et al., 2005). In fact, the germination and emergence phases of plant 

development have been identified as key demographic bottlenecks to seedling 

establishment across the drylands of the western U. S. (Chambers, 2000; Huber-

Sannwald and Pyke, 2005; James et al., 2011; Meyer and Pendleton, 2005). Addressing 

these bottlenecks to maximise plant recruitment can improve restoration success. By 

classifying seed dormancy, we can broadly identify the most effective dormancy 

alleviation treatments, which, when applied prior to seeding, can enable greater plant 

establishment (Appendix A S1). Germination and emergence timing can be further 

modulated through the use of chemical stimulants like gibberellic acid (GA3) and/or the 

smoke-derived compound karrikinolide (KAR1). These compounds, which can be 

applied with, or in addition to, dormancy break treatments, have been shown to improve 

germination speed, uniformity, and vigor (De Mello et al., 2009; Light et al., 2009; 

Paparella et al., 2015; Pill and Haynes, 1996), and to expand the hydrothermal window 

suitable for germination (Commander et al., 2017; Erickson et al., 2016a; 

Lewandrowski et al., 2017; Paparella et al., 2015). In such cases, the degree of 
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dormancy alleviation and the proportion of the seed lot that is treated can be modulated, 

while ensuring higher predictability and uniformity in the recruitment of at least a 

portion of the seeds sown (Davies et al. 2018). Improved predictability and control over 

germination timing can lead to incremental advances during early development, which 

can have lasting benefits for seedling growth, survival, and persistence through later 

demographic stages (de Luis et al., 2008; Donohue et al., 2010; Verdú and Traveset, 

2005). 

Here we undertook a systematic classification of 26 species of herbaceous 

annual and perennial forbs and shrubs that represent key, dominant genera used in 

restoration in the cold desert of the Great Basin. We examined the germination and 

dormancy traits of fresh seeds, as well as the use of GA3 and KAR1 as a means for 

improving germination potential over an expanded thermal envelope. To increase 

practical relevance, we focused on species of dryland plants that are widespread and of 

high restoration value, yet lacking thorough scientific information on seed dormancy 

and germination traits.  

 

Materials and Methods 

 

Species Selection Criteria 

Indicative study species comprised herbaceous plants that are: (1) widespread in 

occurrence, (2) frequently used in restoration programs, (3) of ecological value to 

sagebrush-obligate fauna, and (4) poorly defined in terms of seed dormancy and 

germination requirements. To characterise the species distribution within the Great 

Basin, species occurrence data was obtained from the Intermountain Region Herbarium 

Network Database (intermountainbiota.org) and combined with the USDA PLANTS 

Database (plants.usda.gov). Species were then ranked, with the most widespread 

receiving the highest-ranking score. The frequency of a species in restoration was based 

on seed collection and cleaning data for the period of 2000–2014, obtained from the 

United States Department of Agriculture (USDA) Forest Service, Region 6, Bend Seed 

Extractory (FS BSE), and cross-referenced with target restoration species lists used by 

state and federal agencies operating in the Great Basin. We estimated the importance to 

ecosystem obligates which included vertebrates and pollinators through reviewing 

federal and state agency reports and peer-reviewed literature. In order to identify 

species for which seed dormancy has not been classified and/or where no published 

germination data was lacking, we conducted literature reviews (through Web of 
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Science, Pub Med, and Google Scholar) and referenced data included in Baskin and 

Baskin (2014), which is currently the most comprehensive global review of published 

information on seed dormancy. 

Seeds of target species (Table 2.1) were collected from wild plant populations, 

dried in a controlled environment room at 15°C and 15% relative humidity (RH) for 3–

4 weeks and placed into hermetically-sealed, laminated foil bags and remained in these 

conditions for up to three months prior to the start of the experiment. If classification 

could not begin within three months of collection, seeds were stored dry (15% RH) at -

18°C in hermetically sealed laminated bags to minimise any physiological changes that 

may influence dormancy state. Seed fill, deemed synonymous with seed viability here, 

was determined using X-ray imaging (Kodak DXS 4000 ProSystem, Carestream 

Molecular Imaging, Woodbridge, CT, USA) of three replicates of 50 seeds. 

 

Imbibition 

Imbibition testing was conducted on three replicates of 10-50 seeds (0.05-0.1 g 

per replicate, adjusted based on seed size). Seeds were weighed initially to obtain dry 

mass, placed on moistened filter paper on a lab bench and re-weighed at 1-, 2-, 4-, 8-, 

24-, 48-, 72- and 96-h intervals (or until water uptake ceased). Prior to re-weighing, 

seeds were blotted dry to remove excess moisture. Water uptake was calculated using 

the following equation: Percentage Mass Increase (PMI) = [(Wi - Wd) / Wd] × 100, where 

Wi and Wd equal the mass of imbibed and dry seed, respectively. 

 

Germination 

Germination testing was conducted on four replicates of 25 seeds. Seeds were 

sterilised in 2% (w/v) calcium hypochlorite for 30 min and triple-rinsed with DI water 

prior to plating into 90 mm plastic Petri dishes containing: (1) water agar (0.7% w/v), 

(2) water agar + 1 mM GA3 (gibberellic acid; C19H22O6) or water agar + 1 μM KAR1 

(karrikinolide; 3-methyl- 2H-furo[2,3-c]pyran-2-one; synthesised according to Flematti 

et al. [2005]). Petri dishes were wrapped with Parafilm (Parafilm®, Bemis Co. Inc., 

Neenah, WI, USA) to prevent moisture loss and incubated at one of five constant 

temperatures (5, 10, 15, 20, and 25°C) with an alternating 12h:12h light:dark cycle. 

Germination was monitored weekly for 28 days and defined as complete when radicle 

emergence exceeded one-third of the seed coat length.  
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Table 2.1. Summary of collection information for 26 species native to the cold desert ecosystem of the Great Basin in the western United States. Plant growth habit (F – forb, sS – 
sub-shrub, and S – shrub) and plant growth duration (A – annual, B – biennial, and P – perennial) are defined according to USDA PLANTS database.  

   Family         Species 

Plant 
Growth 
Habit 

Plant 
Growth 

Duration            Collection Locationc 
Elevation    

(m) 

Sample 
Population 

Size 
Collection 

Date 
Apiaceae Lomatium cous F P 42° 38' 33.6"N 118° 55' 06.0" W 1,697 300-400 Jun-2015 
Asteraceae Agoseris heterophylla F A 42° 38' 59.1" N 118° 43' 49.8" W 1,626 2000 Jun-2015 
Asteraceae Arnica mollis F P 42° 46' 11.9" N 118° 44' 53.1" W 1,882 500 Jun-2015 
Asteraceae Chaenactis douglasii F B, P 39° 36' 18.0" N 119° 53' 57.5" W 1,746 1,000 Jul-2015 
Asteraceae Crepis acuminata F P T33 N R15 E Sec 9 (Lassan Co, CA)  1,707 1000-1200 Jun-2015 
Asteraceae Crepis intermediaa F P 39° 36' 38.5'' N 111° 37' 08.6'' W 1,743 425 Jun-2015 
Asteraceae Dieteria canescens F A, B, P 43° 54' 01.0" N 120° 44' 20.0" W 1,355 65 Aug-2015 
Asteraceae Enceliopsis nudicaulis var. nudicaulisa F P 39° 36' 38.8" N 111° 37' 05.58" W 1,743 112 Jun, Jul-2015 
Asteraceae Chrysothamnus viscidiflorus S P 43° 51' 06.0" N 120° 43' 59.0" W 1,337 500 Aug-2015 
Asteraceae Erigeron linearis F P 43° 31' 57.2" N 119° 42" 28.7" W 1,346 500-600 Jun-2015 
Asteraceae Erigeron pumilus F P 43° 24' 23.0" N 118° 02' 39.1" W 1,403 9000 Jul-2015 
Asteraceae Wyethia helianthoides F P 42° 46' 12.5" N 118° 44' 48.0" W 1,879 600 Jun-2015 
Brassicaceae Stanleya pinnata var. integrifolia F P T33 N R23 E Sec 24 (Washoe Co, NV) 1,207 600 Jun-2015 
Capparaceae Cleome lutea F A 43° 25' 58.4" N 117° 11' 36.6" W 975 225 Jun-2015 
Fabaceae Astragalus filipes F P 41° 39' 25.5" N 111° 48' 52.2" W 1,435 3500 Jul-2015 
Fabaceae Dalea ornata F P 43° 44' 18.0" N 117° 18' 38.0" W 1,079 75 Jun-2015 
Fabaceae Lupinus arbustus F P T4 N R 27 E Sec 6 (Mono Co, CA) 2,750 100 Aug-2015 
Hydrophyllaceae Phacelia hastata F P 42° 42' 01.8" N 118° 36' 47.2" W 2,475 1000 Aug-2015 
Loasaceae Mentzelia laevicaulis F B, P 43° 13' 14.8" N 116° 33' 19.1" W 867 112 Aug-2015 
Malvaceae Sphaeralcea munroana F, sS P 43° 36' 34.4''N 117° 05' 47.9'' W 792 50-100 Jun-2015 
Papaveraceae Argemone munita F A, P T1 S R27 E Sec 25 (Mono Co, CA) 2,134 50 Aug-2015 
Polemoniaceae Ipomopsis aggregatab F B, P 38° 33' 27.2" N 105. 16' 25.3" W 1,850 1000-1200 Jul-2015 
Polygonaceae Eriogonum umbellatum F, sS P 43° 52' 36.5" N 116° 05' 52.8" W 1,175 112 Aug-2015 
Rosaceae Potentilla glandulosa F, sS P 42° 41' 53.1" N 118° 36' 00.0" W 2,448 400-600 Aug-2015 
Scrophulariaceae Castilleja pilosa F P 42° 39' 00.1" N 118° 54' 53.0" W 1,711 1000 Jul-2015 
Plantaginaceae Penstemon pachyphyllusa F P 39° 08' 51.7" N 114° 19' 09.2" W 2,261 1200 Jul-2015 
aAccessions collected from seed production fields;  
bAccessions collected outside the delineation of the Great Basin Ecoregion;  
cTownship, Range, and Section coordinates are listed where more specific information could not be disclosed by collector. 
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Embryo Assessment 

Seeds of all species were weighed to obtain an estimate of the 1000-seed mass, 

using either five replicates of 50 seeds, or one replicate of 250 seeds (exceptionally 

small seeds; ≤ 0.1 mg seed-1). A stereo-microscope (RZ 10x, Meiji Techno, San Jose, 

CA, USA) was used to identify embryo characteristics (embryo shape, embryo location, 

and the ratio of embryo to seed length [E:S]) based on the methodology outlined by 

Martin (1946) and amended by Baskin and Baskin (2007) and Erickson (2015). The E:S 

measurements were first obtained on freshly collected seeds. For each species, five 

seeds were placed on moistened filter paper for several hours (to ease dissection) and 

cut longitudinally. The maximum length of the embryo and the seed coat from the inner 

seed wall was measured. To assess embryo growth for species in which we suspected 

embryos were under-developed, we performed repeated measurements on five seeds 

randomly selected from each of the temperature conditions at the end of the 28-day test 

period.   

 

Dormancy Classification 

The combined outcomes of the imbibition tests, embryo classification, and 

germination on water after 28 days over the five test temperatures was used to assign 

species to one of the five classes of dormancy (PD, MD, MPD, PY, and PY + PD) or 

deemed non-dormant (ND) (Baskin and Baskin, 2004). Dormancy classification was 

based on germination percentage rules as follows: Fresh seeds have permeable seed 

coats and fully developed embryos: ND ≥ 75% > PD, or 

underdeveloped/undifferentiated embryos: MD ≥ 75% > MPD. Seeds have 

impermeable coats: PY ≥ 75% > PY + PD (following the alleviation of PY) (Erickson, 

2015). 

 

Statistical Analysis 

The experiment followed a temperature × stimulant factorial design. 

Germination temperature (5-25∘C) and substrate composition (H2O, GA3, KAR1) served 

as explanatory variables. Viability adjusted germination (VAG; Tieu et al. 2001) was 

used to calculate the cumulative germination response for all species, using the 

Sweedman and Merritt (2006) equation: 

VAG = (Gf  /Va) × 100, where Gf is the final cumulative germination and Va is the 

seed viability, assessed using a cut-test at the end of the trial. VAG values were 
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analysed using generalised linear models (GLM) via the glm function in R (R Core 

Team 2012). Data were checked for normality and over-dispersion. Due to the presence 

of over-dispersion in the germination response of all species, a quasi-binomial 

distribution was used (family = quasibinomial).  

In order to examine the ability of GA3 and KAR1 to increase germination speed 

over a continuous temperature profile (5-25°C), we used the “Germinator” package 

(Joosen et al., 2010) to generate estimates of the time required to reach 50% of the 

maximum germination (T50), based on curve fitting of the four-parameter Hill function 

(El-Kassaby et al., 2008). T50 values were analysed with generalised linear models 

(GLM) using the glm function in R (R Core Team 2012) and data checked for normality 

and over-dispersion. In instances where no germination was detected within the test 

period, T50 values could not be generated and were replaced by a value of 28 days, 

reflecting the upper limit of the test duration, which allowed us to conduct a full 

comparative analysis of the data.  

Results 

 

Embryo Classification 

Of the 26 collections, 19 were cleaned to ≥ 90% fill (Table 2.2). The remaining 

collections ranged in fill from 71 to 87% and could not be cleaned further without major 

loss of the seed lot. Seed mass varied substantially across the tested species, with 

individual seeds ranging from 0.1 to 22.6 mg. Among the 26 examined, seeds of 12 

species contained a linear-straight, fully developed embryo type and included 10 

members of the Asteraceae, as well as species of Plantaginaceae and Scrophulariaceae; 

while seeds of Cleome lutea (Capparaceae) had a linear-curved, fully developed embryo 

type (Table 2.2). The spatulate embryo type was the most phylogenetically dispersed 

among the tested species, observed within the Asteraceae (Enceliopsis nudicaulis), 

Hydrophyllaceae (Phacelia hastata), Loasaceae (Mentzelia laevicaulis), Polygonaceae 

(Eriogonum umbellatum), and Rosaceae (Potentilla glandulosa) families. Seeds of 

Argemone munita (Papaveraceae) had linear-straight embryos with E:S of 0.6. Seeds of 

Lomatium cous (Apiaceae) had linear-straight, underdeveloped embryos (E:S = 0.33). 

No embryo growth was detected for either A. munita or L. cous within 28 days.  

Seeds of Ipomopsis aggregata (Polemoniaceae) exhibited significant intra-

specific variation in embryo morphology, which ranged in degree of cotyledon width 
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and differentiation, evoking variance in classification between fully developed linear-

straight and spatulate embryo types.  Bent embryo types were detected in all members 

of the Fabaceae family (Astragalus filipes, Dalea ornata, and Lupinus arbustus) and the 

single Brassicaceae species (Stanleya pinnata) included in the classification. One 

species, Sphaeralcea munroana (Malvaceae), had seeds with a folded embryo type.  

 

Germination and Dormancy Classification 

Among the 26 species included in this study, 21 had seeds that exhibited 

dormancy (Table 2.2). Physiological dormancy was the most common and was present 

in the seeds of 16 species (within 11 families), with maximum germination ranging 

between 0 - 71% (Figure 2.1). Physical and combinational dormancy classes were the 

second most prevalent and included two species each. After scarification (to allow water 

uptake), maximum germination of PY species (D. ornata and S. munroana) was 

between 96 and 99%, while species with PY+PD (A. filipes and L. arbustus) germinated 

to a maximum of 34 and 54%, respectively on water agar by the end of the test period. 

Seeds of L. cous failed to germinate above 1% within the 28-day period, and were 

classified as having MPD. Five species within the Asteraceae family were found to be 

non-dormant (A. heterophylla, C. intermedia, D. canescens E. linearis, and E. 

nudicaulis), and germinated to a maximum of 75-99% on water agar within 28 days.  

Temperatures of 10-25°C elicited significantly better germination (P < 0.05) 

compared to 5°C for nine of the tested species (Table 2.3; Figure 2.2). This range was 

slightly narrower for C. intermedia (10-20°C), E. umbellatum and M. laevicaulis (15–25 

°C), E. nudicaulis, E. pumilus, and S. pinnata (15-20°C), as well as E. linearis (20-

25°C). Generally, temperatures above 10°C improved seed germination (P < 0.05) for 

all species except A. heterophylla and L. arbustus, which had significantly lower 

germination (P < 0.05) at higher temperatures (15-25 and 25°C, respectively). 

Astragalus filipes exhibited a bimodal (10 and 20°C) germination temperature 

preference, while L. arbustus and P. hastata showed a significantly higher germination 

at a single temperature (10 and 25°C, respectively), relative to 5°C. Seeds of C. 

douglasii and W. helianthoides germinated to a maximum of 10% at 10°C, but did not 

differ significantly (P > 0.05) with temperature (Appendix A S3). Seeds of four species 

(A. munita, C. pilosa, C. lutea, and L. cous) failed to germinate above 2% under any 

conditions and the data was not formally analysed due to zero-inflation (Table 2.3). 
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Table 2.2. Seed and embryo characteristics of 26 species native to the cold desert ecosystem of the Great Basin in the western United States. Seeds were cleaned and tested within 
three months following collection (July-October, 2015). X-ray analysis of five replicates of 50 seeds (or one replicate of 250 seeds for exceptionally small-seeded speciesa) was used 
to determine seed fill. Stereomicroscopy was used to estimate E:S and identify the seed embryo type. 

   Family        Species Fill (%) Seed Mass 
(mg seed-1) 

E:S 
(µ ± SE) Permeability Embryo Typeb Dormancy 

Classc 
Apiaceae Lomatium cous 99 4.0 ± 0.60 0.3 ± 0.02 Y LS (UD) MPD 
Asteraceae Agoseris heterophylla 97 1.0 ± 0.10 1.0 ± 0.02 Y LS (FD) ND 
Asteraceae Arnica mollis 95 2.0 ± 0.10 0.9 ± 0.02 Y LS (FD) PD 
Asteraceae Chaenactis douglasii 71 1.8 ± 0.09 0.9 ± 0.06 Y LS (FD) PD 
Asteraceae Chrysothamnus viscidiflorus 95 0.4 ± 0.07 0.9 ± 0.02 Y LS (FD) PD 
Asteraceae Crepis acuminata 95 3.0 ± 0.03 0.7 ± 0.02 Y LS (FD) PD 
Asteraceae Crepis intermedia 75 3.8 ± 0.10 0.8 ± 0.03 Y LS (FD) ND 
Asteraceae Dieteria canescens 95 0.3 ± 0.02 1.0 ± 0.03 Y LS (FD) ND 
Asteraceae Enceliopsis nudicaulis 91 5.9 ± 0.07 1.0 ± 0.00 Y SP (FD) ND 
Asteraceae Erigeron linearis 94 0.8 ± 0.10 1.0 ± 0.01 Y LS (FD) ND 
Asteraceae Erigeron pumilusa 98 0.1 ± 0.00 0.9 ± 0.01 Y LS (FD) PD 
Asteraceae Wyethia helianthoides 92 9.4 ± 0.00 0.8 ± 0.04 Y LS (FD) PD 
Brassicaceae Stanleya pinnata 86 1.8 ± 0.00 1.7 ± 0.06 Y B PD 
Capparaceae Cleome lutea 95 4.1 ± 0.05 1.8 ± 0.03 Y LC (FD) PD 
Fabaceae Astragalus filipes 91 4.2 ± 0.08 1.8 ± 0.10 N B PY+PD 
Fabaceae Dalea ornata 87 3.2 ± 0.06 1.8 ± 0.06 N B PY 
Fabaceae Lupinus arbustus 95 22.6 ± 0.04 1.8 ± 0.09 N B PY+PD 
Hydrophyllaceae Phacelia hastata 97 1.1 ± 0.02 0.8 ± 0.02 Y SP (FD) PD 
Loasaceae Mentzelia laevicaulis 95 0.8 ± 0.02 0.9 ± 0.07 Y SP (FD) PD 
Malvaceae Sphaeralcea munroana 94 2.1 ± 0.00 2.7 ± 0.15 N F PY 
Papaveraceae Argemone munita 95 4.1 ± 0.00 0.6 ± 0.07 Y LS (UD/FD) PD/MPDd 
Plantaginaceae Penstemon pachyphyllus 87 1.6 ± 0.00 0.9 ± 0.08 Y LS (FD) PD 
Polemoniaceae Ipomopsis aggregata 82 1.0 ± 0.03 0.9 ± 0.01 Y LS/SP (FD) PD 
Polygonaceae Eriogonum umbellatum 87 2.2 ± 0.04 0.9 ± 0.03 Y SP (FD) PD 
Rosaceae Potentilla glandulosa 99 0.2 ± 0.00 1.0 ± 0.03 Y SP (FD) PD 
Scrophulariaceae Castilleja pilosaa 96 0.1 ± 0.00 0.9 ± 0.04 Y LS (FD) PD 
bLS, linear-straight; SP, spatulate, B, bent; LC, linear-curved; F, folded; FD, fully developed; UD, underdeveloped. 
cMPD, morphophysiological; ND, non-dormant; PD, physiological; PY, physical; PY+PD, combinational. 
dPD/MPD a distinction could not be made because no appreciable embryo growth was detected at any of the incubation temperatures within 28 days. 
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Figure 2.1. Final germination (mean ± se) of 16 species was significantly influenced by substrate composition (P < 0.05) 
at the end of 28 days. Seeds were incubated at five constant temperatures (5-25°C) on water agar (circles with solid 
lines), agar + 1 mM GA3 (triangles with dotted lines), or agar + 1 �M KAR1 (squares with dotted lines). 
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Table 2.3. Summary results of the GLMs assessing the role of chemical stimulant (GA3 or KAR1), incubation temperature (5-25°C), and their interaction on the germination of 
fresh seeds of 26 species native to the Great Basin. 
Species Stimulant × Temperature Stimulant Temperature 
Agoseris heterophylla NS  GA (+) ***  15-25°C (-)***   
Argemone munita NS (0)  NS (0)  NS (0)   
Arnica mollis NS  GA (+) ***  10°C (+)* 15-20°C (+)*** 25°C (+)* 
Astragalus filipes NS  GA (+)*  10°C (+)* 20°C (+)*  
Castilleja pilosa NS (0)  NS (0)  NS (0)   
Chaenactis douglasii NS  NS  NS   
Chrysothamnus viscidiflorus NS  GA (+)***  10°C (+)* 15°C (+)** 20-25°C (+)*** 
Cleome lutea NS (0)  NS (0)  NS (0)   
Crepis acuminata NS  GA (+)***  10-20°C (+)*** 25°C (+)*  
Crepis intermedia NA  NA  10°C (+)* 15°C (+)*** 20°C (+)** 
Dalea ornata NS  NS  10-25°C (+)***   
Dieteria canescens NS   KAR (-)** 10-25°C (+)***   
Enceliopsis nudicaulis KAR × 25°C (+)*** GA (+)*  15-20°C (+)**   
Erigeron linearis NS  GA (+)*** KAR (+)* 20-25°C (+)***   
Erigeron pumilus KAR × 20°C (-)* KAR × 25°C (+)* KAR (+)** 15-20°C (+)***   
Eriogonum umbellatum NS  GA (+)**  15-25°C (+)***   
Ipomopsis aggregata NS  GA (-)*** KAR (+)* 10°C (+)** 15-25°C (+)***  
Lomatium cous NS (0)  NS (0)  NS (0)   
Lupinus arbustus NS  GA (+)* KAR (+)* 10°C (+)* 25°C (−)***  
Mentzelia laevicaulis GA × 20°C (+)* GA × 25°C (+)* NS  15-25°C (+)*   
Penstemon pachyphyllus NS  GA (+)***  10 (+)** 15-20°C (+)*** 25°C (+)* 
Phacelia hastata NS  NS  25°C (+)**   
Potentilla glandulosa NS  GA (+)*** KAR (+)** 10-25°C (+)***   
Sphaeralcea munroana NS  NS  10°C (+)** 15-25°C (+)***  
Stanleya pinnata NS  GA (-)**  15 (+)** 20°C (+)*  
Wyethia helianthoides NA  NA  NS   
Germination improvement (+) or reduction (−) compared to germination at 5°C on H2O agar.  
Asterisk(s) denote significance: P < 0.001 ***, P < 0.01 **, or P < 0.05 *. NS, no statistical significance; NS (0), species with limited germination (≤ 2%) within 28 days were 
excluded from statistical analysis; NA, species for which germination on GA3 and KAR1 was not tested due to limited seed numbers. 
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Figure 2.2. Optimum germination temperature(s) of freshly collected seeds of 20 species at the end of 28 
days; the top row depicts the five constant incubation temperatures (5-25°C) tested. Germination is 
reported relative to that observed at 5°C across all substrate compositions (P < 0.05), improvement or 
reduction are represented by “+” (green boxes) and “–” (grey boxes), respectively. Six are not included 
due to the lack of detectable germination (Argemone munita, Castilleja pilosa, Cleome lutea and 
Lomatium cous) or a lack of significant influence of temperature on germination (Chaenactis douglasii 
and Wyethia helianthoides). 

Temperature (°C) 
5 10 15 20 25 

  

(+)  
Arnica mollis, Crepis acuminata, Dalea ornata, 

Chrysothamnus viscidiflorus, Ipomopsis aggregata, 
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Figure 2.3. Final germination (mean ± se) for 13 species of cold desert forbs and shrubs was significantly 
(P < 0.05) influenced by gibberellic acid (GA3). Germination percentages are based on mean estimates 
across five constant temperatures (5-25°C) at the end of 28 days. Seeds were incubated on water agar 
(white bars) or agar + 1 mM GA3 (grey bars). 
 

Seeds of M. laevicaulis exhibited a significant interaction between GA3 and 

germination temperature (P < 0.05), suggesting that germination was improved at 20-

25°C with the use of GA3 (97 and 100%, respectively) compared to germination on 

water (26 and 28%, respectively).  Germination of E. pumilus and E. nudicaulis also 

increased (P < 0.05 and P < 0.001) by 58% and 26% compared to water agar when 

seeds were incubated on KAR1 at 25°C, respectively.  

When considered as a main effect, GA3 improved (P < 0.05) germination for 

11 species, and decreased (P < 0.05) germination for two species (I. aggregata and S. 

pinnata) (Table 2.3, Figure 2.3). KAR1 improved (P < 0.05) germination for five species 

(E. linearis, E. pumilus, I. aggregate, L. arbustus, and P. glandulosa) and decreased (P 

< 0.01) germination for one species (D. canescens) (Figure 2.4). The extent of 

germination improvement with GA3 and KAR1 across all temperatures varied between 

species, ranging from an 8 to 42% increase with GA3 and from a 9 to 26% increase with 

KAR1.  
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Chemical stimulants had a significant effect (P < 0.05) on the time required to 

reach T50 for four species (Table 2.4). GA3 induced faster germination for A. 

heterophylla, C. acuminata, and E. linearis (by 4.3, 4.8, and 1.4 days, respectively), and 

slowed germination of S. munroana (by 2.8 days), compared to germination on H2O 

agar across all temperatures. KAR1 slowed (P < 0.05) germination for both A. 

heterophylla and S. munroana (by 4.4 and 3.2 days, respectively). Incubation 

temperature had a significant effect (P < 0.05) on seed germination speed of 17 species 

across all substrate compositions. 
 

 
Figure 2.4. Final germination (mean ± se) for six species of cold desert forbs was significantly (P < 0.05) 
influenced by karrikinolide (KAR1). Germination percentages are based on mean estimates across five 
constant temperatures (5-25°C) at the end of 28 days. Seeds were incubated on water agar (white bars) or 
agar + 1 �M KAR1 (grey bars). 
 

Discussion  

 

Seed dormancy is an important factor that governs germination of annual and 

perennial forbs and shrubs native to the Great Basin. The majority of the species 

examined were dormant (ca. 81%), with the largest proportion (ca. 62%) exhibiting PD, 

followed by PY (ca. 8%), PY+PD (ca. 8%), and MPD (ca. 4%). A comprehensive 



    

 
55 

review across hundreds of species conducted by Baskin and Baskin (2014), suggests 

that among shrubs and herbaceous forbs native to cold deserts 70-73% have PD, 

followed by 15-26% (PY), 4-5% (ND), 0-7% (MPD), and 0% (PY+PD and MD). A 

higher proportion of ND (19%) in our analysis may be an artifact of our selection 

criteria, which focused on species that are frequently used in restoration and may have 

created an inherent bias for plants with better in situ performance (Shaw et al., 2005).  

The greater proportion of PY+PD reported in our classification could be a 

reflection of the fact that many studies which focus on enhancing germination often do 

not distinguish between incomplete PY alleviation, viability loss due to treatment-

induced embryo damage, or an unrealised requirement for PD break (Bushman et al., 

2015; Jones et al., 2016a; Page et al., 1966). All of the species found to have PY+PD 

within our study were members of the Fabaceae family. Combinational dormancy 

appears to be a relatively common in this family (Kigel, 1995; Thomson, 1965; Van 

Assche and Vandelook, 2010). Our findings indicate that for the majority of the tested 

species (i.e. those that exhibit PD and MPD), stratification and/or dry after-ripening will 

likely alleviate dormancy, while for a smaller proportion of species with PY and 

PY+PD (primarily in the Malvaceae and Fabaceae families) scarification or a 

combination of treatments would be required (Baskin and Baskin, 2014; Erickson et al., 

2016b; Turner et al., 2006a).   

Classification of one species, Argemone munita (Papaveraceae), was not 

conclusive, as we could not definitively distinguish between PD and MPD class (Table 

2). Within our initial embryo to seed ratio sampling (n=5), we observed one 

substantially longer embryo, which when removed reduces the E:S from 0.6 to 0.53. 

This may suggest that seed embryos fall on the cusp of the general guideline for embryo 

development (underdeveloped 0.5 ≤ E:S ≥ 0.5 fully developed; Baskin and Baskin, 

2007). Several Argemone species have been reported to have underdeveloped embryos 

and to exhibit MD or MPD (Karlsson et al., 2003; Koebele and Culliney, 1999; 

Lilleeng-Rosenberger, 2005). However, within our study, no embryo growth or 

germination was observed in seeds of A. munita within 28 days, thus we confer the 

presence of PD, but cannot exclude MPD entirely.  

We showed that dormancy status and germination behavior could be 

successfully modified through the use of chemical stimulants such as GA3 or KAR1 for 

some species, although the amount of germination induced by use of these compounds 

was generally temperature-mediated. GA3 improved cumulative germination above 

75%, within a specific temperature range, for A. mollis (15-20°C), C. viscidiflorus (20-
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25°C), C. acuminata (10-20°C), M. laevicaulis (15-25°C), E. umbellatum (20-25°C), P. 

glandulosa (15-25°C), and Erigeron pumilus (15 and 25°C); which suggests that these 

species have non-deep or intermediate PD. These types of PD require shorter 

stratification durations and are more likely to respond to dry after-ripening compared to 

seeds with deep PD (Baskin and Baskin, 2007). KAR1 improved germination of E. 

pumilus (15 and 25°C) and P. glandulosa (15-20°C) (Figure 2.1). Overall, the degree of 

germination improvement was greater in response to GA3 relative to KAR1 and may be a 

result of the different modes of action between these compounds. In seeds, GA3 is an 

endogenous plant growth regulator that promotes germination through a dynamic 

interplay with abscisic acid – an endogenous hormone responsible for the induction and 

maintenance of PD (Finch-Savage & Leubner-Metzger 2006; Kucera et al. 2005; 

Nelson et al. 2009). Exogenous application of GA3 can override dormancy constraints in 

many seeds with PD. Karrikinolide is an exogenous compound that stimulates 

germination in many species from fire and non-fire prone habitats, but seed sensitivity 

to KAR1 is influenced by seed dormancy status, seed hydration history, and germination 

conditions (Long et al. 2010; 2011a; 2011b; Nelson et al. 2009; Stevens et al. 2007). 

Our findings indicate that both GA3 and KAR1 can be used to expand the thermal 

germination envelope into warmer (20-25°C) temperatures. However, warmer 

temperature conditions, which occur in late summer and autumn in the Great Basin, 

may not correlate with precipitation availability that is capable of supporting seedling 

growth and survival (Comstock and Ehleringer, 1992). In turn, low soil moisture during 

autumn could prevent germination entirely (Lu et al., 2010; Wang, 2005; Wang et al., 

2006) or limit seedling survival. Thus, additional evaluation of seeds sown in the field is 

required to understand whether the use of GA3 and KAR1 under such conditions would 

be warranted.  

It is also important to note that seed sensitivity to chemical stimulants can 

change in response to dormancy status and plant hormone interactions (Kępczyński et 

al. 2006; 2013; Kępczyński and Van Staden 2012; Long et al. 2011a; 2011b), thus 

species examined in this study may become more gibberellin- or karrikinolide-

responsive following partial dormancy loss. The mechanisms behind seed sensitivity to 

chemical stimulants must be further explored as they can offer additional benefits in the 

context of seed enhancement technologies, through the use of these compounds in seed 

coating or priming (Erickson et al. 2017; Madsen et al. 2016). 

Rapid germination that allows seedlings to take advantage of the available 

moisture is a strategy to improve seedling survival in dryland systems. Germination 
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speed, reflected by T50 values, was more influenced by temperature than chemical 

stimulant across all species in which treatment differences were found. We observed an 

increase (lower T50 values) in germination rate with warmer temperatures for 16 species 

(Table 2.4). 

Seeds of A. heterophylla exhibited the opposite trend, reflecting a difference in 

its ability to tolerate a cooler germination environment. This species should be 

evaluated as a potential competitor with invasive annuals that germinate and establish at 

colder temperatures, such as Bromus tectorum	 (Gasch and Bingham 2006). While L. 

arbustus germinated more quickly with warming temperatures up to 20°C, germination 

decreased significantly at 25°C, indicating a potential upper limit for germination. The 

strong thermal variability in T50 values across species highlights one potential cause of 

varied in situ germination, where diurnal and spatial temperature fluctuations are 

extensive, especially in dryland systems. Among species whose seeds germinated on 

water agar within the duration of the study, mean T50 for all species across all 

temperatures was 13.5 days, and ranged between 6 and 23 days. The fastest germinating 

species were S. munroana and D. ornata (after PY alleviation), D. canescens, C. 

viscidiflorus, E. linearis, E. nudicaulis, and L. arbustus (T50 ≤ 11 days). There was no 

apparent relationship between dormancy class and germination speed. However, for the 

six slowest germinating species (P. hastata, C. douglasii, A. munita, C. pilosa, C. lutea, 

and L. cous), low germination across a wide temperature range indicated the presence of 

more complex dormancy mechanisms, such as MPD or deep PD. This is confirmed by 

the lack of detectable response to GA3 (Table 2.3). Although the specific dormancy 

alleviation requirements for these six species should be further investigated on a 

species- or population-level, our findings suggest that a long (≥ 12 weeks) cold 

stratification period may be required to relieve dormancy, the length of which cannot be 

reduced by after-ripening, as in the case of intermediate PD (Baskin and Baskin, 2014). 

The use of GA3 increased the speed of germination for A. heterophylla and C. 

acuminata by an average of 4-5 days over the entire temperature profile, which may 

offer a significant in situ benefit to growth during the narrow hydrothermal 

establishment window. However, germination was slowed by 3 days for S. munroana 

by GA3 and KAR1, and by 4 days for A. heterophylla. Both of these species were ND, 

because PY in S. munroana had been alleviated by scarification prior to the 

commencement of the germination experiment. It is unclear what factors resulted in 

reduced germination speed.  
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Table 2.4. Estimates of the time (days) required to reach 50% total germination (T50), generated based on curve fitting of the four-parameter Hill function (El-
Kassaby et al. 2008). T50 values were analysed using generalised linear models. When no germination was detected within the test period, T50 estimates were replaced 
by a value of 28 days, reflecting the lack of germination with the maximum duration of the test period. Numbers in bold reflect significant differences between 
substrate compositions and temperatures; “–“ indicates that germination on GA3 or KAR1 was not tested due to limited seed numbers.  

          Species 
Substrate composition Temperature (°C) 

H2O GA3 KAR1 5 10 15 20 25 
Agoseris heterophylla 17.0 ± 1.9 12.7 ± 1.6 21.4 ± 1.3 11.6 ± 1.0 13.3 ± 1.7 14.4 ± 1.8 21.8 ± 2.6 23.9 ± 1.7 
Argemone munita 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 
Arnica mollis 16.7 ± 1.2 14.1 ± 1.0 16.8 ± 1.7 17.3 ± 1.8 18.9 ± 2.0 14.0 ± 0.5 15.5 ± 1.6 13.4 ± 2.1 
Astragalus filipes 19.0 ± 2.0 20 ± 0.6 21.1 ± 1.1 24.0 ± 1.2 21.6 ± 1.0 17.1 ± 2.2 15.3 ± 1.7 22.0 ± 1.1 
Castilleja pilosa 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 
Chaenactis douglasii 22.5 ± 1.6 23.1 ± 2.0 25.1 ± 1.6 24.7 ± 1.9 21.9 ± 2.2 18.9 ± 3.0 27.4 ± 0.6 24.8 ± 2.4 
Chrysothamnus viscidiflorus 7.5 ± 1.0 8.3 ± 0.6 8.6 ± 0.8 12.3 ± 1.0 9.4 ± 0.9 7.2 ± 0.4 5.6 ± 0.8 6.2 ± 0.6 
Cleome lutea 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 
Crepis acuminata 19.1 ± 1.7 14.3 ± 1.0 17.0 ± 1.2 23.0 ± 1.3 14.9 ± 0.4 11.2 ± 0.6 12.8 ± 1.3 22.1 ± 1.7 
Crepis intermedia 12.4 ± 1.3 - - 20.0 ± 1.1 14.5 ± 0.5 12.3 ± 0.8 10.0 ± 1.6 5.0 ± 3.1 
Dalea ornata 6.7 ± 0.3 6.8 ± 0.4 6.5 ± 0.1 7.7 ± 0.7 6.4 ± 0.1 6.6 ± 0.1 6.3 ± 0.1 6.1 ± 0.1 
Dieteria canescens 6.8 ± 1.5 6.9 ± 0.8 8.3 ± 2.0 11.8 ± 3.4 9.3 ± 1.4 5.0 ± 0.7 4.4 ± 0.8 5.9 ± 0.9 
Enceliopsis nudicaulis 8.0 ± 0.9 6.8 ± 0.8 8.1 ± 0.7 12.2 ± 0.2 10.2 ± 0.6 5.3 ± 0.7 5.5 ± 0.5 4.9 ± 0.9 
Erigeron linearis 9.2 ± 0.6 7.8 ± 0.4 8.7 ± 0.5 11.1 ± 0.3 10.3 ± 0.7 7.3 ± 0.2 6.8 ± 0.1 7.3 ± 0.3 
Erigeron pumilus 12.9 ± 0.8 15.2 ± 2.1 11.0 ± 0.9 19.3 ± 1.5 14.3 ± 1.7 12.3 ± 0.6 7.9 ± 0.3 11.4 ± 2.5 
Eriogonum umbellatum 12.3 ± 1.7 12.2 ± 1.5 9.4 ± 1.1 16.7 ± 2.0 13.7 ± 2.7 10.8 ± 1.2 7.2 ± 0.2 8.0 ± 0.5 
Ipomopsis aggregata 17.7 ± 1.5 17.6 ± 2.2 17.1 ± 1.7 27.3 ± 0.4 23.5 ± 0.7 17.5 ± 1.2 9.1 ± 1.1 9.8 ± 0.8 
Lomatium cous 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 28.0 ± 0 
Lupinus arbustus 10.1 ± 2.0 7.0 ± 0.9 8.9 ± 1.2 11.0 ± 1.1 11.3 ± 0.9 7.5 ± 0.9 5.3 ± 0.9 8.1 ± 3.5 
Mentzelia laevicaulis 13.6 ± 2.7 13.0 ± 2.0 13.4 ± 3.0 28.0 ± 0 23.8 ± 1.3 5.5 ± 0.8 3.6 ± 0.9 5.8 ± 0.6 
Penstemon pachyphyllus 17.9 ± 2.4 14.6 ± 1.7 19.5 ± 2.2 27.7 ± 0.3 21.7 ± 1.8 14.0 ± 2.1 7.6 ± 1.5 15.6 ± 3.1 
Phacelia hastata 19.7 ± 2.6 18.7 ± 1.7 20.4 ± 2.4 26.4 ± 1.0 21.6 ± 2.4 15.8 ± 3.3 18.9 ± 3.2 15 ± 3.1 
Potentilla glandulosa 14.6 ± 1.7 13.6 ± 1.8 14.2 ± 1.8 28 ± 0.0 15.1 ± 0.9 11.8 ± 0.6 8.2 ± 0.4 7.4 ± 0.2 
Sphaeralcea munroana 6.2 ± 1.4 9.0 ± 1.0 9.4 ± 1.8 18 ± 1.5 9.5 ± 1.1 5.8 ± 0.8 3.6 ± 0.9 4.0 ± 0.9 
Stanleya pinnata 10.9 ± 1.2 8.1 ± 1.3 11.2 ± 1.2 16.5 ± 0.5 11.2 ± 0.6 6.3 ± 0.9 6.1 ± 0.6 10.0 ± 2.3 
Wyethia helianthoides 15.3 ± 2.6 - - 17.5 ± 6.7 28.0 ± 0.0 8.8 ± 5.2 16.8 ± 1.9 5.3 ± 5.3 
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Finally, we found several distinctions in embryo classification between our 

study species and those previously described (Baskin and Baskin, 2014). Martin (1946) 

described eight genera (Agoseris, Arnica, Chaenactis, Crepis, Chrysothamnus, Dieteria, 

Erigeron, and Wyethia) within the Asteraceae family to produce seeds with spatulate 

embryos; however, the species of these genera included in our study were found to have 

seeds with linear-straight, fully developed embryos (Table 2.2). Additionally, our 

assessment of P. hastata indicates that seeds of this species have spatulate, fully 

developed embryos, unlike other members in Phacelia (Hydrophyllaceae) reported to 

have linear embryos. Within the Eriogonum genus (Polygonaceae), only peripheral 

embryos have been previously noted (Martin, 1946); however, we found seeds of E. 

umbellatum to have spatulate, fully developed embryos. Species that originally fit into 

the dwarf embryo group (Martin, 1946) from the Castilleja (Scrophulariaceae) and 

Penstemon (Plantaginaceae) genera are now recognised as having linear (under- and 

fully developed) or spatulate (fully developed) embryos (Baskin and Baskin, 2007). Our 

assessment indicates that both C. pilosa and P. pachyphyllus have linear-straight, fully 

developed embryos. No prior embryo classification had been conducted for species in 

the Enceliopsis genus (Asteraceae); we found E. nudicaulis to produce seeds with 

spatulate, fully developed embryos. Within the scope of our study, this was the only 

species in the Asteraceae family that did not have a linear-straight embryo. These 

findings further highlight the substantial phenotypic variation that exists within 

families, genera, and across many species and emphasise the difficulty of drawing broad 

phylogenetically parsimonious conclusions regarding seed embryo type or dormancy 

state. 

Despite the recognised importance of using plant functional traits to better 

understand plant community ecology, regenerative traits – which regulate the likelihood 

of plant recruitment – are still largely overlooked both in research and practice 

(Jiménez-Alfaro et al., 2016). Our findings serve as a first-step in developing a deeper 

understanding of species-level dormancy and germination traits of fresh seeds across 

key forb and shrub species used in the restoration of the Great Basin and throughout the 

greater western United States. The prevalence of dormancy among these floras suggests 

that regenerative traits should be central to restoration planning. By classifying 

dormancy, we can begin to strategically identify the physiological seed requirements 

that must be met to ensure plant recruitment. Modifying these traits through pre-sowing 

dormancy alleviation and the use of seed enhancement technologies has the potential to 
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substantially increase the efficacy of seed-based restoration on a landscape-scale and 

should be further examined.  
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Chapter 3 

 

Do Abrasion- or Temperature-based Techniques More Effectively Relieve Physical 

Dormancy in Seeds of Cold Desert Perennials? 

 

Abstract 

 

Seed dormancy can present a significant barrier to restoration outcomes in 

dryland systems. Physical and combinational (physical + physiological) dormancy are 

prevalent among seeds of many herbaceous perennials used in restoration of drylands 

throughout the western United States. Although many techniques designed to alleviate 

these dormancy traits exist, their efficacy is species-specific, may result in embryo 

damage, and may have limited large-scale application. To identify the most effective 

means of dormancy alleviation with the potential to be used on an operational scale, we 

examined the effects of sixteen temperature-based techniques (altering temperature and 

duration of wet heat, freezing and wet heat, and freeze-thaw cycles) and six abrasion-

based techniques (altering pneumatic scarification length or using a single duration of 

manual scarification) on the enhancement of seed permeability among two physically 

dormant (western prairie clover [Dalea ornata (Douglas) Eaton & Wright] and Munro’s 

globemallow [Sphaeralcea munroana (Douglas) Spach]) and two combinationally 

dormant species (basalt milkvetch [Astragalus filipes Torr. ex A. Gray] and longspur 

lupine [Lupinus arbustus (Douglas) ex Lindl.]). We first assessed seed imbibition 

following exposure to all temperature- and abrasion-based techniques to identify those 

most successful at promoting seed permeability, and then evaluated the effectiveness of 

those techniques through a series of germination experiments. For combinationally 

dormant species, we also tested whether exposure to GA3 enhanced germination. 

Abrasion-based techniques were more effective than temperature-based techniques at 

improving water uptake across all species. Pneumatic scarification significantly 

improved germination, but optimal treatment durations were species-specific. GA3 did 

not enhance germination under the tested conditions. We conclude that pneumatic 

scarification is a fast, safe, and effective method for alleviating physical seed dormancy 

with a potential to be scaled-up for operational use in restoration.  
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Introduction 

 

Physical seed dormancy occurs in eighteen angiosperm families and is common 

among many forbs native to arid and semi-arid regions worldwide (Gama-Arachchige et 

al. 2013). This dormancy is imposed by one or more layers of palisade cells that prevent 

water uptake in mature seeds (Rolston 1978). In situ, seeds become permeable when a 

specialised structure known as the “water gap” opens in response to specific 

environmental conditions, creating a passage for water entry (Baskin 2003; Van Assche 

et al. 2003) through numerous modes (e.g. abrasion, temperature fluctuations, fire-

induced heat) (Baskin and Baskin 2014; Erickson et al. 2016b; Ooi et al. 2014). Some 

species produce seeds with combinational dormancy, which have impermeable seed 

coats (i.e. physical dormancy) and embryos with an initially inhibited growth potential (i.e. 

physiological dormancy). For species with combinationally dormant seeds, physiological 

dormancy must be alleviated through stratification, after-ripening, or the use of 

chemical stimulants to initiate germination once seeds are permeable (Baskin and 

Baskin 2014; Turner et al. 2006a).  

Under natural recruitment conditions, seed dormancy enables seeds to remain in 

the soil for many years, or even decades, and is a means of bet-hedging against 

unfavorable environmental conditions for seedling establishment (Baskin and Baskin 

2014). However, in the restoration context, where predictable and synchronous plant 

establishment from seeds is critical, seed dormancy can be a barrier to plant 

recruitment, leading to excessive seed wastage (Merritt and Dixon 2014) and thwarting 

efforts to increase commercial seed availability through field propagation (Shaw et al. 

2012). To address this, the development of reliable dormancy alleviation techniques in a 

scalable, affordable, and safe manner is needed. Some of the most effective means for 

increasing seed permeability of physically dormant seeds rely on the use of harsh 

chemicals that can cause embryo damage (e.g. sulphuric acid, diethyl dioxide) or are 

exceedingly labor-intensive (e.g. manual scarification) (Kimura and Islam 2012), 

inhibiting large-scale use. Other approaches to increase seed permeability include the 

use of temperature treatments (e.g., freeze-thaw cycles [Stout, 1990; Tiryaki and Topu, 

2014] and wet or dry heat [Kildisheva et al., 2011; Pound et al., 2015; Erickson et al., 

2016a]), which can trigger the opening of the water gap, or mechanised scarification 

techniques, which facilitate the physical abrasion of the seed coat (Khadduri and 

Harrington, 2002; Kimura and Islam, 2012; Bushman et al., 2015; Jones et al., 2016a, 
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2016b). However, the effectiveness of these techniques are species- or accession-

specific and require extensive empirical evaluation to avoid treatment failure or embryo 

damage due to over-generalised treatment prescriptions (Kimura and Islam 2012). This 

study identifies the most effective technique for improving seed permeability and 

subsequent germination among two physically dormant (Dalea ornata [Fabaceae], 

Sphaeralcea munroana [Malvaceae]) and two combinationally dormant (Astragalus 

filipes and Lupinus arbustus [Fabaceae]) herbaceous perennials that are widely 

distributed and highly desirable for restoration use in the Great Basin region of North 

America (Bushman et al. 2015; Dumroese et al. 2015; Jones et al. 2016a; Jones et al. 

2016b).  

 

Materials and Methods 

 

Seeds were collected throughout the Great Basin floristic region in 2015 

(Appendix B, Table S1), cleaned, and stored in dry, cool conditions until treatments 

were applied in summer 2016. We first assessed (1) seed imbibition following exposure 

to all twenty-two scarification treatments relative to untreated seeds. We then (2) 

selected techniques that significantly increased seed permeability and conducted a 

germination experiment to identify the optimal treatment duration to improve 

germination capacity without causing embryo damage. Finally, (3) for species with 

combinational dormancy, we tested whether exposure to gibberellic acid (GA3) provided 

additional germination benefits.  

 

Seed Imbibition 

We first assessed the impact of twenty-two individual treatments on seed permeability 

of each species using three replicates of thirty seeds. Treatments consisted of various 

application of wet heat (5-, 30-, 120-, or 300-s immersion in 90°C deionised water), 

freezing + wet heat (2 h at − 80°C or − 20°C followed by 5- or 30-s immersion in 90°C 

deionised water), freeze-thaw cycles (2 h at − 80°C or − 20°C followed by 2 h at 23 ± 

2°C, repeated 1, 2, 3, or 6 times), pneumatic scarification (for 10, 20, 40, 80, or 160 s at 

138 KPa applied using a Mater seed scarifier [PSS2000, OEM, Inc., Corvallis, OR], and 

manual sandpaper scarification (120 grit), compared against an untreated seeds (Table 

3.1). Following treatment, each replicate was weighed, placed onto a square of organza 

mesh on filter paper (moistened with deionised water) inside Petri dishes, and kept at 

ambient laboratory conditions (23 ± 2°C). After 48 h, replicates were blotted dry and re-
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weighed to calculate water uptake: Mass Increase (%) = [(Wi - Wd) / Wd] × 100, where 

Wi and Wd equal the mass of imbibed and dry seed, respectively. The proportion of 

permeable seeds (% permeable) per sample was calculated based on the number of 

seeds that increased in volume after 48 h of imbibition (Table 3.2). Of all tested 

techniques, pneumatic and manual scarification achieved the highest mass increase and 

permeability percentages, and were subsequently chosen for examination in the 

germination experiment.  

 

Seed Germination 

Selecting the most effective treatments from the imbibition experiment, we 

evaluated the capacity of pneumatic scarification (for 10, 20, 40, 80, or 160 s) and 

manual sandpaper scarification (120 grit) to alleviate physical dormancy. Each 

treatment was replicated four times, using 25 seeds per replicate. Following treatment, 

seeds were sterilised in 2% (w/v) calcium hypochlorite for 30 min and triple-rinsed with 

deionised water. For the two physically dormant species (D. ornata and S. munroana), 

seeds were plated onto water agar (0.7% w/v) in sealed Petri dishes. Seeds of the two 

species with combinational dormancy (A. filipes and L. arbustus; [Jones et al. 2016b; 

Kildisheva et al. 2017]) were plated onto water agar and water agar + 1mM GA3. Seeds 

were incubated at a 20/10°C (12 h day: 12 h night) regime. Germination was monitored 

weekly and recorded when the radicle emergence was greater than one-third of the seed 

length. To detect scarification-induced deformities, seedlings were monitored until the 

cotyledons and radicle fully separated from the seed coat. A cut-test, to assess the 

condition of embryo tissues through seed dissection, was used to determine final seed 

viability and calculate total germination percentages. This is a faster and often more 

effective alternative to a traditional tetrazolium test for evaluating viability in seeds of 

native species, which may not respond to staining when dormant (Ooi 2007). 

 

Statistical Analysis 

We used generalised linear models (GLM) in R (R Core Team 2012) to assess 

the effect of scarification and chemical stimulant on germination response. Due to over-

dispersion in the germination response of all species, a quasi-binomial distribution was 

used (family = quasibinomial).	
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Table 3.1. Description of the five dormancy alleviation techniques and 22 treatments evaluated for 
their capacity to increase permeability in seeds with physical and combinational dormancy.  
Technique Treatment Method 

Control  Control  
No treatment. 
 

Wet Heat 90°C (5 s) Seeds were placed into mesh 
satchels and immersed in 
deionised water heated to 
90°C for 5, 30, 120, or 300 s. 

 90°C (30 s) 
 90°C (120 s) 
 90°C (300 s) 

 

Freeze + Wet Heat -20°C (2 h) + 90°C (5 s) Seeds placed into mesh 
satchels inside Ziploc® bags 
and exposed to − 20°C or     
− 80°C for 2 h inside 
laboratory freezers followed 
by immediate submergence 
in deionised water heated to 
90°C for 5 or 30 s. 

-20°C (2 h) + 90°C (30 s) 
-80°C (2 h) + 90°C (5 s) 
-80°C (2 h) + 90°C (30 s)  

 
 

Freeze-Thaw Cycle -20°C (2 h) + 23°C (2 h) × 1 Seeds placed into mesh 
satchels inside Ziploc® bags 
and exposed to − 20°C or     
− 80°C for 2 h inside 
laboratory freezers and 
followed by a 2-h thaw at 
(23°C) after removal from 
the freezers, with the entire 
4-h cycle repeated 1, 2, 3, or 
6 times for both of the 
freezing temperatures. 

-20°C (2 h) + 23°C (2 h) × 2 
-20°C (2 h) + 23°C (2 h) × 3 
-20°C (2 h) + 23°C (2 h) × 6 
-80°C (2 h) + 23°C (2 h) × 1 
-80°C (2 h) + 23°C (2 h) × 2 
-80°C (2 h) + 23°C (2 h) × 3 

-80°C (2 h) + 23°C (2 h) × 6  
Pneumatic 10 s Samples of seeds (5 g 

sample-1) were treated for 10, 
20, 40, 80, or 160 s using a 
Mater seed scarifier 
[PSS2000, OEM, Inc., 
Corvallis, OR] attached to an 
air compressor and set to 138 
KPa with a 180 grit abrasive 
liner. 
 

20 s 
40 s 
80 s 
160 s 
 
 
 
 
  

Manual Scarification Manual 
  

Treatment applied by 
rubbing both lateral surfaces 
of each seed against 120 grit 
sandpaper until seed coat 
abrasion was observed. 
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Results 

 

Seed Imbibition 

Pneumatic and manual sandpaper scarification techniques were the most 

effective at improving water uptake compared to freeze-thaw and wet heat treatments 

across all species (Table 3.2; Appendix B Fig. S2). There were no consistent trends in 

improved imbibition with increased duration of any of the temperature-based 

treatments. On average, a relatively high proportion of L. arbustus seeds were initially 

permeable (43%), contrary to the other three species, for which only a small proportion 

(≤ 20%) of seeds were capable of initial water uptake. We saw an increased trend in 

seed permeability and mass increase (%) with long pneumatic scarification durations for 

all species except D. ornata, which reached full permeability after 10 s. Seeds of S. 

munroana required at least 160 s of pneumatic scarification to reach mass increase and 

permeable seed values (%) comparable to manual scarification (Table 3.2).  

 

Seed Germination 

Germination in response to different pneumatic scarification durations was 

species-specific (Figure 3.1). For example, seeds of A. filipes required at least 40 s of 

pneumatic scarification to achieve significant germination improvements (P = 0.0471) 

compared to the control, and scarification for 160 s resulted in nearly complete 

germination (95 ± 3%). For L. arbustus, 10 s of pneumatic scarification increased 

germination (68 ± 6%, P = 0.02) compared to the control (45 ± 7%), but at least 20 s 

was necessary to achieve higher overall germination (≥ 85%). Although we observed an 

upward germination trend in response to 1 mM of GA3 seed permeability and mass 

increase, this effect was not significant (P > 0.05). We noted no seedling deformities as 

a result of scarification, but observed leaf curling among 30 ± 5% of pneumatically 

scarified L. arbustus seeds incubated on GA3. Seeds of D. ornata responded well across 

a range of treatment durations and required at least 10 s of pneumatic scarification to 

reach maximum germination (99 ± 1%). Seeds of S. munroana germinated to the 

highest extent (46 ± 5%, P < 0.001) following ≥ 80 s of pneumatic scarification, 

compared to untreated seeds (1 ± 1%). However, none of the pneumatic treatments 

optimised germination relative to manual scarification (83 ± 4%) for this species.  
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Discussion and Conclusions 

 

We found abrasion (both manual and pneumatic) to be more effective than 

temperature-based techniques, corresponding to findings reported in previous studies on 

these and related species (Bushman et al. 2015; Jones et al. 2016a; Jones et al. 2016b; 

Kildisheva et al. 2011; Long et al. 2012; Statwick 2016). Our results support earlier 

research on A. filipes (Jones et al. 2016b) and D. ornata (Bushman et al. 2015; Jones et 

al. 2016b) showing higher germination using mechanical scarification compared to an 

untreated control. We found that in addition to being substantially faster to implement 

than manual scarification, pneumatic scarification resulted in ≥ 90% germination in 

seeds of A. filipes, D. ornata, and L. arbustus, greater than previously reported for these 

species, even compared to acid scarification (Bushman et al. 2015; Jones et al. 2016a; 

Jones et al. 2016b). While both mechanical and pneumatic scarification achieved higher 

germination than the control among seeds of S. munroana, a longer pneumatic treatment 

than tested in our study may increase germination.  

Seed permeability did not increase following any of the temperature-based 

treatments, suggesting that these treatments failed to alleviate physical dormancy (Table 

3.2). This is contrary to previously reported findings on the effectiveness of wet heat 

(Erickson et al. 2016a; Long et al. 2012; Statwick 2016), freezing + wet heat (Tiryaki 

and Topu 2014), or freeze-thaw (Shibata and Hatakeyama 1995; Stout 1990) techniques 

on physical dormancy alleviation in other members of Fabaceae. It is likely that species- 

and perhaps region-specific temperature thresholds for dormancy break play a critical 

role in treatment efficacy and merit further exploration by examining a wider range of 

temperatures and treatment exposure durations beyond those tested in this study.  

Exposure to GA3 did not improve germination of seeds with combinational 

dormancy (A. filipes and L. arbustus) at 20/10°C. Previous studies identified positive 

effects of cold stratification on A. filipes, further confirming the presence of 

combinational dormancy in this species (Jones et al. 2016b), but ours is the first to test 

the use of GA3 to overcome physiological dormancy that we are aware of. The use of the 

a single incubation temperature regime in our experiment precluded the ability to 

determine whether GA3 would have expanded the germination capacity across a wider 

thermal space, as has been reported for other species with non-deep physiological 

dormancy (Erickson et al. 2016b). The lack of a detectable GA3 response may have 

resulted from the loss of physiological dormancy during seed storage (Baskin and 
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Baskin 2014; Soltani et al. 2017), which may have remained evident only at sub-

optimal germination temperatures. Additionally, physiological dormancy may have 

been negated by the high degree of scarification, which weakened the seed coat 

resistance enough to allow radicle protrusion. In the absence of germination 

improvement, and observed leaf curling among seedlings of L. arbustus incubated on 

GA3, we do not recommend combining the use of this chemical stimulant with 

scarification.   

 

 
Figure 3.1. Total seed germination (Mean±SE) expressed as a percentage of viable seeds at the end of 28 
d at 20/10°C in response to pneumatic and manual scarification of four herbaceous perennials. Seed 
germination was carried out only on water agar (H2O; white bars) for physically dormant (PY) species 
(Dalea ornata and Sphaeralcea munroana) and on both water agar or 1mM gibberellic acid-infused agar 
(GA3; black bars) for combinationally (PY+PD) dormant species (Astragalus filipes and Lupinus 
arbustus). Control: untreated; Pneumatic scarification for 10, 20, 40, 80, or 160 s at 138 KPa applied 
using a Mater seed scarifier [PSS2000, OEM, Inc., Corvallis, OR]; Manual: scarification using 120 grit 
sandpaper. Asterisks denote significant difference relative to the control (P < 0.001 ‘***’ or ‘*’ 0.05).  
 

In a restoration context, the use of dormant seeds entirely prevents, or, at the 

very least, limits opportunities for germination and establishment in the field. Defining 

dormancy and germination traits and using this information to inform restoration 

planning is critical to improving plant establishment. We show that, for cold-desert 

perennials in four common genera, physical seed dormancy can be effectively alleviated 
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using abrasion-based techniques and enable germination above 90% under laboratory 

conditions. Given the large scale of restoration projects and volume of seed expended, 

the development of simple, reliable, and scalable dormancy alleviation techniques can 

substantially improve outcomes while reducing costs. Our results show that pneumatic 

scarification is a fast, safe, and effective method for alleviating physical seed dormancy 

that, with modification, has the potential to treat larger seed batches. Because loss of 

physical dormancy is irreversible, seeds can be treated at any time and stored in 

controlled dry conditions in a “restoration-ready” state until planting without viability 

loss (Turner et al. 2006b).  

Physical seed traits like shape, size, mass, and seed coat thickness likely play an 

important role in the efficacy of scarification treatments using mechanical means 

(Miklas et al. 1987; Wada and Reed 2011). To facilitate seed treatment on an 

operational scale, generalisable algorithms could be developed based on these traits to 

derive treatments for a variety of seeds with physical or combinational dormancy. 

Albeit it is important to note that physical and physiological seed traits can vary 

substantially by species and population, as well as from year to year. Empirical 

evaluation of species remains necessary to objectively apply and scale up scarification 

techniques applicable to the diverse array of wild species with physical dormancy that 

are required in restoration.  
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Table 3.2. Seed mass increase and permeability percentages (mean± se) following 48 h of incubation on moist substrate. Mass increase was calculated 
using the following formula: Mass Increase (%) = [(Wi - Wd) / Wd] × 100, where Wi and Wd equal the mass of imbibed and dry seed, respectively. The 
proportion of permeable seeds (% permeability) was calculated on the basis of the number of seeds within each replicate that increased in volume after 48 
h of imbibition. Within each treatment, stated mean values are based on three replicates of 25 seeds per species. Means across all treatments within each 
technique are also reported. 

Technique  
Treatment  

Astragalus filipes Dalea ornata Lupinus arbustus     Sphaeralcea munroana 
Mass 
Increase Permeability 

Mass 
Increase Permeability 

Mass 
Increase Permeability 

Mass 
Increase Permeability 

(%) (%) (%) (%) (%) (%) (%) (%) 
Control  Control 15(3) 15(2) 28(4) 11(1) 45(3) 43(5) 9(2) 19(1) 

Wet Heat 
 

90°C (5 s) 5(2) 5(2) 47(3) 33(10) 37(4) 55(6) 11(3) 89(5) 
90°C (30 s) 8(1) 7(2) 36(4) 15(4) 30(2) 52(7) 8(1) 90(5) 
90°C (120 s) 10(6) 13(8) 20(10) 18(11) 37(3) 65(4) 9(1) 94(3) 
90°C (300 s) 7(0) 8(4) 12(6) 28(7) 26(10) 73(6) 11(3) 90(4) 

 Mean 8(2) 8(2) 29(5) 24(4) 33(3) 61(3) 10(1) 91(2) 

Freeze + 
Wet Heat 

-20°C (2 h) + 90°C (5 s) 9(1) 13(7) 31(4) 29(12) 30(2) 49(3) 6(1) 6(3) 
-20°C (2 h) + 90°C (30 s) 10(2) 12(7) 30(5) 18(5) 34(2) 64(4) 9(1) 3(2) 
-80°C (2 h) + 90°C (5 s) 12(8) 19(8) 37(2) 20(4) 27(3) 48(8) 6(1) 0(0) 
-80°C (2 h) + 90°C (30 s) 14(3) 17(0) 30(5) 21(3) 27(1) 61(14) 8(3) 2(1) 
Mean 11(2) 15(3) 32(2) 22(3) 30(1) 56(4) 7(1) 3(1) 

Freeze-
Thaw Cycle 
 

-20°C (2 h) + 23°C (2 h) × 1 8(1) 28(25) 27(4) 13(2) 34(1) 25(2) 6(2) 0(0) 
-20°C (2 h) + 23°C (2 h) × 2 8(2) 10(3) 28(4) 9(1) 41(4) 35(4) 8(3) 2(1) 
-20°C (2 h) + 23°C (2 h) × 3 17(2) 17(2) 30(2) 13(2) 41(1) 36(3) 9(1) 6(1) 
-20°C (2 h) + 23°C (2 h) × 6 14(1) 13(2) 37(5) 14(3) 41(1) 39(1) 6(1) 3(0) 
-80°C (2 h) + 23°C (2 h) × 1 9(5) 10(9) 32(5) 17(4) 39(3) 33(5) 7(1) 0(0) 
-80°C (2 h) + 23°C (2 h) × 2 8(2) 3(3) 42(10) 20(9) 41(1) 38(1) 7(3) 3(2) 
-80°C (2 h) + 23°C (2 h) × 3 18(4) 11(2) 33(3) 18(5) 36(1) 30(2) 7(2) 6(1) 
-80°C (2 h) + 23°C (2 h) × 6 11(7) 10(7) 28(1) 22(7) 39(3) 36(3) 8(0) 3(2) 
Mean 12(1) 13(3) 32(2) 16(2) 39(1) 34(1) 7(1) 3(1) 

Pneumatic 
 

10 s 41(2) 49(3) 77(2) 100(0) 48(3) 54(6) 8(1) 13(5) 
20 s 33(1) 48(4) 77(2) 99(1) 58(0) 77(3) 9(2) 12(3) 
40 s 55(1) 83(4) 80(0) 100(0) 61(2) 92(1) 17(1) 21(3) 
80 s 50(3) 91(1) 76(2) 100(0) 64(1) 98(1) 45(2) 82(5) 
160 s 63(1) 97(2) 80(1) 99(1) 64(1) 100(0) 49(2) 88(1) 
Mean 48(3) 74(6) 78(1) 100(0) 59(2) 84(5) 26(5) 43(9) 

Manual 
Scarification 

Manual 57(1) 100(0) 75(2) 99(1) 66(0) 100(0) 51(1) 88(4) 
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Chapter 4 

 

Optimising Physiological Dormancy Break of Understudied Cold Desert 

Perennials to Improve Seed-based Restoration  

 

Abstract 

 

 In degraded drylands, post-disturbance native plant community re-establishment 

is almost exclusively conducted using seeds. These efforts commonly fail, in large part 

as a result of a limited understanding of seed dormancy and germination traits. In this 

paper, I characterise these traits for four herbaceous perennials (Asteraceae) that are 

widely distributed and highly desired in the restoration of ecologically imperiled 

drylands of North America. I assess baseline germination and the effects of chemical 

stimulants across a suite of temperatures and quantify the influence of (1) cold 

stratification, (2) dry after-ripening, and (3) dry cold storage on germination. 

 Three months of cold stratification achieved near-maximum dormancy 

alleviation for all species. Exposure to warmer temperatures following stratification 

increased germination further, reducing the required stratification length. Across all 

species, at least a third of seeds maintained at 3±2°C germinated, suggesting that in situ 

germination occurs in late winter or early spring. Changes in the thermal germination 

envelope were species-dependent, indicating different germination niches and strategies 

for population persistence. Dry after-ripening and cold storage improved germination, 

but responses were highly variable across species, temperature, and time. Chemical 

stimulants promoted germination in three species and may be an alternative to cold 

stratification or after-ripening. 
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Introduction  

 

Ecosystem degradation now impacts up to two-thirds of the world’s terrestrial 

surface (Gellie et al., 2018), making the loss of biodiversity and ecosystem function one 

of the most significant challenges of our time. Once degraded, autogenic recovery of 

these systems is unlikely due to stochastic environmental conditions, which are 

compounded by competition from invasive species, soil degradation, and continual 

disturbance processes (Bainbridge, 2012; D'Antonio and Vitousek, 1992; Reynolds et 

al., 2007). In dryland systems, failure of plant re-establishment leads to desertification, a 

largely irreversible process that results in significant losses in ecosystem and 

agricultural productivity, and impacts up to two billion people (Millennium Ecosystem 

Assessment, 2005; UNCCD, 2012). Thus, the restoration of these landscapes is 

considered to be a global priority (Aronson and Alexander, 2013). Accomplishing 

restoration at this scale relies on the use of vast quantities of native plant seeds, 

collected from intact wild systems or acquired from specialised producers (Broadhurst 

et al., 2015; Merritt and Dixon, 2011). However, despite significant financial, labor, and 

logistical investments, plant recruitment from seed is staggeringly low, with up to 95% 

plant establishment failure reported globally (James et al., 2011b; Merritt and Dixon, 

2011). One reason sown seeds do not establish is that they either fail to germinate, or 

germinate and emerge at a time that does not optimise survival under the restoration 

conditions (Boyd and James, 2013; Boyd and Lemos, 2013). While invasive species 

pressure, erosion, drought, and granivory can significantly limit seedling establishment 

from seeds, failure to consider seed dormancy and germination traits in restoration 

planning also contributes to establishment failure (Kildisheva et al., 2016). Thus, 

through building an understanding of these traits plant recruitment can be more 

effectively managed. 

Nearly 70% of angiosperms worldwide exhibit physiological seed dormancy, 

which is especially prevalent in moisture-limited environments (Baskin and Baskin, 

2014). Seeds with physiological dormancy contain embryos with a low growth 

potential, which must be exposed to specific environmental cues to germinate (Baskin 

and Baskin, 2014). A series of temperature, moisture, and various other external stimuli 

(e.g. smoke, light) are required to initiate germination (Baskin and Baskin, 2014; 

Bewley et al., 2013). Seed dormancy is a trait that optimises seedling survival by 

ensuring germination occurs during periods most favorable to plant growth (Baskin and 
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Baskin, 2014). For this reason, dormancy break is often elicited by environmental 

conditions that correspond to those preceding the growing season, but the exact 

requirements for germination are often species- and habitat-specific (Barga et al., 2017; 

Baskin and Baskin, 2014; Seglias et al., 2018). 

Seeds that are collected for restoration purposes are generally stored under 

conditions that aim to optimise viability by maintaining seeds in constant low 

temperature and moisture conditions (Erickson et al., 2016a; Martyn et al., 2009). 

Stored seeds are thus removed from the natural dormancy-alleviation cues present in the 

soil seed bank environment (Baskin and Baskin 2014) and may still be in a dormant 

state when required for restoration (Turner et al., 2013). 

In the context of restoration, especially in cases when large-scale disturbances 

(e.g. catastrophic wildfire, surface mining) have removed the majority of the extant 

native plant communities, rapid plant re-establishment is necessary to prevent further 

degradation. In such cases, seed-based restoration is the primary mode of plant 

community recovery. Seed dormancy presents a significant barrier to plant re-

establishment, especially when seeds are moved from storage conditions directly to the 

field and are unable to undergo natural dormancy-breaking cues in the short-term. Thus, 

a comprehensive understanding of the requirements for dormancy loss and germination 

of key native forb and shrub species can inform methods for dormancy alleviation. 

Eliminating dormancy (in a portion of or the entire seed batch) prior to sowing can 

ensure more predictable and uniform germination in seed production operations and 

restoration settings (Erickson et al., 2016a; Kildisheva et al., 2016), reducing the risks 

of the loss of dormant, non-germinable seeds to predation, erosion, or decay. 

Furthermore, this knowledge allows for restoration planning to better align sowing 

times with field conditions that maximise plant germination and establishment potential. 

In seeds of forbs and shrubs native to cold dryland environments, physiological 

dormancy is commonly released following exposure to cold stratification, which 

simulates winter and early spring conditions (Allen and Meyer, 1998; Baskin and 

Baskin, 2014; Forbis, 2010). Cold stratification occurs when seeds are fully imbibed 

and exposed to cold temperatures (0 to 10°C) for a few weeks to several months 

(Baskin and Baskin, 2014). For some species, the positive effect of stratification only 

becomes evident when seeds are subsequently exposed to warmer conditions for 

germination.  

The process of after-ripening can also promote the loss of physiological 

dormancy. After-ripening occurs in warm, dry conditions (i.e. 30-60% ambient RH, 20-
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40°C), reflective of late summer and early autumn (Allen and Meyer, 1990; Baskin and 

Baskin, 2014; Sun et al., 2009). Seeds commonly lose dormancy through this process 

progressively over many weeks, months, or years (Barga et al., 2017; Baskin and 

Baskin, 2014; Commander et al., 2009). 

 In addition to environmental conditions, exposure to chemical stimulants (e.g. 

gibberellic acid [GA3], and karrikinolide [KAR1]) can enhance germination of dormant 

seeds (De Mello et al., 2009; Lewandrowski et al., 2017). But the modes of action of 

different compounds, and seed sensitivity to them can vary with the depth of dormancy, 

which in turn is influenced by exposure to environmental stimuli (Commander et al., 

2009; Erickson et al., 2016a; Long et al., 2011). In addition to improving overall 

germination percentages, chemical stimulants can widen the thermal “envelope” 

suitable for germination, enabling greater recruitment in regions with high 

environmental stochasticity, like drylands (Lewandrowski et al., 2018). Taken together, 

exogenous application of these compounds can serve as a tool to better understand the 

mechanisms behind physiological dormancy loss and may be used to enhance seed 

germination in a restoration context. 

This study aimed to characterise the germination and dormancy requirements of 

perennial species from the Asteraceae family native to the Great Basin steppe 

ecosystem of the western United States – one of the most ecologically threatened 

ecosystems in North America (Davies et al., 2011). Asteraceae is the largest family of 

angiosperms globally and is particularly prolific in both the warm and cold deserts of 

the western US, including the Great Basin (Barbour and Christensen, 1993). To meet 

the aims of the study, I focused on four species with high restoration value but limited 

research on germination and dormancy traits. I first (1) assessed the baseline 

germination and the effects of chemical stimulants on germination of each species 

across a suite of temperatures. I then quantified the influence of various durations of (2) 

cold stratification, (3) dry after-ripening, and (4) dry cold storage on germination and 

posed the following research questions: 

1. How does the exogenous application of chemical stimulants (GA3 or KAR1) 

change the dormancy status of seeds across a thermal range?  

2. Does cold stratification and movement to warmer germination temperatures 

promote dormancy loss? Does exposure to warmer temperatures following 

stratification facilitate greater germination when compared to incubation at 

constant temperature regimes? 
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3. Does dry after-ripening promote dormancy loss and how does the germination 

response vary across time and incubation temperature?  

4. What are the effects of dry cold storage under standard seed bank conditions on 

germination and dormancy status over a period of 12 months?  

This work aims to provide a general understanding of key germination traits that are 

needed to effectively accomplish seed-based restoration of these important species. 

 

Materials and Methods 

 

Study Region and Species 

In the steppe ecosystem of the Great Basin, diurnal temperature fluctuations can 

be up to 20°C, while seasonal changes in minimum and maximum temperatures 

experienced can be in the order of 80°C (Wickens, 1998). Extensive topographic 

heterogeneity in this region also contributes to high variability in precipitation patterns. 

In shrub-dominated communities, precipitation ranges between 50-300 mm annually 

and occurs primarily between late autumn and spring (November to May), with a 

shorter period of increased precipitation in the southern portions of the Basin. The start 

of the growing season is determined by increases in ambient temperatures in early 

spring, generally from March to April, and ends with a decrease in moisture availability 

in the summer during July and August. Seed dispersal is species-dependent but occurs 

throughout the entire length of the growing season, beginning as early as May (for some 

annuals) and lasting through December (for several shrub species) (Comstock et al., 

1992; Forbis et al., 2010; Kildisheva et al., 2018). Thus, the period between seed 

dispersal and typical germination dictates the sequence of environmental conditions 

seeds are exposed to in the field (Wickens, 1998).  

I selected four focal species from the Asteraceae family: Arnica mollis Hook, 

Crepis acuminata Nutt., Erigeron pumilus Nutt., and Chaenactis douglasii (Hook.) 

Hook. & Arn., all of which are widely distributed throughout the region and considered 

high priority for restoration (Dumroese et al., 2016; Pennington et al., 2016). Seeds 

were collected from wild stands in summer between June and July 2015 (Table 4.1). 

Following collection, seeds were cleaned and stored in airtight, plastic electrical 

enclosure boxes (239 × 160 × 89 mm, Hammond Manufacturing, Cheektowaga, NY) 

and suspended over a non-saturated solution of lithium chloride (LiCl) at 15°C / 15% 

RH (Hay et al., 2008). After three weeks, all seeds were vacuum-sealed in laminated 

foil bags, and maintained at -18°C until the beginning of the experiment in June 2016. 
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General Seed Germination Procedures 

All germination testing was carried out using four replicates of 25 seeds. Seeds 

were sterilised in 2% (w/v) calcium hypochlorite solution for 30 min and triple-rinsed 

with DI water, before being placed in Petri dishes and sealed with Parafilm (Parafilm®, 

Bemis Co. Inc., Neenah, WI). Petri dishes were incubated under diurnal light conditions 

(12 h day: 12 h night; unless otherwise stated). Germination was monitored weekly for 

28 d and considered complete when the radicle grew to at least one-third of the seed 

length. At the end of 28 d, I used a cut-test to assess seed viability within each sample 

and to calculate the viability-adjusted germination. 

 

 

Baseline Dormancy and the Influence of Chemical Stimulants (Experiment 1) 

To gauge initial seed dormancy status at the start of the experiment, I conducted 

a germination screening across three incubation regimes (15/5, 20/10, and 25/15°C). To 

understand the potential of chemical stimulants to improve germination species were 

also assigned a GA3 or KAR1 treatment, based on preliminary findings (Kildisheva et al., 

2018). Seeds were placed into 90 mm plastic Petri dishes containing H2O agar (0.7% 

w/v; hereafter “water agar”), agar + 1mM GA3 (A. mollis, C. acuminata, and C. 

douglasii), or agar + 1µM KAR1 (E. pumilus) and sealed to prevent moisture loss. KAR1 

was synthesised according to Flematti et al. (2005).  

 

Influence of Cold Stratification (Experiment 2) 

To test the influence of cold stratification duration on germination, seeds were 

placed in sealed Petri dishes on 0.7% (w/v) water agar and incubated at 3±2°C under 

low light. Four stratification length treatments were used to replicate potential 

restoration conditions: 1 and 2 mo (replicating conditions where seed is sown in early 

spring or late winter, respectively), 3 mo (replicating sowing in late autumn), and 6 mo 

(testing the potential of changes in germination with dormancy loss over an extended 

stratification period, indicative of multiple seasons in the soil seed bank). Following 

Table 4.1. Seed collection details for four forb species native to the Great Basin of the western United 
States. Plant growth duration (B-biennial and P-perennial) is defined according to USDA PLANTS 
database.  

Species 

Plant 
Growth 

Duration Collection Location 
Elevation 

(m) 

Sample 
Population 

Size 
Collection 

Date 
Arnica mollis P Harney County, OR 1,882 500 June, 2015 
Chaenactis douglasii B, P Washoe County, NV 1,746 1,000 July, 2015 
Crepis acuminata P Lassen County, CA  1,707 1,000-1,200 June, 2015 
Erigeron pumilus P Harney County, OR 1,403 9,000 July, 2015 
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stratification, seeds were moved to each of the three incubation temperatures (15/5, 

20/10, and 25/15°C), and scored for germination weekly for 28 d. To ensure that 

changes in germination were due to the stratification treatment followed by movement 

to warmer temperatures, and not simply time incubated in moist conditions at any 

temperature, a separate four replicates of 25 seeds per species (“Continuous Control”) 

were maintained at 3±2, 15/5, 20/10, or 25/15°C for the 6 mo. Germination within the 

Continuous Control treatments was assessed weekly for 28 d initially (at 0 mo) and 

subsequently in parallel with each of the experimental conditions (extractions at 1, 2, 3, 

and 6 mo). 

 

Influence of Dry After-ripening (Experiment 3) 

This experiment aimed to demonstrate the effects of dry after-ripening on 

physiological dormancy loss and changes in the germination parameters over time, 

replicating a range of dry after-ripening periods, which may occur in the field or as a 

result ex situ of storage conditions. Seeds subject to after-ripening were placed in 

airtight, plastic electrical enclosure boxes and suspended over a non-saturated solution 

of lithium chloride (LiCl) (Hay et al., 2008). The RH inside the boxes was 

approximately 50% and was monitored using a wireless temperature and humidity data 

loggers (Model EL-WiFi-TH; DATAQ Instruments, Inc., Akron, OH). The boxes were 

stored at 25/15°C (12 h:12 h), to approximately represent regional in situ seedbed 

conditions (Cline et al., 2018). For each species, four replicates of 25 seeds per 

treatment were retrieved from storage after 0, 1, 2, 3, 6, and 12 mo, placed onto Petri 

dishes containing 0.7% (w/v) water-agar, and incubated at one of three temperature 

regimes (15/5, 20/10, and 25/15°C).  

 

Influence of Dry Cold Storage (Experiment 4) 

To test the effects of dry cold storage, typical of seed bank conditions in 

restoration facilities and botanic gardens (Erickson et al., 2016a; Martyn et al., 2009), 

seeds were dried at 15% RH and maintained in vacuum-sealed, laminated foil bags at –

18°C. For each species, four replicates of 25 seeds were retrieved from storage after 0, 

1, 2, 3, 6, and 12 mo and germination was assessed in Petri dishes containing 0.7% 

(w/v) water-agar at each of three incubation regimes (15/5, 20/10, and 25/15°C).  
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Statistical Analysis 

For all experiments, I analysed the viability adjusted total germination values 

using generalised linear models (GLM) via the glm function in R (R Core Team 2012). 

Data were checked for normality and over-dispersion. Due to over-dispersion in the 

germination response of all species, a quasi-binomial distribution was used (family = 

quasibinomial). There were several instances where 0% or 100% germination within a 

treatment caused the GLM parameter estimate to approach infinity. To avoid this, in 

such cases, response values were offset by ±1% (Erickson et al., 2016b). This 

adjustment did not cause changes in significance levels between treatments but did 

make parameter estimates slightly more conservative.  

To assess baseline germination one year following collection and to gauge the 

impact of the exogenous application of chemical stimulants on seed germination 

(Experiment 1), I ran GLMs for each species, with incubation temperature, germination 

substrate, and incubation temperature × germination substrate as predictor variables.  

In the cold stratification experiment (Experiment 2), the variables of treatment 

and time were collapsed (treatment/time) to simplify interpretation and improve 

statistical power. The full GLMs included incubation temperature, treatment/time, and 

treatment/time × incubation temperature as predictors. Due to the difference between 

incubation conditions at 3±2°C compared to the other three incubation temperatures 

(i.e. constant vs. diurnal temperature and ambient vs. diurnal light conditions), I 

analysed this data separately, with incubation temperature as the single predictor 

included the GLMs. In the subsequent dry after-ripening and dry cold storage 

experiments (Experiments 3 and 4), I used incubation temperature, time, and incubation 

temperature × time as the predictors in each GLM to evaluate the differences in 

germination response. Because initial (0 mo) germination at 20/10°C was generally high 

across all species, I selected this treatment as the “baseline” to compare the change in 

germination response through time and across temperatures using Dunnett’s pair-wise 

comparison (Bender and Lange, 2001) via the ghlt function.  

 

Results 

 

Baseline Dormancy and the Effects of Chemical Stimulants (Experiment 1) 

At the start of the experiment, all four species were physiologically dormant, for 

which germination on water agar did not exceed 53% for C. acuminata and 27% for the 

other three species, even at the optimal incubation temperatures (Figure 4.1). For A. 
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mollis, C. acuminata, and E. pumilus incubation temperature and substrate influenced 

germination (Appendix C Tables S1); with a significant interaction between 

temperature and substrate among seeds of A. mollis (F(5,18) = 40.66, P < 0.001). The 

middle and high temperature regimes were the most favorable for germination of these 

three species. Seeds of A. mollis and C. acuminata germinated best at the 20/10°C; 

while E. pumilus germinated equivalently well at 20/10 and 25/15°C (Figure 4.1).  
 

 
Figure 4.1. Baseline germination percentages (Mean ± SE) for four herbaceous perennials 
native to the Great Basin. To test the influence of chemical stimulants (gibberellic acid 
[GA3] or karrikinolide [KAR1]) on germinations, seeds of A. mollis, C. acuminata, and C. 
douglasii were incubated for 28 d on water (H2O) agar (white bars) or agar + 1mM GA3 
(grey bars); while seeds of E. pumilus were incubated on water agar (white bars) or agar + 
1μM KAR1 (black bars). 

 

Exogenous exposure to GA3 improved the germination of A. mollis and C. 

acuminata (P < 0.001) relative to water agar, with an average of 25 and 77% higher 

germination across the three incubation temperatures, respectively. Temperature also 

affected germination in both species (P < 0.001), with at least 24% higher at 20/10°C 

compared to 15/5°C. KAR1 significantly improved (P < 0.05) germination of E. 

pumilus, with average germination across temperatures 10% higher among seeds 

exposed to KAR1 than water agar. For this species, germination was greater at warmer 

temperatures (20/10 and 25/15°C) regardless of incubation substrate (P < 0.001). This 

warmer temperature preference was more pronounced when seeds were exposed to 

KAR1 (P < 0.001). The seeds of C. douglasii were deeply dormant (with maximum 

germination below 4%), irrespective of substrate or temperature (P > 0.05).  
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Influence of Cold Stratification (Experiment 2) 

Cold stratification promoted dormancy loss in all species, but responses were 

species-specific and were influenced by treatment/time, incubation temperature, and 

their interaction (Figure 4.2, Appendix C Tables S2 and S2.1). Generally, when 

transferred to warmer incubation temperatures (Figure 4.2 A), a large proportion of 

seeds from all three species germinated to a high extent after 3 mo of stratification. 

Some Continuous Control treatments (i.e. 15/5°C [Figure 4.2 A] and 3±2°C [Figure 4.2 

B]), in which seeds remained at constant incubation regimes for the duration of the 

experiment, also promoted dormancy loss, albeit to a lesser extent. 

For seeds of A. mollis, germination was influenced by treatment/time, incubation 

temperature, and their interaction (F(26,81) = 28.48, P < 0.001). Cold stratification promoted 

dormancy loss across all three incubation temperatures (15/5 to 25/15°C; P < 0.001) and 

germination percentage increased with stratification duration (P < 0.001; Figure 4.2 A; 

Appendix C Table S5). For this species, dormancy loss first occurred at 20/10°C after 1 

mo of cold stratification, with seeds exhibiting 44% higher (P = 0.003) germination 

relative to the baseline (0 mo at 20/10°C). At the other two temperatures, a slightly 

longer stratification period was needed for germination to improve relative to the 

20/10°C baseline, with seeds requiring 2 mo at 15/5°C and 3 mo at 25/15°C to show 

significant improvements (P = 0.017 and P < 0.001, respectively). After 6 mo of 

stratification, germination at all three incubation temperatures was at least 97% (P ≤�

0.001). Modest dormancy loss also occurred among seeds in the 3±2°C Continuous 

Control treatment (P < 0.01), when seeds reached 12 and 17% germination following 3 

and 6 mo of incubation, respectively; a significant improvement relative to the baseline 

germination at this temperature (Figure 4.2 B).  

Germination of C. douglasii seeds was also influenced by treatment/time, 

incubation temperature, and their interaction (F(26,81) = 28.90, P < 0.001; Appendix C 

Table S2). In general, cold stratification followed by a transition to warmer 

temperatures and, to a lesser extent, continual exposure to 3±2 and 15/5°C (Continuous 

Control) promoted dormancy loss in this species (Figure 4.2 A-B). Germination 

improvements were evident after 2 mo of cold stratification (P ≤ 0.001) among seeds 

transitioned to warmer incubation temperatures (Appendix C Table S5). For the 

Continuous Control, dormancy loss occurred only at the lower temperature range (15/5 

and 3±2°C) and generally transpired more slowly. A 3-mo incubation at 15/5°C was 

required to improve germination (P = 0.001) relative to the baseline (0 mo at 20/10°C) 

when germination reached 44% (Figure 4.2 A). However, seeds did not continue to lose 
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dormancy with incubation time and germination remained at 45% after 6 mo. When 

seeds were maintained at 3±2°C, germination of C. douglasii began to improve after 1 

mo (P ≤ 0.001) relative to the initial (0 mo) germination at this temperature and 

continued to increase over time, eventually reaching 71% after 6 mo of exposure 

(Figure 2 B). 

Stratification treatment/time, incubation temperature, and their interaction 

significantly affected germination in C. acuminata (F(26,81) = 35.59, P < 0.001; Appendix C 

Table S2). At 20/10°C baseline (at 0 mo) germination reached 50%. Dormancy loss was 

first observed after 2 mo of stratification across all three incubation temperatures (P < 

0.05); with seeds exhibiting maximum observed germination after 3 mo of stratification 

(Appendix C Table S5). Germination among seeds in the Continuous Control treatments 

was influenced by incubation temperature (Figure 4.2 A-B). For seeds incubated at 

continuous 15/5°C, germination was below the 20/10°C baseline (0 mo) after the first 

month of incubation (P < 0.05) and improved thereafter, albeit not significantly (P > 

0.05). The initial germination of seeds in the 20/10°C Continuous Control treatment was 

high (50%), but did not change with incubation time (P > 0.05). While germination of 

seeds incubated at continuous 25/15°C remained significantly below (P ≤ 0.001) the 

20/10°C baseline even after 6 mo. When seeds were continuously exposed to 3±2°C, 

germination improved after 1 mo relative to the baseline (0 mo) at the same temperature 

(P < 0.001), and reached near complete germination following 6 mo of exposure 

(Appendix C Table S5). 

Similar to the other three species, all model predictors influenced seed 

germination response in E. pumilus (F(26,81) = 23.84, P < 0.001; Appendix C Table S2). 

Stratification followed by movement to warmer temperatures promoted dormancy loss 

in all cases, but the magnitude of germination responses differed with time and 

temperature (Figure 4.2 A, Appendix C Table S2). Dormancy loss occurred first at 

20/10°C after 1 mo of stratification, when germination reached 49% (P = 0.028), but 

after 2 mo germination was 76% or greater when transferred to any of the three 

incubation temperatures (P < 0.001). Seeds in the Continuous Control treatments at 15/5 

and 3±2°C also lost dormancy (Figure 4.2 A-B). At 15/5°C, germination increased (P = 

0.018) to 51% after 3 mo and reached 73% after 6 mo (P < 0.001). At constant 3±2°C, 

germination improved after 1 mo (P = 0.018; relative to the 0 mo) reaching 32%, and 

continued to increase over time, with seeds germinating to 67% after 6 mo (P < 0.001). 
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Figure 4.2. Seed germination percentage estimates (Mean± SE) of A. mollis, C. douglasii, C. 
acuminata, and E. pumilus after 0, 1, 2, 3, or 6 mo of cold stratification (Stratification) or incubation 
at continuous temperatures (Continuous Control). Seeds subject to the “Stratification” treatment were 
stratified at 3±2°C for 0, 1, 2, 3, and 6 mo and moved to one of three incubation temperatures (15/5, 
20/10, or 25/15°C). Seeds in the Continuous Control treatment were maintained at constant 
temperature regimes ([Panel A] 15/5, 20/10 or 25/15°C or [Panel B] 3±2°C) for the duration of the 
study, but scored at the same intervals as seeds in the “Stratification” treatments. 
 
 
 

 

A 

B 
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Influence of Dry After-ripening (Experiment 3) 

Dry after-ripening influenced seed dormancy loss in A. mollis, C. acuminata, 

and E. pumilus, but not C. douglasii (Figure 4.3, Appendix C Table S3). In general, 

time, incubation temperature, and their interaction significantly influenced the 

germination response of A. mollis (F(17,54) = 19.89, P < 0.001) and C. acuminata (F(17,54) = 

20.38, P < 0.001), while time and temperature alone explained the variation in the 

germination response of E. pumilus (F(7,64) = 25.83, P < 0.001). After-ripening was not 

effective (F(17,54) = 0.69, P = 0.794) at alleviating dormancy in seeds of C. douglasii, with 

germination not exceeding 4% across all temperature regimes and treatment durations. 

The germination response of A. mollis seeds followed a similar pattern across all 

incubation temperatures, with maximum germination achieved following 6 mo of after-

ripening (Figure 4.3, Appendix C Table S6). Dormancy loss was first evident at 

20/10°C and 25/15°C after 2 mo of after-ripening (P < 0.05), while seeds incubated at 

15/5°C required 6 mo to promote significant germination improvements (P < 0.001). 

Germination of C. acuminata seeds differed among temperature regimes and 

was generally higher at 20/10°C (Figure 4.3, Appendix C Table S6). Seed germination 

at 15/5°C remained below the baseline (20/10°C at 0 mo) even after 6 mo of dry after-

ripening (P < 0.05). This was also the case for seeds at 25/15°C (P < 0.05), with the 

exception of the 3 mo measurement point (P = 0.466), when seed germination increased 

to 36%.  

Initial germination (0 mo) of E. pumilus was higher among the 20/10 and 

25/15°C, with germination patterns following nearly identical trajectories (Figure 4.3, 

Appendix C Table S6). To maintain consistency in treatment comparisons, I kept the 

baseline as the initial germination at 20/10°C. For seeds at 20/10 and 25/15°C, 

germination increased with after-ripening duration and eventually reached 66% 

following 12 mo, a significant improvement (P < 0.001) relative to the baseline. 

Conversely, germination at 15/5°C remained below that of the 20/10 °C baseline (P < 

0.01) through 6 mo of dry after-ripening, and did not exceed 26% even after 12 mo.  
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Figure 4.3. Estimates of final germination (Mean± SE) for seeds of A. mollis, C. douglasii, C. acuminata, 
and E. pumilus following 0, 1, 2, 3, 6, and 12 mo of dry after-ripening. Seeds exposed to after-ripening 
were placed in airtight, plastic electrical enclosure boxes and suspended over a solution of lithium 
chloride (LiCl) at 50% RH and 25/15°C. Following the after-ripening treatment, changes in germination 
response were assessed at one of three diurnal temperatures (15/5, 20/10, and 25/15°C). Final germination 
at the end of 28 d is reported.  
 
Influence of Dry Cold Storage (Experiment 4) 

Dry cold storage impacted the germination of A. mollis, C. acuminata, E. 

pumilus, but not C. douglasii (Figure 4.4, Appendix C Table S7). Time, incubation 

temperature, and their interaction influenced the germination of both A. mollis (F(17,54) = 

5.1, P < 0.001) and C. acuminata (F(17,54) = 12.3, P < 0.001); while for E. pumilus most of 

the variance in the germination response could be explained by treatment time and 

temperature alone (F(7,64) = 18.27, P < 0.001). For A. mollis, time in cold storage only 

significantly affected (P = 0.002) germination of seeds at 25/15°C, which had 25% 

higher germination after 12 mo in cold storage relative to the baseline (20/10°C at 0 mo; 

Appendix C Table S7). For seeds of C. douglasii, I saw no significant differences (P > 

0.05) in germination following all of the tested cold storage durations and seeds 

remained dormant, with germination below 5% across time and incubation 

temperatures. Baseline germination of C. acuminata was 53% and seeds maintained 

relatively high germination (38 to 68%) for the duration of the experiment at this 

temperature. Conversely, germination at 15/5 and 25/15°C remained below the baseline 

(P ≤ 0.01) and despite minor increases at 6 mo, did not exceed 45% through the end of 

the experiment. Cold storage promoted dormancy loss (P ≤ 0.001) among seeds of E. 
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pumilus incubated at 20/10 and 25/15°C relative to the baseline, with 27 and 29% 

higher germination after 12 mo, respectively. At 15/5°C, germination was significantly 

below the baseline (P ≤ 0.001) until the 12 mo measurement point, when it became 

equivalent to baseline germination. 
 

 
Figure 4.4. Estimates of final germination (Mean± SE) for seeds of A. mollis, C. douglasii, C. acuminata, 
and E. pumilus following dry cold storage in standard seed bank conditions. Seeds were maintained in 
vacuum-sealed, laminated foil bags at -18°C and retrieved at 0, 1, 2, 3, 6, and 12 mo intervals. Changes in 
germination response were assessed at one of three diurnal temperatures (15/5 20/10, and 25/15°C). Final 
germination at the end of 28 d is reported. 
 

Discussion 

 

At the start of the experiment, seeds of all four species were physiologically 

dormant. While, more than half of C. acuminata and more than a quarter of E. pumilus 

seeds germinated without treatment, their germination was constrained to a narrow 

range of temperatures, suggesting the presence of conditional dormancy (Baskin and 

Baskin 2014).  

Cold stratification led to the most complete dormancy loss across all species and 

confirmed the notion that seeds of many perennials native to the Great Basin lose 

dormancy over the course of winter (Barga et al., 2017). Three months of stratification 

generally promoted maximum germination across a portion (15/5 and 20/10°C for A. 
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mollis and 25/15°C for C. douglasii) or the entire range of the tested thermal incubation 

temperatures (C. acuminata and E. pumilus), suggesting initial differences in 

germination niches between species. 

The movement of seeds to warmer temperatures following stratification 

enhanced the extent of germination and shortened the stratification requirement for all 

species. This pattern of germination roughly reflects the changes in the reported 

hydrothermal seedbed conditions during early spring (March through April) in the Great 

Basin (Cline et al., 2018). However, the moderate degree of germination (32 to 39%) 

among seeds of C. douglasii, C. acuminata and E. pumilus maintained at 3±2°C after 

just one month suggests that the requirements for seed dormancy loss may be met 

before the end of winter and some germination may occur before the danger of frost has 

passed. Although germination at low temperatures may benefit seedling competitive 

ability (Leger and Baughman, 2015), high frost risk during this period can also cause 

mortality and may, at least in part, contribute to restoration failures in the Great Basin 

(Boyd and James, 2013; James et al., 2011a). This phenomenon may be especially 

pronounced in years with warm wet winters, the prevalence of which is projected to 

increase as a result of climate change (Boyte et al., 2016). Thus, to better guide 

restoration management, further work should focus on quantifying the timing of both 

germination and emergence in the context of plant survival under field conditions. 

The accumulation of hydrothermal stratification time over the course of multiple 

cold seasons (analogous to a 6 mo stratification treatment used in this study) can lead to 

a near-complete dormancy loss. In some species, this dormancy loss can widen the 

germination envelope, or expand the range of temperatures in which seeds are able to 

germinate, in part to ensure that germination occurs before the risk of viability loss 

outweighs the risk of post-germination mortality (Baskin and Baskin, 2014; 

Lewandrowski et al., 2017). Understanding the shifts in the thermal conditions suitable 

for germination as dormancy is lost and identifying the thermal region in which 

germination first becomes possible (Soltani et al., 2017) can reveal species-specific bet-

hedging strategies common among plants from highly stochastic environments like 

drylands (Barga et al., 2017; Simons, 2011). In this study, germination of C. douglasii 

and C. acuminata seeds incubated at continuous 3±2°C began to increase with time in 

these conditions; after 6 months most of the seeds had germinated and there was no 

additional benefit to germination from moving seeds to warmer temperatures (Figure 2). 

Thus, dormancy loss promoted a widening of the germination envelope into a lower 

temperature range, with seeds of these two species eventually germinating to a high 
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extent across the full range of thermal conditions examined. This response may be 

indicative of a bet-hedging strategy, where germination is initially more thermally 

restricted, but as seeds approach complete dormancy loss they are able to germinate 

earlier in subsequent growing seasons.  Conversely, germination of A. mollis and E. 

pumilus seeds remained thermally restricted at low temperatures even after 6 mo of 

stratification, with more than 80 and 30% seeds remaining dormant at 3±2°C, 

respectively. This suggests that a strong selection for spring germination persists if 

seeds do not germinate during the first growing season.  

However, like germination, the rate of dormancy loss is often influenced by the 

hydrothermal environment (e.g. the stratification temperature and water potential of the 

growing substrate) (Bradford, 2005). For all four species, I saw an increasing 

germination trend among seeds maintained at 15/5°C, which suggests that dormancy 

release can occur across a relatively wide range of temperatures, albeit at different rates. 

In situ, soil moisture and temperature conditions are dynamic, and can significantly 

modulate the speed with which biological process like dormancy loss, germination, and 

seedling emergence occur, making plant emergence less predictable (Bewley et al., 

2013; Bradford, 2005; Meyer et al., 2007). However, the growing availability of data 

describing seedbed conditions throughout the Great Basin (Cline et al., 2018; Rawlins et 

al., 2012a; Rawlins et al., 2012b) presents an opportunity to use hydrothermal time 

modeling (Bradford, 2002) to predict dormancy loss, germination, and emergence 

patterns under specific field conditions. To date, attempts to do this have been restricted 

to a narrow range of graminoid species (Meyer et al., 2007; Rawlins et al., 2012a). 

However, quantifying these processes for a wider array of plants can enable better 

restoration project planning and maximise plant re-establishment.  

Dry after-ripening caused moderate improvements in germination of A. mollis, 

C. acuminata, and E. pumilus, but the germination response across temperature and 

incubation time was highly variable. For example, I saw reduced germination of A. 

mollis at 3 mo, followed by an increase at 6 mo, and a return to lower germination at 12 

mo across all incubation temperatures. Such variability in the dormancy depth within a 

single seed population may spread the number of recruitment events within a growing 

season (Baskin and Baskin, 2014; Tseng et al., 2013) due to changes in seed sensitivity 

to environmental stimuli through time (Gutterman and Gendler, 2007). Thus, the timing 

of germination for A. mollis and, to a lesser extent, C. acuminata and E. pumilus is 

likely correlated to the corresponding soil moisture dynamics during the autumn and 

spring periods. For these species, a proportion of seeds is likely to germinate in autumn 
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if moisture is sufficient, or delay germination until late winter or early spring when 

moisture availability increases with melting snowpack or rainfall (Lu et al., 2016; 

Zhang et al., 2007). In many species, seed sensitivity to environmental stimuli such as 

periods of stratification or fire cues may further modulate germination across time 

(Long et al., 2011; Long et al., 2010). Given that seeds experience a wide range of 

conditions in situ, future investigations of these dynamics are warranted. 

Although I did not directly test the comparison between the effect of dry after-

ripening and cold stratification, A. mollis was the only species for which after-ripening 

achieved analogous dormancy release to stratification, with germination ranging 

between 84 and 97% after 6 mo, compared with 97 to 99% achieved by cold 

stratification for the same duration. Multiple modes of dormancy loss demonstrate a bet-

hedging strategy and may reflect the ability of seeds to germinate in both autumn and 

winter/early spring (Barga et al., 2017; Baskin and Baskin, 2014).  

Some dormancy loss also occurred in seeds of A. mollis, C. acuminata, and E. 

pumilus, but not C. douglasii with time in dry cold storage. Similar to dry after-

ripening, germination responses were highly variable across time and temperature, and 

any increases in germination capacity occurred slowly. Twelve months of dry cold 

storage was required for A. mollis and E. pumilus seeds to exceed baseline germination, 

while seeds of C. acuminata exhibited the most variability in the germination response 

over time in dry cold storage. Clearly, dormancy loss can occur to a varying extent 

between species across a wide range of conditions, even when seeds are stored in an 

environment with low relative humidity and temperature. Thus, storage conditions may 

play an important role in seed germination behavior with a consequence for restoration 

being a decreased predictability of germination response after seeds have been in 

storage for several years. Although dry cold storage can substantially slow dormancy 

loss (Probert, 2000), examples of continued after-ripening at low temperatures have 

been observed, including among Asteraceae (Schonbeck and Egley, 1980), but I am not 

aware of any reports of dormancy loss at -18°C. The rate of dormancy loss in cold 

storage may depend on the initial exposure to warm dry conditions (Cohn and Hughes, 

1981). In this study, seeds were stored at 15% RH and 15°C for several weeks 

following collection, during which time some physiological changes may have occurred 

prior to cold storage. Because seed storage is a critical component of germplasm 

conservation and restoration programs, the influence of storage conditions and duration 

on both seed dormancy and viability should be examined for key regional flora. 
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Finally, GA3 promoted germination in seeds of A. mollis, C. acuminata, but not 

C. douglasii. For these two species, germination following exogenous GA3 was 

equivalent to 2 mo of cold stratification across all temperatures. KAR1 improved 

germination of E. pumilus, albeit to a lesser extent than stratification. Thus, chemical 

stimulants may be a potential alternative to cold stratification capable of improving the 

predictability of seed germination timing, when applied as pre-sowing treatment 

techniques. Additionally, the temperatures at which chemical stimulants produced the 

most pronounced germination responses were reflective of those at which germination 

first increases as dormancy is lost, meaning these stimulants may serve as a rapid 

screening tool to identify germination niches for species with physiologically dormant 

seeds.  Further studies should evaluate whether sowing stimulant-treated seeds in early 

spring (e.g. potentially through aerial application to avoid site access limitations) can 

promote improved restoration outcomes.  

This work establishes a baseline for a species-level understanding of seed 

germination traits, however, because the specific length of stratification and dry after-

ripening required to relieve physiological dormancy are subject to intra-specific and 

inter-annual variation (Barga et al., 2017; Baskin and Baskin, 2014; Seglias et al. 2018) 

deepening the understanding of the degree to which these traits vary is necessary to 

develop more prescriptive restoration recommendations. Finally, it is yet unclear 

whether greater seed germination of stimulant-treated or stratified seeds will ensure 

higher plant recruitment under field conditions; thus additional research to address this 

question constitutes the next critical step on this research trajectory.    

 

Conclusions 

 

Taken together these findings indicate that although cold stratification during the 

cool portion of the year is the primary driver of dormancy loss in these species, seeds 

can also lose dormancy through other modes. Changes in the thermal germination 

envelope over time were species-dependent, indicating different intra- and inter-annual 

strategies for increased survival and variances in germination niches between species. In 

regions with high environmental stochasticity, like drylands, different means of 

ensuring some germination across a range of potential establishment windows may be a 

means of bet-hedging. In situ, the speed of dormancy loss and changes in germination 

are strongly correlated to the corresponding soil moisture dynamics. Quantifying the 

influence of the hydrothermal seedbed conditions on seed physiology is the next step in 
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developing a comprehensive understanding of early life stage traits among plant species 

important for restoration. Finally, the exogenous application of chemical growth 

stimulants may be a potential alternative to cold stratification or after-ripening in cases 

where restoration must be accomplished in an expedited time frame and when 

predictable germination is particularly important. Ultimately, given the increased risk of 

frost-induced mortality following early germination, future studies should evaluate 

whether sowing stimulant-treated seeds in spring in lieu of over-winter stratification can 

promote improved recruitment of herbaceous perennials. 
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Chapter 5 

 

Can Dormancy and Seed Enhancement Treatments Improve Seedling 

Establishment in a Highly-degraded Hot Desert Ecosystem?  

 

Abstract 

 

 Nearly a half of the world’s terrestrial ecosystems occur in drylands, yet almost a 

quarter of these systems are considered degraded. The restoration of these ecosystems is 

now a recognised global priority, but these efforts commonly fail due to limited plant 

recruitment from seed, particularly during seed germination and seedling emergence 

phases of plant development. However, seed pre-sowing techniques may be a means of 

promoting plant establishment in degraded landscapes. The goal of this study was to 

determine whether dormancy alleviation (removal of floral appendages) coupled with 

seed enhancement (KAR1 priming and seed coating) would increase seedling recruitment 

of an Australian endemic keystone species (Triodia pungens). 

 Seed dormancy and low soil moisture limited seedling recruitment. Cleaning 

seeds improved germination by up to 6% between 0 to -1.5 MPa, while uncleaned seeds 

(florets) failed to germinate above 1%. Combining seed cleaning with priming in KAR1 

solution, achieved an additional 61% increase in germination compared to untreated 

seeds. Seed coating reduced emergence by less than 3%, but priming seeds prior to 

coating diminished the negative effects of coating and in some cases improved seedling 

growth under sub- and supra-optimal moisture conditions. Removing key restrictions to 

plant recruitment through dormancy alleviation and seed enhancement prior to sowing 

can enable higher germination and emergence in moisture-limited conditions. Treatment 

combinations such as the ones tested here, therefore, appear to offer new seed handling 

solutions that may contribute to the successful restoration of biodiverse plant 

communities in highly degraded dryland environments. 
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Introduction 

 

Drylands account for 41% of the world’s terrestrial ecosystems, nearly a quarter 

of which are degraded (Millennium Ecosystem Assessment 2005). Limited and 

unpredictable quantities of precipitation combined with extreme temperatures severely 

constrain the autogenic recovery of these ecosystems (Bainbridge 2012; Reynolds et al. 

2007). Failure of plants to re-establish in degraded systems contributes to 

desertification, a largely irreversible process, that causes significant losses in ecosystem 

and agricultural productivity that impacts nearly two billion people (Millennium 

Ecosystem Assessment 2005; UNCCD 2012). The restoration of these landscapes is 

now a recognised global priority (Aronson and Alexander 2013; Brauch and Spring 

2009; Cao et al. 2011; McDonald and Williams 2009; Suding et al. 2015; UNCCD 

2012). Globally, the majority of restoration efforts rely on direct seeding (Erickson et al. 

2016a; Erickson et al. 2017; Kildisheva et al. 2016; Merritt and Dixon 2011). However, 

despite significant financial and labor investments (Cao et al. 2011; Copeland et al. 

2018; Merritt and Dixon 2011), plant recruitment failure often exceeds 90% (Chambers 

2000; James et al. 2011; Larson et al. 2015; Lewandrowski et al. 2017; Wagner et al. 

2011).  

Plant recruitment is particularly constrained during the germination and 

emergence phases of plant development (Harper 1977; James et al. 2011; Larson et al. 

2015), particularly in drylands, where limited moisture and extreme temperatures are 

additional stressors (Bainbridge 2012). Once seeds have committed to germination, the 

process cannot be stopped without loss of viability. As a result, germination is tightly 

controlled through mechanisms that signal the persistence of suitable growing 

conditions (Barga et al. 2017; Finch-Savage and Footitt 2012; Finch-Savage and 

Leubner-Metzger 2006). To enhance the chances of plant survival over the short- and 

long-term (Baskin and Baskin 2014; Bewley et al. 2013; Finch-Savage and Leubner-

Metzger 2006), more than 85% of dryland plants produce seeds that are dormant 

(Baskin and Baskin 2014). Thus, in these species, dormancy is a major factor affecting 

the first phase of their life cycle (Harper and White 1974; Larson et al. 2015).  

The most prolific of the five dormancy classes is physiological dormancy. Seeds 

with physiological dormancy are found in more than 80% of species worldwide (Baskin 

and Baskin 2014), including many grasses, which account for a large portion (up to 

60%) of the dominant native vegetation across drylands (Christenhusz and Byng 2016; 
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White et al. 2000). In these species, seed dormancy loss may occur only following seed 

exposure to a specific set of environmental conditions, typical of those experienced in 

their native habitat. These generally include changes in temperature and moisture 

through the processes of dry after-ripening, stratification, or the combination of both 

(Baskin and Baskin 2014; Commander et al. 2009a). Additionally, because fire plays a 

key role in maintaining ecosystem structure and function in many dryland systems, 

exposure to smoke can also stimulate recruitment from the seed bank for many species 

(Bogusiak et al. 1990; Keeley and Fotheringham 2000). 

For seeds in the soil seed bank, the process of dormancy loss often occurs over 

several months, or years (Erickson et al. 2016c; Turner et al. 2009). Seeds with 

physiological dormancy commonly display variation in dormancy depth, both within 

and between populations, and germinate non-uniformly during growing seasons (Baskin 

and Baskin 2014). These factors can pose a challenge in the context of restoration, 

where rapid plant re-establishment requires that seed germination potential is 

maximised at the time of sowing (Commander et al. 2009a; Erickson et al. 2017). 

However, seeds are collected and stored in conditions that facilitate viability retention, 

not dormancy loss (Merritt et al. 2004).  

Pre-sowing techniques that can expedite dormancy loss and facilitate 

germination present an opportunity to improve plant recruitment (Erickson et al. 2017; 

Kildisheva et al. 2018; Kildisheva et al. 2016). In grass species, some of these 

techniques include the exogenous application of a smoke-derived compound (KAR1), 

which can promote germination in a range of species from fire-prone environments 

(Commander et al. 2009b; Erickson et al. 2016b; Long et al. 2011), or the removal of 

the seed covering structures (i.e. lemma and palea) (Guzzomi et al. 2016; 

Lewandrowski et al. 2018; Lewandrowski et al. 2017; Stevens et al. 2015).  

However, even when dormancy has been lost, seed germination and seedling 

emergence still remain tightly controlled by the hydrothermal edaphic conditions of the 

restoration site (Alvarado and Bradford 2002; Bradford 2002). More specifically, 

germination occurs only when the base water potential of the seed, or the minimum 

water potential required to initiate germination, exceeds the water potential of the soil 

(Bradford 1995; Bradford 2002). Non-dormant seeds have lower (more negative) base 

water potentials and are thus capable of germinating under a wider range of soil 

moisture conditions than the more dormant seeds within a population (Bradford 1995). 

The timing, amount, and duration of moisture availability are critical to determining the 

likelihood of plant survival and persistence (Chesson et al. 2004; Schwinning and Sala 
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2004; Schwinning et al. 2004). In drylands, multiple consecutive rain events may be 

necessary to sustain the soil water at levels needed for seeds to imbibe sufficient 

moisture to reach their base water potential (Lewandrowski et al. 2017). Thus, the 

sporadic nature of precipitation characteristic of dryland systems can reduce the 

quantity and timing of plant recruitment. 

Expanding the capacity of seeds and seedlings to take advantage of available 

precipitation more quickly can facilitate faster root development and in turn, support the 

acquisition of soil moisture needed to promote survival under increasingly arid 

conditions (Lloret et al. 1999; Padilla and Pugnaire 2007). This can be accomplished by 

the use of pre-sowing seed enhancements, such as priming or coating (Erickson et al. 

2017; Hardegree and Van Vactor 2000; Madsen et al. 2016; Madsen et al. 2014; 

Madsen et al. 2012a; Madsen and Petersen 2010; Turner et al. 2006).  

Priming is a process of controlled seed imbibition, which initiates metabolic 

activity, lowers the base water potential for germination, promotes embryo growth, and 

increases germination speed and uniformity amongst the population (Bradford 1995; 

Paparella et al. 2015). Priming has proven effective in increasing germination across 

numerous species, including several wild land plants (Erickson et al. 2017; Toselli 

2007; Toselli and Casenave 2005), although research on wild species remains limited 

(Pedrini et al. 2017), and the techniques are most commonly applied in horticultural 

settings to treat non-dormant seeds of vegetables, flowers, and crops (Paparella et al. 

2015). Priming can be achieved through imbibing seeds in water, osmotic solutions, or 

matric media (Paparella et al. 2015). Additionally, the use of beneficial chemical 

compounds (e.g. gibberellins and karrikins; Erickson et al. 2017; Kildisheva et al. 2011) 

in the priming solution may further facilitate improvements to germination capacity for 

dormant seeds of wild species, including promoting higher and more rapid germination 

across a wide range of hydrothermal conditions (Erickson et al. 2016b; Lewandrowski 

2016).  

Polymer seed coating is another prevalent seed enhancement technique, whereby 

various artificial or natural binder and filler materials are added to the exterior of the 

seed. This technique can be used to deliver stimulatory or protective compounds, 

physically protect the seed from damage, and enhance the ease of large-scale and 

mechanised deployment into the landscape by homogenising seed sizes and shapes 

(Madsen et al. 2016; Madsen et al. 2012a; Madsen et al. 2012b; Turner et al. 2006). 

However, the efficacy of seed coating in the context of dryland restoration remains 

unclear, with evidence of positive, negative, or neutral effects – likely modulated by 
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other factors such as edaphic conditions as well as variable seed types and germination 

strategies (Erickson et al. 2017; Gesch et al. 2012; Kavak and Eser 2009; Turner et al. 

2006).  

The goal of this study was to determine whether dormancy alleviation and seed 

enhancement treatments applied prior to sowing could facilitate plant recruitment in 

moisture-limited conditions. Specifically, I tested whether removal of floral appendages 

coupled with seed enhancement KAR1 priming and seed coating would increase the total 

fraction of seeds that transition through germination and emergence – reducing losses 

that are typically incurred during these phases of the plant life cycle. To answer these 

questions, I focused on a keystone grass species (Triodia pungens R.Br.) native to the 

Pilbara Bioregion of Western Australia, a dryland ecosystem undergoing landscape-

scale restoration following mining (Erickson et al. 2016c). 

I first examined the seed germination phase to quantify the individual and 

combined effects of (1) seed cleaning (i.e. floret removal), (2) KAR1 hydropriming 

(hereafter “priming”), and (3) coating on germination across aridity water potential 

gradient. I then focused on the seedling emergence phase, to determine whether seed 

treatments could promote earlier emergence under realistic soil and rainfall scenarios. I 

hypothesised that the removal of floral appendages combined with priming would 

promote dormancy loss, facilitate emergence, and enable seedling development, while 

coating would constrain emergence, especially under limited soil moisture. The results 

of this study enhance the mechanistic understanding of how dormancy, germination, 

and emergence thresholds can be modified to increase plant recruitment during the most 

critical phases of plant development in dryland systems. 

 
Materials and Methods 
 

Focal System 

The climate in the Pilbara Bioregion is characterised as semi-arid, with the mean 

annual precipitation between 250 and 400 mm (Sudmeyer 2016). The growing season 

(between December and March) is delimited by increased precipitation and a rise in 

mean daily temperatures, which often exceed 40°C (Charles et al. 2013; Sudmeyer 

2016). Precipitation occurs as a result of cyclone or convective storm activity (BoM 

2017). Event size is determined by the origin of precipitation. Cyclone events are larger 

(e.g. 24–96 mm), generally cover a wider area and result in a higher number of 

consecutive rainfall days, as compared to the convective storm events that produce 
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small, less frequent moisture deposition (< 5 mm distributed over more than 10 d; Dare 

et al. 2012; Lavender and Abbs 2013).  

 
Seed Materials and Treatments 

Floret material containing seeds of Triodia pungens were collected (from 

Marillana Station, 22° 38.106’ S 119° 24.312’ E) in March 2017 and shipped to Kings 

Park and Botanic Garden (Perth, Western Australia), where experiments were carried 

out from April to July 2017. Seeds were separated from the florets by rubbing against a 

ribbed rubber mat to facilitate the gentle separation and aspirated (“Zig Zag” Selecta, 

Machinefabriek BV, Enkhuizen, Netherlands) to isolate seeds from the inert material. 

Seed fill of four replicates of 25 seeds was examined using X-ray analysis (Faxitron 

MX-20 X-ray cabinet, Tucson, AZ, USA). Seed fill was deemed synonymous with 

viability. Priming was administered using a custom-built priming unit comprising six 

individual cylinders (2.5 litres in volume), each connected to an air pump (Hailea Air 

Pump, IPX4, Guang Dong, China; flow rate ca. 3-4 L min-1) to promote aeration during 

priming (Appendix D, Figure S1). For priming, seeds were divided into ten batches (ca. 

18 g each) and heat-sealed inside nylon mesh (1μm) bags, with ample room to allow for 

free seed movement, imbibition and aeration. Bags were placed inside two cylinders of 

the priming unit filled with a 1 μM KAR1 solution. The entire priming unit was placed 

inside a growth chamber set to 25°C and a 12 h day: 12 h night regime. Seeds were 

primed for 10 h. Following treatment, seeds were removed and placed in a controlled 

environment room (15°C and 15 – 20 % RH) to dry for 48 h. 

Seed coating was applied following a slightly modified methodology from that 

outlined in Madsen et al. (2012b) and Madsen and Petersen (2010). The recipe 

procedure required a batch volume of ca. 250 mL, thus seeds of T. pungens were mixed 

with commercially acquired Medicago lupulina L. seeds (1:2, v:v). Seeds were coated 

using a RP14DB rotostat seed coater (BraceWorks Automation and Electric, 

Lloydminster, Canada). The coating consisted of an 8% polymer base (Selvol™ 

Polyvinyl Alcohol, 205, Sekisui Specialty Chemicals America, LLC, Dallas, TX, USA) 

and calcium carbonate binder (Omya OMYACARB® 5, Omya Australia Pty Limited, 

Lindfield NSW, Australia). I conducted two coating runs, one with primed seeds (as 

described above), and one with untreated seeds (i.e. not primed). Seed batches were 

dried immediately following coating on stacked sieves mounted on a base attached to a 

paint stripper unit set to high flow and coolest heat setting for 12 min until fully dry 

(coating was firm and dry to the touch). Once dried, I obtained the T. pungens coated 
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seed fraction by sieve separation between 850 (for fine powder fragments) and 2000 µm 

(for separating M. lupulina). On a dry weight basis, coated seeds had 57±3% higher 

mass relative to uncoated seeds. Coated seeds were stored inside the controlled 

environment room until the start of the study. To confirm that each of the retrieved 

coated units comprised a seed, five replicates of 55 coated seeds (for each batch) were 

randomly selected and dissected to ensure the presence of a seed inside.  

 

Experiment 1: Identifying the Effects of Dormancy and Seed Enhancement Treatments 

on Germination Across a Moisture Gradient  

To understand the potential to improve germination of T. pungens seeds through 

the use of dormancy alleviation and seed enhancement, I compared germination of 

intact florets with cleaned seeds (florets removed), primed seeds, coated seeds, and 

primed + coated seeds across a range of osmotic potentials (0, -0.25, -0.5, -0.75, -1.0, to 

-1.5 MPa). The experiment followed a factorial structure with five seed treatments × six 

MPa × six replicates of 20 seeds. 

Polyethylene glycol (PEG-8000, Merck KGaA, Darmstadt, Germany) was used 

to prepare five concentrations of osmotic solutions following the methodology outlined 

in Michel (1983), which accounted for the incubation temperature. Seeds were plated on 

90 mm Petri dishes containing two filter papers hydrated with 18 mL of PEG solution at 

the appropriate concentration, or deionised water (0 MPa). Dishes were sealed for the 

entire duration of the 14-day trial to maintain original moisture levels and incubated at 

30°C (12 h light: 12 h dark) regime. Germination was monitored daily and considered 

complete when radicle emergence exceeded one-third of the seed coat length. Final seed 

viability was assessed using a cut-test at the end of the trial and used to calculate 

viability-adjusted germination values, using a modified Sweedman (2006) equation 

(Kildisheva et al. 2018). 

 

Experiment 2: Identifying the Effects of Dormancy and Seed Enhancement Treatments 

on Emergence and Seedling Development in Response to Simulated Rainfall Regimes 

To understand the potential of seed dormancy alleviation and enhancement 

techniques to improve seedling recruitment of T. pungens, I monitored seedling 

emergence from a mine-waste substrate (growth media) across a range of simulated 

precipitation conditions. The experiment followed a randomised complete block design, 

with four seed treatments × three irrigation regimes × three harvest dates × six blocks 

(Appendix D, Table S1). Seeds were separated from florets and subject to (1) priming, 
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(2) coating, (3) priming + coating, or (4) remained untreated. Seed treatments followed 

the same methodology described earlier. Un-cleaned seeds (florets) were excluded from 

the study due to low (≤1%) germination detected in Experiment 1.  

Growth media was composed of a 1:1 blend (v:v) of topsoil (TS) and mining 

overburden waste substrate (WS) collected from mine sites near Newman in north-west 

Western Australia and delivered to Kings Park Science facilities where they were stored 

in 200 L drums until the beginning of the experiment. TS was retrieved from stockpiled 

material that was collected from the top 10-20 cm of the soil profile during mine 

construction in June 2016, while WS was obtained in December-February 2016 from 

the waste substrate from active mining operations. Both materials were sieved to a 5 

mm fraction and thoroughly mixed. I chose to use the combination of topsoil and 

overburden because of its incumbent use in post-mining restoration in the Pilbara 

(Muñoz-Rojas et al. 2016a; Muñoz-Rojas et al. 2016b). Soil properties including pH, 

EC, organic C, total N, and bulk density of the media blend were analysed previously 

and are available as ‘TW50: 50’ (see Table 2 in Muñoz-Rojas et al. 2016b). 

I used 0.55 L (70 × 70 × 160 mm) containers (T70 SSUD, Garden City Plastics, 

Forrestfield, WA, Australia) lined with wire mesh and weed fabric to prevent media 

loss. Containers were filled with equivalent amounts of the growth media (by volume), 

ensuring equal compaction between containers. On April 21st, 2017, I sowed 55 seeds 

per container to maximise the likelihood of achieving emergence of at least one seedling 

per container (based on figures derived from the preliminary germinations trial above). 

Containers were allocated to six bench tops within a climate-controlled room, with each 

bench top treated as a block. The conditions in the climate-controlled room were set to a 

diurnal (12 h night [dark]: 12 h day [light]) regime, with mean daytime temperature of 

40±0.4°C and nighttime temperatures of 28±0.4°C. Light was delivered via light-

emitting diodes (LEDs) with mean photosynthetic photon flux density of 496±5 μmol 

m−2s−1.  

I randomly assigned containers to three destructive harvest dates, which 

corresponded to important phenological benchmarks, including seedling establishment 

phase (Harvest 1; 21 d since sowing [capturing peak emergence]), the active growth 

phase (Harvest 2; 50 d since sowing), and the end of growing season (Harvest 3; 85 d 

since sowing). At each harvest, all living seedlings assigned to that sampling point were 

harvested (maximum n = 288). 

To test the effect of precipitation amount on seedling establishment, I instituted 

three pulse treatments: Low (12 mm), Medium (24 mm), and High (48 mm), which 
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correspond to the 25th, 50th and 75th percentile daily rain event sizes that occur during the 

growing season in the Pilbara (BoM 2017; Lewandrowski 2016). Pulse events were 

administered twice over 7 d, to replicate natural conditions (Table 5.1). Thereafter, 

containers were transitioned to one of three “maintenance” irrigation regimes for the 

duration of the study. The maintenance regime constituted of 12 mm applied twice- 

(High) or once-weekly (Medium) or 6 mm applied once weekly (Low). Water was 

applied using a 60 mL syringe and infiltration occurred readily, facilitated by the soil 

texture and low soil hydrophobicity. Eighteen randomly positioned containers were 

designated to monitor soil temperature and moisture conditions throughout the duration 

of the study using ECHO EC-5 moisture sensors (Decagon Devices, Inc.) and HOBO 

data loggers (Onset Computer Corporation, Massachusetts, USA).  
 

Table 5.1. Simulated rainfall events used in the study, where treatment refers to the relative amount of 
water received. Pulse regimes were administered twice within the first seven days of the study, at which 
point a maintenance regime was instituted, in which irrigation was applied once- or twice-weekly for 
the remainder of the study. Pulse regimes were based on data from long-term precipitation records from 
the Newman Airport, Newman, WA, Australia (BoM, 2017). The high rainfall treatment served as a 
control and maintained growth media near field capacity.  The total study duration was 84 d. 

Treatment Pulse Regime   

Volume (mL) 
Container-1  

Week-1 
Maintenance 

Regime   

 Volume (mL) 
Container-1 Week-

1 
High 2 × 48 mm 480 2 × 12 mm 120 

Medium  2 × 24 mm 240 1 × 12 mm 60 
Low  2 × 12 mm 120 1 × 6 mm 30 

 

Seedling Emergence  

I monitored emergence daily, for the first two weeks, and then weekly until the 

end of the experiment on July 13th. To track individual seedlings, I used colored 

toothpicks that denoted the emergence date of each seedling. On May 9th, seedlings were 

thinned to one individual per container, retaining the oldest individual whenever 

possible. Thereafter all newly emerged seedlings were recorded and thinned (in all 

containers with more than one seedling).  

 

Morphological Traits of Seedlings 

At each harvest, seedlings were removed from their containers and root tissue 

was carefully washed over fine mesh to separate it from growth media, ensuring fine 

roots were kept intact. I used a flatbed scanner (WinRHIZO, Regent Instruments, Sainte 

Foy, Canada) to record: leaf, stem, root area (LA, SA, RA) and length (LL, SL, RL). 

Leaf number was also recorded as an indirect measure of seedling phenology. Above 

and below ground tissues were oven dried at 75°C for 3 d and their mass recorded using 
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a five-point balance. These data were used to further estimate total biomass, root to 

shoot ratio (R:S), specific leaf area (SLA), leaf mass ratio (LMR), leaf area ratio (LAR), 

net assimilation rate (NAR), and relative growth rate (RGR). Trait measurements 

followed guidelines and definitions outlined in Barrett et al. (2017) and Cornelissen et 

al. (2003). 

 

Statistical Analysis 

All analyses were performed in R (version 3.4.1) with α = 0.05 (R Core Team 

2012). For Experiment 1, viability adjusted germination values were analysed using 

generalised linear models (GLM) via the glm function with a binomial distribution. I 

conducted two analyses. First, I tested the effect of seed cleaning (un-cleaned seed 

[florets] vs. cleaned seed), osmotic potential of the substrate (six levels), and their 

interaction on germination. Because germination of florets was near zero (1±1%), I used 

a separate analysis to test the effects of seed treatments (four levels; all treatments other 

than un-cleaned seed), osmotic potential (six levels), and their interaction. Seed 

treatments were specified as the main effects of coating (yes, no) and priming (yes, no) 

and their interaction. Significant effects with more than two levels were followed by 

post-hoc pairwise comparisons (Tukey’s HSD) via the emmeans function. 

For Experiment 2, I analysed cumulative emergence and seedling morphology. 

Cumulative emergence was tallied after 7 and 14 d to capture the variation in treatment 

differences over time (i.e. at the mid-way point and the end of the rapid emergence 

phase). Each date was analysed separately using GLMs (with binomial distribution) to 

test the effect of seed treatment (four levels), irrigation (three levels), and their 

interaction. Block (six levels) was included in all models but was not interpreted. Seed 

treatments were specified in the same way as for Experiment 1 (coating, priming, and 

their interaction), and similar post-hoc comparisons were made where warranted.  

Seedling morphology was expressed by performing principal components 

analysis (PCA) on seedling age and 23 morphological seedling traits (Appendix D, 

Table S2). A separate PCA was conducted for each harvest date. PCA was used because 

of its ability to reduce correlated variables to a smaller number of uncorrelated principal 

components that can then be analysed separately (Aschard et al. 2014; Summerville et 

al. 2006). I used the scores of the principal components as response variables to test the 

same explanatory variables as were employed in the analysis of emergence, but used 

ANOVA instead of GLM. 
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Results 

 

Experiment 1: Identifying the Effects of Dormancy and Seed Enhancement Treatments 

on Germination Across a Moisture Gradient  

Removing floral appendages improved seed germination across all water 

potentials (P = 0.0091) when compared to seeds retained within the florets, which failed 

to germinate above 1% across all conditions (P = 0.5019; Appendix D, Table S3). 

Priming (P < 0.001), coating (P = 0.0406), and the osmotic potential of the substrate (P 

< 0.001) all influenced germination (Figure 5.1). The effect of priming was mediated by 

the osmotic potential, evidenced by a significant interaction between the two terms (P = 

0.0035).  

At maximum moisture availability (0 MPa), germination of seeds that were 

primed and primed + coated was 61 and 37% greater (P < 0.001), respectively, than that 

of untreated seeds (7%; Figure 5.1). Germination across all seed treatments declined 

with decreasing osmotic potentials, but remained significantly higher (P < 0.05 ) among 

primed and primed + coated seeds at -0.25 and -0.5 MPa, compared to treatments that 

didn’t include priming. At -0.75 MPa, primed + coated seeds germinated to 10%; 

approximately a 2- and an 8-fold increase in germination compared to untreated and 

coated seeds (P = 0.0211 and P = 0.045, respectively). Seed treatment did not have a 

significant impact (P > 0.05 ) on germination at or below water potentials of -1 MPa. 

 

Experiment 2: Identifying the Effects of Dormancy and Seed Enhancement Treatments 

on Emergence and Seedling Development in Response to Simulated Rainfall Regimes 

 

Seedling Emergence 

For all seed treatments, rapid emergence occurred within the first 14 d following 

sowing, with the start and degree of emergence dictated by seed treatment and irrigation 

regime (Figure 5.2 A & B). Mid-way through the rapid emergence phase (7 d following 

sowing), block, coating, priming, irrigation, coating × priming, and coating × irrigation 

explained differences in emergence (Appendix D, Table S4). Across all seed treatments, 

emergence was highest in the medium irrigation regime (P < 0.0001), followed by the 

high and low irrigation regimes (Figure 5.2 A). At the medium and high irrigation 

regimes, priming resulted in the greatest mean emergence of 13 and 6%, respectively; 

while coating slightly diminished the effects of priming (mean emergence reduced by 
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4% and 2%, respectively) at these regimes. Coating did not influence emergence under 

low irrigation (P > 0.05). 
 

 
Figure 5.1. Mean (± SE) germination percentage of untreated S - seeds, SC - coated seeds, SP - KAR1 

primed seeds, and SPC - KAR1 primed + coated seeds of Triodia pungens, 14 d following sowing 
incubated across a range of substrate osmotic potentials (MPa): -1.5, -1.0, -0.75, -0.5, -0.25, and 0. For 
clarity, germination results for seeds retained within the florets are not shown due to low germination (≤ 
1±1%) achieved across all conditions. Triangles represent all treatments that included coating; circles 
represent all treatments that did not. Blue circles represent treatments that included priming, while orange 
represent those that did not. The thin horizontal bar inside each box plot is the median of the data. The 
thick horizontal bar in each column (sometimes outside of the box) is the predicted mean based on the 
model. Different letters represent significant differences (α ≤ 0.05). 
 

At the end of the rapid emergence phase (14 d following sowing), block, 

coating, priming, irrigation, coating × priming, coating × irrigation, and priming × 

irrigation explained differences in emergence (Appendix D, Table S4). Emergence 

remained highest under the medium irrigation regime (P	 < 0.0001) across all seed 

treatments, but did not differ between the low and high regimes (P = 0.1802; Figure 5.2 

B). Priming led to the highest emergence, which reached 17 and 9% at the medium and 

high irrigation regimes, respectively. At these regimes, coating reduced the emergence 

of both primed and unprimed seeds by up to 3% (P < 0.0001), but seeds that received 

the priming treatment still germinated to a significantly greater extent (P < 0.0001) than 

untreated seeds. At the low irrigation regimes, I saw no differences in emergence (P > 

0.05) between coated and primed seeds.  

 

 

 

 

a a ab b a a b b a a b b a a c b 
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Figure 5.2. Mean (± SE) emergence of Triodia pungens seedlings at seven (A) and (B) 14 d following 
sowing in response to four seed treatments: S - cleaned untreated seeds, SP - KAR1 primed seeds, SC - 
coated seeds, SPC - KAR1 primed + coated seeds, grown at one of three (Low, Medium, and High) 
irrigation regimes. Triangles represent all treatments that included coating; circles represent all treatments 
that did not. Blue circles represent treatments that included priming, while orange represent those that did 
not. The thin horizontal bar inside each box plot is the median of the data. The thick horizontal bar in 
each column (sometimes outside of the box) is the predicted mean based on the model. Different letters 
represent significant differences (α ≤ 0.05); absence of letters indicates no differences across or within 
treatments. 
 

Morphological Traits of Seedlings 

Independent PCAs were run for each of the three harvest intervals. In general, 

two principal component axes (PC) were able to explain 69% of the total variance after 

Harvest 1, 76% after Harvest 2, and 79% after Harvest 3. As described below, these PCs 

relate to plant size and to biomass partitioning. 

I interpreted PC 1 as an indicator of seedling size, three traits (shoot mass, total 

mass, and relative growth rate [RGR]) loaded most heavily (90th percentile of all values 

within each harvest) on this axis. All loadings were negative, indicating a unidirectional 
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relationship between traits. Larger seedlings corresponded to more negative values on 

PC 1. At the first harvest date, priming and irrigation regime explained the majority of 

the variance in seedling size (P < 0.0001; Figure 5.3, Table 5.2). Low irrigation 

produced seedlings that were smaller (P < 0.01), relative to those at the medium and 

high regimes, which were statistically indistinguishable from each other (P = 0.5659; 

Figure 5.3). At the medium irrigation regime, priming and priming + coating resulted in 

largest seedlings, relative to those that were untreated (P = 0.0037), while at low and 

high irrigation regimes only primed + coated seedlings were larger (P = 0.0173 and P = 

0.0072) than untreated and coated seeds. Seedlings originating from coated and 

untreated seeds did not differ in size across all irrigation regimes (P > 0.05). 

At the second harvest date, block, priming, coating, irrigation, coating ×�
priming, and priming ×�irrigation explained differences between treatment groups (P < 

0.05; Table 5.3). Seedling size increased in parallel to moisture availability, with 

observed differences between all three irrigation regimes (P < 0.05; Figure 5.3). 

Seedlings originating from primed and primed + coated seeds were larger, relative to 

untreated seeds at the medium (P = 0.0105 and P = 0.0023, respectively) and high 

irrigation regimes (P = 0.0001 and P < 0.0001, respectively), but only priming + coating 

improved seedling growth, relative to untreated seeds (P = 0.0395) at the low irrigation 

regime (Figure 5.3). Within all three irrigation treatments, seedlings originating from 

coated seeds did not differ in size from untreated seeds (P > 0.05), but were smaller 

than seedlings in the primed and primed + coated treatments (P < 0.05).  

At the third harvest date, priming, irrigation, coating ×�priming, priming ×�
irrigation, and coating ×�priming ×�irrigation explained differences in seedling size (P 

< 0.01) (Table 5.4). Across all seed treatments, high irrigation increased seedling size 

(P < 0.001), relative to those in the medium and low irrigation regimes (Figure 5.3). At 

the high irrigation regime, primed + coated seeds produced significantly larger (P = 

0.0007) seedlings relative to untreated seeds, while coating alone limited seedling 

growth compared to all other treatments (P < 0.0001). 

PC 2 represented biomass partitioning between above- and below-ground 

tissues. Traits related to above-ground biomass (i.e. shoot, leaf, stem length and area, as 

well as leaf mass [LMR] and area [LAR] ratios) loaded negatively on this axis. 

Conversely, traits reflecting below-ground biomass (i.e. root length, area, and mass, root 

mass ratio [RMR], area and mass-based R:S) and plant growth efficiency [RGR]) 

ranked positively. Leaf mass and area ratios (LMR and LAR) ranked most negatively 

on this axis (10th percentile of all values within each harvest), while root mass ratios 
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(RMR and Mass R:S) had the greatest values (90th percentile of all values within each 

harvest). The values of individual traits on PC 2 changed across harvest dates 

(Appendix D, Table S5), but did not alter the interpretation of this axis through time. 

At the first harvest date, biomass partitioning did not differ across irrigation or 

seed treatments (P > 0.05; Table 5.2; Figure 5.4). However, by the second harvest, 

priming and irrigation explained differences in seedling biomass allocation (P < 0.0001; 

Table 5.3). In general, low and medium irrigation regimes promoted greater allocation 

to roots (P < 0.0001), evidenced by larger values on PC 2 (Figure 5.4). Within the 

medium irrigation regime, primed and primed + coated seeds produced seedlings with 

greater root biomass (P < 0.05) relative to seed treatments that did not include priming. 

By the third harvest, coating had a minor impact on biomass partitioning (P = 0.048), 

but pair-wise comparisons did not detect any differences between coated and uncoated 

seeds (P > 0.05).  

 

Discussion 

 

In this paper, I showed that dormancy alleviation and seed enhancement 

treatments, when applied prior to sowing, facilitated plant recruitment in moisture-

limited conditions. These findings are novel because they demonstrate a systematic 

approach to addressing key plant recruitment bottlenecks that occur between 

germination to establishment (James et al. 2011; Lewandrowski et al. 2017). 

Cleaning seeds improved germination by up to 6% across the full range of tested 

osmotic potentials (0 to -1.5 MPa), while seeds retained within the florets (uncleaned) 

were exceptionally low (≤1%). This finding is consistent with previous reports, that the 

removal of seeds from the covering floret structures can significantly increase 

germination of Triodia species (Erickson et al. 2016c; Guzzomi et al. 2016) by reducing 

the depth of physiological dormancy and allowing seeds to germinate more easily under 

moisture limitations (Lewandrowski 2016; Lewandrowski et al. 2018).  

Fire cues, such as those delivered through exposure to KAR1, can further 

facilitate germination and emergence in myriad fire-adapted species (Commander et al. 

2009b; Erickson et al. 2016a; Long et al. 2011), including Triodia (Erickson et al. 

2016c; Lewandrowski et al. 2018). By combining seed cleaning with priming in KAR1 

solution, I achieved an increase in germination by up to 61% compared to untreated 

seeds (Figure 5.1). To the best of my knowledge, this is the first study that demonstrates 

the utility of KAR1 priming to promote recruitment of wild species from seed. 
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Even after dormancy is lost, site hydrology can dictate the proportion of seeds 

that transition from germination to emergence (Merritt and Dixon 2014). In 

northwestern Australia, cyclone events (e.g. 24–96 mm) currently account for the 

majority of the monthly precipitation and occur as a series of pulses (e.g. several events 

in a week) (Charles et al. 2013; Dare et al. 2012). In this system, the frequency and 

amount of rainfall are closely linked to the likelihood of plant recruitment. For example, 

four median size pulse events (24 mm) within a week were needed to elicit in situ 

emergence of cleaned T. epactia and T. wiseana seeds (Lewandrowski et al. 2017). 

Given the variation in precipitation and the predicted decline of the size and frequency 

of precipitation events across northwestern Australia due to climate change (Charles et 

al. 2013; Lavender and Abbs 2013), the ability of seeds and seedlings to establish and 

survive in more restricted moisture conditions is paramount. Furthermore, the need to 

restore native plants on novel substrates (composed of original topsoil mixed with 

mining waste, such as that tested in this study) presents additional challenges due to the 

reduced nutrient and water holding capacity of these substrates relative to un-disturbed 

soils (Benigno et al. 2013; Muñoz-Rojas et al. 2016a; Muñoz-Rojas et al. 2016b). Given 

the high evapotranspiration typical of drylands, the reduction in soil water holding 

capacity may further limit plant re-establishment (Erickson et al. 2017; Machado et al. 

2013; Muñoz-Rojas et al. 2016b). 

In this study, priming expanded the hydrological germination envelope of T. 

pungens seeds by promoting an 18-fold increase in germination under moderately dry 

conditions (e.g. -0.5 MPa), relative to unprimed seeds. Across all seed treatments 

emergence was highest among seeds that received two simulated median cyclone pulse 

events (2 × 24 mm) within the first week after sowing and were supplemented by one 

small (12 mm) event the following week (Figure 5.2 A & B). Under these conditions, 

priming was particularly beneficial and led to a 9-fold increase in emergence relative to 

untreated seeds. These findings correspond to those reported by Lewandrowski et al. 

(2017), who found that for T. epactia and T. wiseana seed germination only occurred 

following multiple (i.e. 2-4) pulse events that deposited 48 and 96 mm water within a 2-

week period, suggesting that consecutive precipitation events are still necessary to 

initiate establishment of most Triodia species. However, within the context of this 

study, I saw a 7-fold increase in emergence of T. pungens in treatments that received a 

total of 30 mm as a series of three small event over the course of 14 d (‘low irrigation’, 

Table 1), suggesting that combining seed cleaning with KAR1 priming can increase 

recruitment under limited moisture conditions.  
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Plant survival depends on the seedling’s ability to germinate, emerge, and 

become coupled with site hydrology to provide enough moisture to meet 

evapotranspirational demands with the onset of seasonal drought (Atwater et al. 2015; 

Grossnickle 2005). Priming contributed to more vigorous early seedling growth 

compared to untreated seeds, while coating was only additionally beneficial in some 

sub- and supra-optimal soil moisture conditions (Tables 5.2 – 5.4; Figure 5.3). This 

suggests that combining the two techniques could further facilitate seedling 

performance on a restoration site and warrants additional investigation in field 

conditions. 

A seedling’s ability to become coupled with site hydrology is directly related to rapid 

root establishment and growth (Atwater et al. 2015; León et al. 2011), which may 

facilitate survival under arid and semi-arid conditions. In this study, mid-way through 

the growing season, seedlings responded to the onset of moisture limitations by 

producing more roots (Figure 5.4). Biomass allocation to roots was particularly 

prevalent among the primed seed treatments in the medium irrigation regime, which 

reflects realistic growing season conditions in the Pilbara. Taken together, these 

findings are consistent with those reported for a number agricultural species (Brassica 

rapa ssp. pekinensis, Medicago sativa, and Helianthus annuus), for which hydro-

priming increased the total biomass, as well as root length, and vigor under drought 

stress (Kaya et al. 2006; Yan 2015; Zhang et al. 2007). The positive effects of priming 

on seedling performance may be due to the activation of protective enzymes (to prevent 

oxidative damage) and the accumulation of osmo-protectants (to promote efficient water 

uptake) as soil moisture becomes limited (Farhad et al. 2011; Farooq et al. 2009; 

Posmyk et al. 2009; Yan 2015).  

 Although the germination and emergence phases within this study were monitored 

as part of two separate experiments, seed losses during these two phases still appear to 

significantly limit plant establishment. Priming promoted the highest germination (up to 

67%) and emergence (up to 17%) across the full spectrum of the tested moisture 

conditions, and represented a 4-fold decline in the proportion of germinants that were 

able to transition into a seedling. This represents a larger proportional loss than reported 

by Lewandrowski et al. (2017), who saw a 25% decline between germination and 

emergence of cleaned T. epactia and T. wiseana seeds in the Pilbara growing 

conditions, but is well-below that reported for non-dormant grass species native to cold 

deserts of North America (James et al. 2011; 2012). These findings correspond to 

reports citing ≥ 80% seedling losses during the first year of establishment following 
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drought (Chambers 2000; James et al. 2011; Pyke 1990). Once established, plants may 

be more resilient to adverse environmental conditions (Chambers 2000; Huber-

Sannwald and Pyke 2005; Meyer and Pendleton 2005). Thus, longer-term studies are 

needed to evaluate whether increasing the proportion of seeds that make it through the 

germination and emergence phases (prompted by dormancy alleviation and seed 

enhancement) will promote plant recruitment or just shifts the mortality window further 

down the plant life cycle.  
 

 
Figure 5.3. Results of pair-wise comparisons of Triodia pungens seedlings in response to four seed 
treatments: S - seeds, SP - KAR1 primed seeds, SC - coated seeds, SPC - KAR1 primed + coated seeds, 
grown at one of three (Low, Medium, and High) irrigation regimes. Responses are the scores on PC 1, 
which relates to plant size (Appendix D, Figure S2.1-2.3). More negative values signify larger seedlings. 
Each panel denotes one of three harvest dates: 21 d (Harvest 1), 50 d (Harvest 2), and 84 d after sowing 
(Harvest 3). The individual priming and coating parameters are further designated. Triangles represent all 
treatments that included coating; circles represent all treatments that did not. Blue circles represent 
treatments that included priming, while orange represent those that did not. The thin horizontal bar inside 
each box plot is the median of the data. The thick horizontal bar in each column (sometimes outside of the 
box) is the predicted mean based on the model. Different letters represent significant differences (α ≤ 
0.05); absence of letters indicates no differences across or within treatments. 
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Figure 5.4. Results of pair-wise comparisons of T. pungens seedlings in response to four seed treatments: 
S - seeds, SP - KAR1 primed seeds, SC - coated seeds, SPC - KAR1 primed + coated seeds, grown at one 
of three (Low, Medium, and High) irrigation regimes. Responses are the scores on PC 2, which relates to 
biomass partitioning above- and below-ground (Appendix D, Figure S2.1-2.3). Positive values indicate 
higher allocation below-ground, while negative values signify higher allocation to above-ground biomass. 
Each panel denotes one of three harvest dates: 21 d (Harvest 1), 50 d (Harvest 2), and 84 d after sowing 
(Harvest 3). Triangles represent all treatments that included coating; circles represent all treatments that 
did not. Blue circles represent treatments that included priming, while orange represent those that did not. 
The thin horizontal bar inside each box plot is the median of the data. The thick horizontal bar in each 
column (sometimes outside of the box) is the predicted mean based on the model. Different letters 
represent significant differences (α ≤ 0.05); absence of letters indicates no differences across or within 
treatments. 
  

 Furthermore, in highly dynamic environments where the risk of mortality events 

is high (e.g. late frost, extreme drought), it may be valuable to promote additional bet-

hedging by sowing seeds with a different proportions of treated and dormant seeds. This 

would allow for some retention of seeds in the soil seed bank, and enhance the chances 

of recruitment in the first year following sowing. Davies et al. (2018) demonstrate how 

this approach may be crucial to greater plant establishment across years with variable 
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precipitation. However, a more thorough investigation of this approach using various 

seed enhancement technologies, across years, and site conditions is needed. 

 Seed coatings can serve as a protective seed structure, be used to deliver beneficial 

compounds directly to the microsite, and may ease large-scale seed deployment 

(Madsen et al. 2016; Madsen et al. 2012a; Madsen et al. 2012b; Turner et al. 2006). 

These findings suggest seed coating may have neutral or negative effects on 

recruitment, an effect that is primarily driven by moisture availability. For example, 

coating alone had a neutral influence on seed germination, but a slightly negative (≤�
3%, at the medium and high irrigation) impact on seedling emergence and development 

(at the high irrigation). Polymer seed coating has been reported to slow germination 

and/or emergence in several crop (Allium cepa and Glycine max) and wild species 

(Nemcia capitata, Regelia ciliate, and Melaleuca scabra), especially under limiting 

growing conditions (Gesch et al. 2012; Kavak and Eser 2009; Turner et al. 2006). 

However, the initial delay in emergence of coated seeds does not guarantee lower 

recruitment. For example, Turner et al. (2006) suggest that even when germination was 

initially delayed as a result of the coating treatment, once dormancy has been alleviated, 

polymer seed coating promoted the establishment of 10 Banksia woodland species from 

the semi-arid southwestern Australia. 

 The initial delay in germination of coated seeds may be caused by slower water 

uptake and the imposition of a mechanical barrier, which inhibit radicle protrusion 

during the germination process. This is similar to the effects of increasing the base 

water potential of a seed, which would slow the germination and emergence process. 

My results support this line of reasoning. Specifically, by combining seed cleaning with 

KAR1 priming I reduced seed base water potential to enabled germination under more 

limiting soil moisture conditions, an effect that overcame the limitations imposed by 

coating, and may have promoted additional seedling growth under sub- and supra-

optimal moisture.  

 In the context of these findings, the improved ease of seed handling combined 

with enhanced seedling growth suggests that coating may be a useful technique 

especially when combined with priming. Additionally, although limited, evidence 

suggests that seed coating has been effectively used as a means of administering seed 

protection (Davies et al. 2017; Pearson et al. 2018), nutrients, cyanobacteria, 

mycorrhizae (Muñoz-Rojas et al. 2018; Oliveira et al. 2016; Rocha et al. 2018; Scott et 

al. 1985), and compounds that buffer against environmental stresses (Guan et al. 2015; 

Madsen et al. 2012a; Madsen and Petersen 2010). Given the range of biotic and abiotic 
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factors that limit plant recruitment in drylands, future lines of inquiry should assess how 

different coating formulations can be used to address species-, substrate-, and climate-

specific limitations across a range of restoration conditions.  

 

Conclusions 

 

Dormancy alleviation is imperative to ensure the greatest potential for seed-

based establishment among dormant floras. Cleaning the floret-enclosed seeds and 

applying KAR1 priming promoted the highest germination (up to 67%) and emergence 

(up to 17%) and enabled rapid growth under arid conditions. Coating alone had a slight 

inhibitory effect seedling emergence, but combining KAR1 priming and coating 

promoted seedling growth under some sub- and supra-optimal moisture conditions. 

Thus, pre-sowing seed enhancement techniques can improve plant performance by 

enabling a greater propensity for seedlings to access diminishing resources. However, 

seedling losses between the germination and emergence phases still posed a major 

limitation to plant recruitment. Future long-term field studies are needed to determine 

whether increasing germination and emergence through seed enhancement technologies 

equates to greater plant establishment and survival beyond one growing season. 
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Table 5.2. Results of analysis of variance (ANOVA) assessing the response of Triodia pungens to a suite of seed treatment (priming, coating, and 
priming + coating) and irrigation regimes (Low, Medium, High) seedlings harvested 21 d following sowing (Harvest 1). Principal component axis one 
(PC 1) and two (PC 2) were calculated from seedling age and 23 morphological traits and served as two separate response variables, representing 
seedling size (PC 1) and resource partitioning between above- and below ground-biomass (PC 2). Individual factors contributions to the final model and 
their interactions are show.  
  D.F. Sum Sq. Mean Sq. F value Pr(>F)   

PC 1: Seedling Size 
Block 5 76.1 15.22 1.977 0.085 

 

Coating 1 15.1 15.06 1.956 0.164 
 

Priming 1 259.2 259.15 33.665 < 0.0001 *** 
Irrigation 2 319.3 159.64 20.738 < 0.0001 *** 
Coating × Priming 1 15.9 15.9 2.066 0.153 

 

Coating × Irrigation 2 21.6 10.8 1.403 0.249 
 

Priming × Irrigation 2 31.8 15.91 2.066 0.130 
 

Coating × Priming × Irrigation 2 6.1 3.05 0.396 0.674 
 

Residuals 164 1262.5 7.7 
   

PC 2: Biomass Partitioning 
Block 5 66.0 13.19 3.048 0.012 * 
Coating 1 6.8 6.801 1.572 0.212 

 

Priming 1 15.6 15.595 3.604 0.059 . 
Irrigation 2 17.4 8.717 2.015 0.137 

 

Coating × Priming 1 11.0 11.034 2.55 0.112 
 

Coating × Irrigation 2 8.6 4.282 0.99 0.374 
 

Priming × Irrigation 2 8.4 4.187 0.968 0.382 
 

Coating × Priming × Irrigation 2 5.6 2.808 0.649 0.524 
 

Residuals 164 709.6 4.327       
P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table 5.3.  Results of analysis of variance (ANOVA) assessing the response of Triodia pungens to a suite of seed treatment (priming, coating, and priming + coating) and irrigation 
regimes (Low, Medium, High) seedlings harvested 50 d following sowing (Harvest 2). Principal component axis one (PC 1) and two (PC 2) were calculated from seedling age and 23 
morphological traits and served as two separate response variables, representing seedling size (PC 1) and resource partitioning between above- and below ground-biomass (PC 2). 
Individual factors contributions to the final model and their interactions are show. 
  D.F. Sum Sq. Mean Sq. F value Pr(>F)   
PC 1: Seedling Size 
Block 5 85.7 17.10 2.85 0.017 * 
Coating 1 32.4 32.40 5.37 0.022 * 
Priming 1 395.6 395.60 65.71 < 0.0001 *** 
Irrigation 2 570.5 285.30 47.38 < 0.0001 *** 
Coating × Priming 1 29.8 29.80 4.95 0.027 * 
Coating × Irrigation 2 12.5 6.20 1.04 0.357 

 

Priming × Irrigation 2 74.7 37.40 6.21 0.002 ** 
Coating × Priming × Irrigation 2 21.0 10.50 1.74 0.178 

 

Residuals 172 1035.5 6.00 
   

PC 2: Biomass Partitioning 
Block 5 44.2 8.83 2.24 0.053 . 
Coating 1 12.1 12.06 3.06 0.082 . 
Priming 1 53.6 53.61 13.59 < 0.0001 *** 
Irrigation 2 368.6 184.30 46.72 < 0.0001 *** 
Coating × Priming 1 0.4 0.44 0.11 0.738 

 

Coating × Irrigation 2 0.5 0.24 0.06 0.941 
 

Priming × Irrigation 2 17.3 8.65 2.19 0.115 
 

Coating × Priming × Irrigation 2 9.8 4.92 1.25 0.290 
 

Residuals 172 678.5 3.94 
  

  
P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table 5.4. Results of analysis of variance (ANOVA) assessing the response of Triodia pungens to a suite of seed treatment (priming, coating, and priming + coating) and irrigation 
regimes (Low, Medium, High) seedlings harvested 84 d following sowing (Harvest 3). Principal component axis one (PC 1) and two (PC 2) were calculated from seedling age and 23 
morphological traits and served as two separate response variables, representing seedling size (PC 1) and resource partitioning between above- and below ground-biomass (PC 2). 
Individual factors contributions to the final model and their interactions are show. 
  D.F. Sum Sq. Mean Sq. F value Pr(>F)   
PC 1: Seedling Size 
Block 5 12.5 2.50 0.46 0.802 

 

Coating 1 0.0 0.00 0.00 0.995 
 

Priming 1 120.0 120.00 22.29 < 0.0001 *** 
Irrigation 2 1346.5 673.30 125.07 < 0.0001 *** 
Coating × Priming 1 78.1 78.10 14.50 < 0.0001 *** 
Coating × Irrigation 2 2.2 1.10 0.21 0.813 

 

Priming × Irrigation 2 77.7 38.80 7.21 0.001 ** 
Coating × Priming × Irrigation 2 59.3 29.60 5.51 0.005 ** 
Residuals 153 823.6 5.4 

   

PC 2: Biomass Partitioning 
Block 5 20.5 4.10 0.97 0.4357 

 

Coating 1 17.4 17.41 4.14 0.0437 * 
Priming 1 1.9 1.93 0.46 0.4991 

 

Irrigation 2 25.4 12.72 3.02 0.0515 
 

Coating × Priming 1 0.1 0.14 0.03 0.855 
 

Coating × Irrigation 2 4.6 2.29 0.55 0.581 
 

Priming × Irrigation 2 5.9 2.96 0.70 0.4966 
 

Coating × Priming × Irrigation 2 0.5 0.25 0.06 0.9423 
 

Residuals 153 643.7 4.21       
P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Chapter 6 

 

General Discussion 

 

Critical Overview 

With nearly a quarter of global drylands classified as degraded, restoration is an 

endeavor that increasingly requires a focus at the landscape-scale. Such restoration 

efforts rely on direct seeding as a means of re-establishing native plant communities 

(Erickson et al., 2016a; Erickson et al., 2017; Kildisheva et al., 2016; Merritt and 

Dixon, 2011). However, despite significant financial and labor investments in seeding 

enterprises (Cao et al., 2011; Copeland et al., 2018; Merritt and Dixon, 2011), plant 

recruitment typically accounts for less than 5% of the seeds sown (Chambers, 2000; 

James et al., 2011b; Larson et al., 2015; Lewandrowski et al., 2017; Wagner et al., 

2011). In dryland systems, plant re-establishment is particularly constrained during the 

germination and emergence phases of plant development (Harper, 1977; James et al., 

2011b; Larson et al., 2015). The failure of viable seeds to germinate is often a result of 

seed dormancy, which is prevalent in more than 85% of dryland floras (Baskin and 

Baskin, 2014). Thus, dormancy and germination are components of the plant life cycle 

that play a critical role in determining restoration outcomes (Harper and White, 1974; 

Larson et al., 2015).  

This thesis builds a foundation for understanding the critical plant life stages of 

seed germination and seedling emergence across diverse taxa, geographies, and site 

conditions. Specifically, I focused on two geographically and climatically distinct 

deserts - the Great Basin (western United States) and the Pilbara (north-western 

Western Australia), both of which are undergoing degradation at a landscape-level (see 

Chapter 1). In both systems, seed-based approaches are used to promote plant 

community recovery, but the outcomes of these efforts are hindered by low plant 

recruitment. To systematically address specific knowledge gaps and barriers to plant re-

establishment in these systems, I employed a three-step framework, which used (1) a 

proven classification system to characterise seed dormancy status and germination 

behavior of key species (Baskin and Baskin, 2004). This informed the examination of 

specific (2) dormancy alleviation treatments and (3) seed enhancement technologies to 

optimise seedling establishment.  
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Dormancy Classification 

Prior to this work, little was known about the dormancy and germination traits 

of forb and shrub species native to the Great Basin Ecoregion of the western United 

States. Excessive historic livestock grazing and the introduction of non-native species as 

alternative food sources has led to the disturbance of this cold desert ecosystem, which 

is now the most threatened of the North American deserts (Holland et al., 2018; Svejcar 

et al., 2017). This degradation has resulted in the loss of habitat for myriad endemic 

species, with many now threatened (Connelly et al., 2011; Crawford et al., 2004). To 

mitigate this loss, efforts have shifted to include more forb and shrub species into 

restoration seeding mixes (Shaw et al., 2012; Shaw et al., 2005), because of the high 

ecological value they provide (Dumroese et al., 2016; Dumroese et al., 2015). However, 

to date, the recruitment of many native plants has been limited due, in part, to the 

inadequate knowledge surrounding seed dormancy and germination traits. Furthermore, 

unlike many grasses in this region, forbs and shrubs have historically received less 

research attention (see Chapter 1), despite producing seeds that have complex dormancy 

mechanisms (Forbis, 2010; Garvin and Meyer, 2003; Meyer, 1989; Meyer and Kitchen, 

1992; Scholten et al., 2009). To address these knoweledge gaps, I conducted the first 

systematic classification of seed dormancy across 26 key forb and shrub species used in 

restoration (see Chapter 2).  

The results confirm that seed dormancy is an important factor that governs the 

germination of non-graminoid flora of the Great Basin. Of the tested species, 81% 

produced dormant seeds and represented four of the five recognised dormancy classes 

(Baskin and Baskin, 2004). The largest proportion of species (61.5%) produced seeds 

that exhibited physiological dormancy, followed by physical (7.7%), combinational 

(7.7%), and morphophysiological (3.9%) dormancy. Physiological dormancy is the 

most common dormancy globally, thought to be present in nearly three-fourths of 

shrubs and herbaceous forbs native to cold deserts (Baskin and Baskin 2014); thus its 

prevalence in my assessment is not surprising. In these environments, physical 

dormancy is estimated to occur in 15-26% of forb and shrub species, a proportion 

slightly higher than that found in my study, while combinational dormancy is thought to 

be rare (Baskin and Baskin, 2014). Once seeds have been rendered permeable, the 

physiological component of dormancy in combinationally dormant seeds is assessed by 

the extent to which these seeds germinate across a wide range of environmental 

conditions (Baskin and Baskin, 2004). When germination is low, it can be difficult to 

distinguish between the presence of physiological dormancy, incomplete loss of 
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physical dormancy across the seed population, or a reduction in seed viability (induced 

by treatment with hot water or manual scarification). The identification of 

combinational dormancy thus requires careful completion of all of the steps of the 

dormancy classification (Bushman et al., 2015; Jones et al., 2016a; Page et al., 1966). 

As a result, it is possible that in previous reports, seeds with combinational dormancy 

have been mis-classified as physically dormant, causing inflation in the estimates of the 

occurrence of physical dormancy within the flora. Furthermore, the depth of 

physiological dormancy amongst seed populations may exhibit high intra-specific 

variation (Barga et al., 2017; Seglias et al., 2018), which may further complicate 

detection during germination testing.  

Morphophysiological dormancy was observed in seeds of Lomatium cous 

(Apiaceae), but may have also been present in seeds of Argemone munita 

(Papaveraceae). However, for A. munita, the analysis could not confirm the presence of 

morphological dormancy because of the high variation in embryo sizes between seeds, 

with the distribution of embryo size straddling the guideline used to distinguish between 

under-developed and fully developed embryos (underdeveloped 0.5 ≤ E:S ≥ 0.5 fully 

developed) (Baskin and Baskin, 2007; Erickson et al., 2016c; Martin, 1946). Seeds of 

several Argemone species are known to have underdeveloped embryos and be 

morphologically or morphophysiologically dormant (Karlsson et al., 2003; Koebele and 

Culliney, 1999; Lilleeng-Rosenberger, 2005). However, within this study, I observed no 

embryo growth or germination within 28 d of incubation of seeds, and thus only 

confirmed the presence of physiological dormancy, but could not exclude 

morphophysiological dormancy entirely. The variation in embryo size measured 

highlights the extensive heterogeneity that may be present within seed populations of 

wild plants and emphasises the need for prolonged monitoring of embryo growth and 

germination in the assessment of morphological and morphophysiological dormancy, 

both of which have more complex dormancy loss requirements. For example, for seeds 

of Argemone ochroleuca and A. mexicana, embryo growth was restricted to a few days 

immediately preceding germination, which did not occur until 52 weeks of after-

ripening (Karlsson et al., 2003). For another desert species, Lomatium dissectum that 

produces mophophysiologically dormant seeds, significant embryo growth occurred 

only at a narrow range of temperature and moisture conditions (3 to 6°C, -0.12 MPa) 

and required 12-14 weeks (Scholten et al., 2009). 

The results of my study confirm that dormancy is a predominant trait amongst 

key species used in restoration in the Great Basin, which bears important implications 
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for land managers and restoration practitioners. Identifying the kind of dormancy 

present can help predict whether seeds are likely to undergo dormancy loss within a 

management timeframe of a restoration project. For example, if sown at a time that 

corresponds to natural dispersal, seeds with non-deep or intermediate physiological 

dormancy (e.g. Crepis acuminata, Erigeron pumilus, Arnica mollis) can undergo partial 

or complete dormancy loss during winter and early spring (see Chapter 4). However, for 

others such as those with physical (e.g. Dalea ornata, Sphaeralcea munroana), 

combinational (e.g. Astragalus filipes, Lupinus arbustus), morphophysiological (e.g. 

Lomatium cous), or deep physiological dormancy (e.g. Castilleja pilosa, Chaenactis 

douglasii, Cleome lutea, Phacelia hastata, Argemone munita; see Chapter 2), the loss of 

dormancy under natural conditions is unlikely to occur in time to allow recruitment in 

the first year. Without pre-treatment of seeds, the unpredictability in dormancy loss, and 

the potential delay in germination make it difficult to establish seedlings in a single 

growing season. Rapid germination confers other advantages through allowing 

seedlings to take advantage of the diminishing soil moisture and can improve seedling 

survival and competitive ability (Gioria et al., 2018), if seeds are sown during a 

favourable year.  

In the Great Basin, recruitment success depends on the ability to establish early 

enough to take advantage of available soil moisture whilst avoiding frost risk 

(Comstock and Ehleringer, 1992). An added challenge to the restoration of this 

ecosystem is the prevalence of highly invasive exotic winter annuals like Bromus 

tectorum that can establish under snow and that accumulate significant root biomass by 

the time native plants can begin their growth (Gasch and Bingham, 2006). My results 

indicate that for forb and shrub species native to this ecosystem, germination capacity 

and speed is strongly influenced by temperature and dormancy status (see Chapter 2). In 

general, I observed an increase in germination speed with warmer temperatures for 

more than half of the tested species, suggesting that on highly invaded sites, these 

species are unlikely to suitably compete with exotic winter annuals. However, one 

species (Agoseris heterophylla) germinated more readily under cool (5°C) conditions 

and should be included in restoration seed mixes aimed at facilitating plant 

establishment early in the growing season. 

Across all temperatures, non-dormant (i.e. Dalea ornata, Lupinus arbustus, and 

S. munroana [after physical dormancy alleviation]) and conditionally dormant seeds 

(i.e. Chrysothamnus viscidiflorus, Dieteria canescens, Erigeron linearis, and 

Enceliopsis nudicaulis) were the fastest to germinate (T50 ≤ 11 d) and may be more 
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likely to take advantage of demising soil moisture more quickly than seeds with more 

complex dormancy mechanisms such as morphophysiological (e.g. Lomatium cous) or 

deep physiological dormancy (e.g. Castilleja pilosa, Cleome lutea, Chaenactis 

douglasii, and Phacelia hastata). While the exogenous application of GA3 was not 

effective for increasing germination performance in these species, GA3 improved the 

germination speed of seeds with non-deep physiological dormancy (e.g. Agoseris 

heterophylla and Crepis acuminata) by up to 5 d over the entire temperature profile (5-

25°C), which may offer a significant benefit to growth in the field during the narrow 

hydrothermal establishment window. Thus, using GA3 to expedite germination may be 

useful in some instances; for example, when sowing can occur during periods with high 

moisture availability and low frost risk. 

 

Dormancy Alleviation: Physical and Combinational 

Understanding dormancy can help identify the mechanisms required to release 

blocks to germination. In Chapter 3, I explored the means of physical dormancy release 

– a dormancy that occurs as a result of a subarised layer of palisade cells that prevented 

water uptake (Rolston, 1978). Physical dormancy is prevalent among many forb and 

shrub species native to dryland systems worldwide, and is reported to occur in eighteen 

angiosperm families (Gama-Arachchige et al., 2013). Typical methods for physical 

dormancy alleviation have relied on the use of harsh chemicals that can cause embryo 

damage (i.e. sulphuric acid, diethyl dioxide) or highly labor-intensive techniques (e.g. 

manual scarification) (Jones et al., 2016a; Jones et al., 2016b; Kimura and Islam, 2012). 

This has limited the adaptation of these techniques for the large-scale seed treatment 

needed in typical restoration projects. To find effective and scalable treatment 

alternatives, I evaluated the effectiveness of sixteen temperature-based (altering 

temperature and duration of wet heat, freeze and wet heat, and freeze-thaw cycles) and 

six abrasion-based techniques (altering pneumatic scarification length or using a single 

duration of manual scarification) to enhance seed permeability in species that produce 

physically (i.e. Dalea ornata and Sphaeralcea munroana) and combinationally dormant 

seeds (i.e. Astragalus filipes and Lupinus arbustus). This approach allowed me to 

narrow down the most successful techniques and test their effects on germination.  

Abrasion-based techniques (both manual and pneumatic) were more effective 

than temperature-based approaches. In addition to being substantially faster to 

implement than manual scarification, pneumatic scarification resulted in near complete 

(> 90%) germination in seeds of three of the four focal species. This level of 
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germination was higher than previously reported for these species, even relative to acid 

scarification (Bushman et al., 2015; Jones et al., 2016a; Jones et al., 2016b), with the 

added benefit of no treatment-induced seed embryo damage or danger to the applicator. 

Thus, pneumatic scarification may be a viable and scalable option for treatment of large 

seed quantities, but requires more empirical testing at these larger scales.  

The optimal pneumatic scarification treatment length varied by species and was 

likely related to the differences in their physical seed traits (e.g. shape, size, mass, and 

seed coat thickness) (Miklas et al., 1987; Wada and Reed, 2011a). For example, in 

several sub-genera of Rubus, scarification effectiveness was related to the seed-coat 

thickness and hardness, but was also in-part explained by other seed traits (Wada and 

Reed, 2011b). Thus, understanding which seed traits are the most critical to determining 

scarification duration may allow researchers to make treatment generalisations across 

taxa.  

While my results confirm previous reports that abrasion-based techniques can 

relieve dormancy in cold desert species like Astragalus filipes (Jones et al., 2016b) and 

Dalea ornata (Bushman et al., 2015; Jones et al., 2016b), it is surprising that while 

these species presumably undergo a number of freeze-thaw cycles under field 

conditions (Baughman et al., 2016), they did not respond to any of the tested 

temperature-based treatments. This is contrary to findings observed in other members of 

the Fabaceae, which responded to wet heat (Erickson et al., 2016b; Long et al., 2012; 

Statwick, 2016), freezing + wet heat (Tiryaki and Topu, 2014), or freeze-thaw (Shibata 

and Hatakeyama, 1995; Stout, 1990). This highlights the prevalence of species- and 

region-specific variation in dormancy break mechanisms. Given that physical dormancy 

is lost slowly under natural conditions, it is likely that seeds in the soil seed bank go 

through a series of multi-year freeze-thaw cycles that enable dormancy loss only after 

many years (Baskin and Baskin, 2014). To understand physical dormancy loss in cold 

desert species, future studies should use long-term seed burial experiments conducted 

within an instrumented soil profile to enable the accurate measurement of seedbed 

hydrothermal conditions in parallel to seed dormancy state. 

  

Dormancy Alleviation: Physiological 

In the Great Basin another critical dormancy class is physiological dormancy 

(see Chapter 2). It is the most common dormancy class world-wide (Baskin and Baskin, 

2014) and is prevalent across mesic and arid systems. Although it is well known that 

physiologically dormant species can lose dormancy through several processes such as – 
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cold stratification, dry after-ripening, or their combination – wide regional and 

phylogenetic differences in dormancy loss requirements exist (Barga et al., 2017; 

Baskin and Baskin, 2014; Forbis, 2010; Seglias et al., 2018). The Asteraceae family, 

which is the most species- and genera-rich family worldwide (Barbour and Christensen, 

1993), accounts for a large portion of species that are desired in restoration projects in 

the Great Basin (see Chapter 2) due to their ecological value (Dumroese et al., 2016; 

Dumroese et al., 2015). In Chapter 4, I focused on understanding the different modes of 

dormancy loss in four perennial forb species in this family by first assessing the 

baseline germination of each species across a suite of temperatures (15/5, 20/10, 

25/15°C). I then quantified the influence of various durations of cold stratification, dry 

after-ripening, and dry cold storage on germination. Understanding the role of these 

factors on dormancy loss was important because they represent natural conditions (e.g. 

cold stratification, dry after-ripening) seeds encounter in the field or during seed bank 

storage (e.g. dry cold storage). Because dormancy loss through these means can be slow 

and/or non-uniform, I also investigated the effects of chemical stimulants (GA3 and 

KAR1) as a means of shortcutting the requirements for seed dormancy loss to understand 

whether they may be used in seed pre-sowing treatments.  

My findings suggest that seeds of all four species were physiologically dormant 

at the start of the experiment, after one year of dry storage in seed bank conditions (-

18°C). However, for Crepis acuminata (50%) and Erigeron pumilus (24%), I observed 

sub-populations of conditionally dormant seeds (i.e. those able to germinate at a portion 

of the temperature range; Baskin and Baskin 2014). These two species exhibited the 

highest initial germination at 20/10 and 25/15°C respectively, suggesting that if sown in 

the early fall, they would germinate prior to winter, but if sown in winter germination 

may not occur until spring.  

Cold stratification, simulating the cool, moist portion of the year, appears to be 

the primary driver of dormancy loss in all species examined. This is not surprising as 

seeds of many cold desert perennials are reported to lose dormancy in response to cold 

stratification (Barga et al., 2017; Baskin and Baskin, 2014; Forbis, 2010). However, 

when considering that the majority of wild land seeding in the Great Basin occurs in late 

autumn or early winter, when mechanised machinery can enter the site, the fact that at 

least a third of Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus seeds 

germinated at 3±2°C after just one month of stratification, suggests that germination in 

the field may occur before the onset of winter, when the danger of frost-induced 

mortality is high. Although germination at low temperatures may benefit seedling 
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competitive ability (Leger and Baughman, 2015), high frost risk following germination 

can also cause mortality and may, at least in part, contribute to restoration failures 

reported in the Great Basin (Boyd and James, 2013; James et al., 2011a). While it is 

possible that seeds can germinate but not emerge for several months, reports of grass 

seedling losses following winter germination in this region (Boyd and Lemos, 2013; 

James et al., 2012) make this unlikely. Early germination may be especially pronounced 

in years with warm wet winters, which are projected to increase as a result of climate 

change, especially in the northern portion of the Great Basin (Boyte et al., 2016). Thus, 

field-based assessments of forb and shrub life stage transitions following different 

sowing dates are needed to understand the best timing for seed planting, which may 

differ on the basis of plant functional groups, species, population, and dormancy traits.  

When cold stratification was followed by incubation at warmer temperatures (at 

3±2°C), a shorter stratification period was required to improve germination for all 

species. This pattern of germination roughly reflects the changes in the reported 

hydrothermal seedbed conditions during spring (March through April) in the Great 

Basin (Cline et al., 2018). Considering that germination of all four focal species in my 

study (Chapter 4) ranged between 49 and 97% after just one month of stratification 

when seeds were incubated at warmer temperatures, if frost-induced mortality limits 

plant recruitment, late winter or early spring sowing may be necessary to ensure plant 

survival. This line of though confers with findings that sowing on top of snow in late 

winter results in better establishment of shrubs and grasses in the Great Basin (Jacobs 

et al., 2011; James et al., 2012). Aerial deployment techniques, which allow access to 

sites during times when ground-based machinery cannot be used due to wet or frozen 

soil conditions, may present an alternative mode of seed delivery during these periods.  

In addition to cold stratification, seeds of the four Asteraceae species examined 

also lost dormancy in response to dry after-ripening and dry storage. For example, dry 

after-ripening improved germination of species with non-deep or intermediate 

physiological dormancy (i.e. Arnica mollis, Crepis acuminata, and Erigeron pumilus) 

(see Chapter 4). Although cold stratification was generally more effective at relieving 

dormancy, 3 mo of after-ripening promoted dormancy loss to the extent analogous to 

stratification for Arnica mollis, which germinated above 80% at 20/10°C. The ability of 

seeds to lose dormancy through various modes demonstrates a bet-hedging strategy and 

may reflect the ability for seed to germinate in both autumn and winter/early spring 

(Barga et al., 2017; Baskin and Baskin, 2014).  



    

155 

Unlike cold stratification, germination following dry after-ripening varied 

dramatically across treatment time and temperature in Arnica mollis and Crepis 

acuminata (see Chapter 4). Such variability in the germination response within a single 

population may also enhance the number of recruitment events within a growing season 

(Baskin and Baskin, 2014; Tseng et al., 2013) and may be correlated to changes in seed 

sensitivity to environmental stimuli (e.g. smoke cues, fluctuations in soil moisture) 

through time (Gutterman and Gendler, 2007). For example, seed sensitivity to KAR1 in 

a number of species of Brassicaceae has been shown to increase with after-ripening 

(Long et al., 2011a; Long et al., 2010). I only tested the effects of KAR1 on the 

germination on fresh (Chapter 2) and cold stored (Chapter 4) seeds; however given the 

potential germination enhancement value of KAR1 (Chapter 5), future work should 

assess whether seed sensitivity to this compound changes through the course of 

dormancy loss. Similarly, seasonal variation in soil moisture and temperature may 

explain some of the fluctuations in dormancy status (Baskin and Baskin, 2014; Probert, 

2000) and should be examined under field conditions through seed burial experiments.  

Furthermore, because seeds of many cold desert plant species are shed in mid- to late 

summer when seedbed conditions are warm and dry, (i.e. settings conducive to dry 

after-ripening), and slowly transition into cool moist conditions (settings akin to cold 

stratification), future work should also examine the combined effects of these conditions 

on dormancy loss and germination. It is likely that for seeds with non-deep or 

intermediate physiological dormancy, dry after-ripening may shorten the stratification 

length requirement (Baskin and Baskin, 2014; Baskin and Baskin, 2004).  

Minor dormancy loss also occurred among seeds of Arnica mollis, Crepis 

acuminata, and Erigeron pumilus maintained in dry cold storage, but did not occur in 

seeds of deeply dormant Chaenactis douglasii, which only responded to cold 

stratification. Under cold storage conditions, dormancy loss transpired slowly and seeds 

required up to 12 mo to exceed baseline germination. These findings conferred the fact 

that seed storage at -18°C limited seed dormancy loss by slowing seed metabolism 

(Probert, 2000). The rate of dormancy loss in cold storage may depend on the initial 

exposure to warm dry conditions (Cohn and Hughes, 1981). In the context of 

restoration, the time between seed harvest, cleaning, and dry storage can last several 

weeks or even months, these processes often occur in conditions that can facilitate after-

ripening, and may inadvertently influence seed germination and plant recruitment. In 

my study, seeds were stored at 15% RH and 15°C for several weeks following 

collection, during which time some physiological changes may have occurred before 
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seeds were moved to cold storage (-18°C). However, evidence of dormancy loss 

following an additional 12 mo of continuous storage suggests that dormancy loss 

continued to occur in cold storage. Thus, even when seed viability is maintained, the 

duration of storage and the conditions in which storage occurs can impact seed 

germination behavior. Because seed storage is a critical component of germplasm 

conservation and restoration programs, (along with viability) regular testing of 

dormancy status and germination behavior should be conducted for key regional floras 

and this information communicated with seed collection and restoration practitioners.  

While this work establishes a baseline for a species-level understanding of seed 

germination traits, more research is needed to determine the extent of variation in 

dormancy break requirements (e.g. specific length of stratification and dry after-

ripening) between different populations of the same species and across years (Barga et 

al., 2017; Baskin and Baskin, 2014; Seglias et al. 2018). This information is critical to 

applying these principles to active restoration. 

Finally, the exogenous application of chemical growth stimulants may be a 

potential alternative to cold stratification or after-ripening in cases where restoration 

must be accomplished in an expedited time frame to facilitate predictable and uniform 

germination. Earlier, I demonstrated that GA3 and KAR1 improved germination in freshly 

collected physiologically dormant seeds (for 11 and five species, respectively; see 

Chapter 2). Later, I showed that exposure to GA3 facilitated equivalent germination to 

cold stratification for seeds of Arnica mollis and Crepis acuminata; while KAR1 

improved germination of Erigeron pumilus, albeit to a lesser extent than stratification 

(see Chapter 4). This suggests that these chemicals can be used as fast-acting 

alternatives to cold stratification or dry after-ripening. However, the amount of 

germination induced by these compounds was often mediated by temperature. 

Understanding the temperature range in which these compounds are most effective is 

important, because it must correlate with field conditions (e.g. precipitation) that favor 

plant recruitment. For many of the focal species I examined, GA3 and KAR1 were most 

effective at warmer temperatures. In the field, the occurrence of these temperatures 

doesn’t coincide with the precipitation levels required to support seed germination, 

emergence, and survival in the Great Basin (Comstock and Ehleringer, 1992; Lu et al., 

2010; Wang, 2005; Wang et al., 2006). This highlights the need to put seed 

enhancement techniques in the context of the environment in which they will be used. 

Further studies that evaluate the effectiveness of stimulant-treated seeds should consider 

sowing time in their design. For example, in the Great Basin such studies may include 
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comparisons between traditional autumn sowing of untreated seeds and winter or early 

spring sowing of stimulant-treated seeds.  

 

Application of Seed Enhancement Techniques to Address Key Recruitment Limitations 

In north-west Western Australia, resource extraction has placed enormous 

pressure on the ecological integrity of the Pilbara Bioregion, where large-scale open-cut 

mining has resulted in extensive topsoil and the inherent seed bank removal. This has 

significantly altered the site’s edaphic conditions (EPA, 2014) and diminished the 

natural regeneration capacity of this ecosystem. The current mining disturbance 

footprint exceeds 300, 000 ha and is projected to increase in the coming years (EPA, 

2018). The need for large-scale restoration following mine closure (EPA, 2013; EPA, 

2015) has facilitated significant efforts to understand the dormancy and germination 

traits of key restoration flora (Erickson et al., 2017). For example, Erickson et al. 

(2016c) classified dormancy in more than 100 species native to the Pilbara. Similar 

efforts have also been conducted in other dryland regions of Australia (Commander et 

al., 2009; Turner et al., 2005). As discussed earlier, the understanding of seed dormancy 

and the cues needed to relieve blocks to germination can help overcome initial 

bottlenecks to plant recruitment. However, to date, the implementation of this 

knowledge into restoration settings has not been fully explored.  

Pre-sowing treatments aimed at relieving dormancy and delivering seed 

enhancements have the potential to expedite dormancy loss, promote emergence, and 

improve plant growth and survival (Erickson et al., 2017; Kildisheva et al., 2018; 

Kildisheva et al., 2016). In grass species from fire-prone environments like the Pilbara, 

these techniques include the exogenous application of a smoke-derived compound 

(KAR1) (Commander et al., 2009; Erickson et al., 2016c; Long et al., 2011b), and/or the 

removal of the seed covering structures (i.e. lemma and palea) (Guzzomi et al., 2016; 

Lewandrowski et al., 2018; Lewandrowski et al., 2017; Stevens et al., 2015).  

Even after dormancy is lost, the sporadic nature of precipitation characteristic of 

dryland systems can reduce the quantity and timing of plant recruitment (Lewandrowski 

et al., 2017). Expanding the capacity of seeds and seedlings to take advantage of 

available precipitation more quickly can facilitate faster root development and, in turn, 

support the acquisition of soil moisture needed to promote survival under increasingly 

arid conditions (Lloret et al., 1999; Padilla and Pugnaire, 2007). Seed priming has been 

shown to improve seed germination speed, capacity and result in greater seedling vigor 

among numerous species, but the application of this technique has mostly been 
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examined in horticultural settings for non-dormant seeds (e.g. vegetables, flowers, and 

crops; Paparella et al. 2015). However, priming can be also used to deliver germination 

stimulants (e.g. gibberellins and karrikins; Erickson et al., 2017; Kildisheva et al., 

2011), which may further advance recruitment from seed (Erickson et al., 2016c; 

Lewandrowski, 2016).  

Seeds that are small or difficult to handle due to the presence of elaborate 

appendages that prevent mechanised delivery, can present an additional challenge to 

restoration (Guzzomi et al., 2016). Seed cleaning combined with coating can facilitate 

seed deployment in a mechanised fashion, which is critical for large-scale restoration. 

Furthermore, seed coating provides a mode of delivery for beneficial compounds that 

can enhance plant recruitment (Madsen et al., 2016; Madsen et al., 2012a; Madsen et 

al., 2012b; Turner et al., 2006). Together, these seed enhancement technologies 

represent a new frontier in seed-based restoration, with a potential to improve large-

scale plant community recovery.  

In Chapter 5, I set out to determine whether dormancy alleviation and seed 

enhancement treatments applied prior to sowing can facilitate plant recruitment in 

moisture-limited conditions for a keystone grass species (Triodia pungens) native to the 

Pilbara Bioregion of Western Australia. Specifically, I tested whether removal of floral 

appendages coupled with KAR1 priming and seed coating would increase the total 

fraction of seeds that germinate and emerge, thus reducing losses that typically occur 

during these critical phases of the plant life cycle. 

My findings demonstrate that dormancy alleviation and seed enhancement 

treatments can facilitate greater germination, emergence, and growth in conditions 

analogous to those found on typical Pilbara post-mining restoration sites. This work is 

novel, because it exhibits a systematic approach to addressing key plant recruitment 

bottlenecks that occur between germination and establishment (James et al., 2011b; 

Lewandrowski et al., 2017). While the removal of floret covering structure and 

exposure to KAR1 has previoulsy been reported to increase germination and emergence 

of Triodia species (Erickson et al., 2016d; Guzzomi et al., 2016; Lewandrowski et al., 

2018; Lewandrowski et al., 2017), this is the first study that demonstrated how the use 

of KAR1 priming can enhance seed-based recruitment of wild species. Given that many 

species used in restoration of dryland systems in Australia, Africa, and North America 

respond to fire cues (Commander et al., 2009; Erickson et al., 2016a; Erickson et al., 

2016d; Ghebrehiwot et al., 2009; Lewandrowski et al., 2018; Long et al., 2011b), this 

technique has global relevance.  
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 KAR1 priming promoted the highest germination (up to 67%) and emergence (up 

to 17%) relative to all other seed treatments and expanded the establishment envelope 

into more arid conditions. However, seedling losses between the germination and 

emergence phases still represented a major limitation to plant recruitment. While the 

four-fold decrease in survival between germination and emergence in my study signifies 

a greater proportional loss than the 2.5-fold decrease reported by Lewandrowski et al. 

(2017) for cleaned seeds of Triodia epactia and T. wiseana, the total percentages of 

seedlings that emerged in my study were nearly two-fold greater. Although my findings 

suggest that increasing the germination fraction likely results in greater emergence, it is 

unclear whether increasing the proportion of seeds that make it through the germination 

and emergence phases promotes plant recruitment or just shifts the mortality window 

further down the plant life cycle. Thus, multi-year studies that address this question 

under field conditions are needed. 

With the onset of seasonal drought, plant survival depends on the seedling’s 

ability to germinate, emerge, and become coupled with site hydrology to provide 

enough moisture to meet the evapotranspirational demand (Atwater et al., 2015; 

Grossnickle, 2005). Thus, rapid root production is critical in ensuring survival under 

moisture-limited conditions (Atwater et al., 2015; León et al., 2011). In this study, I 

demonstrated that mid-way through the growing season, biomass allocation to roots was 

particularly prevalent among the primed seed treatments when seedlings were grown in 

conditions that mimicked two precipitation events of median size (24 mm) followed by 

small (12 mm) single weekly events (see Chapter 5, Table 5.1). Priming also resulted in 

more vigorous early seedling growth during the first half of the growing season under 

the medium and low irrigation regimes. Mid-way through the growing season, 

presumably when moisture became limiting, seedlings devoted more resources to 

belowground production at the expense of aboveground growth.  

My results serve as evidence to suggest that under generally favorable 

establishment conditions KAR1 priming can enhance plant performance by facilitating 

more rapid development and enabling a greater propensity for seedlings to access 

diminishing resources. These findings are consistent with those reported for a number 

agricultural species (Brassica rapa ssp. pekinensis, Medicago sativa, and Helianthus 

annuus), for which hydro-priming increased the total biomass, root length, and vigor 

under moisture stress (Kaya et al., 2006; Yan, 2015; Zhang et al., 2007).  

While coating of cleaned, unprimed seeds inhibited seedling emergence and 

growth (in some cases), combining KAR1 priming and coating promoted seedling 
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growth in sub- and supra-optimal moisture conditions. This finding is consistent with 

reports which suggest that polymer seed coating can slow germination and/or 

emergence across a range of species (i.e. Allium cepa, Glycine max, Nemcia capitata, 

Regelia ciliate, and Melaleuca scabra), especially under stressful growing conditions 

(Gesch et al., 2012; Kavak and Eser, 2009), but this delay may not limit overall 

recruitment (Turner et al., 2006). Given the improved seed handling capacity following 

coating, the combined application of seed coating and priming may be useful in dryland 

restoration. There is growing evidence to suggest that seed coating can be effectively 

used to administer seed protectants (Davies et al., 2017; Pearson et al., 2018), nutrients, 

cyanobacteria, and mycorrhizae (Muñoz-Rojas et al., 2018; Oliveira et al., 2016; Rocha 

et al., 2018; Scott et al., 1985), as well as compounds that buffer against environmental 

stresses (Guan et al., 2015; Madsen et al., 2012a; Madsen and Petersen, 2010). Future 

work should address how seed coating formulations can be used to overcome critical 

site- and species-specific limitations to plant recruitment.  

To optimise plant establishment in the highly variable conditions typical of 

drylands, seed enhancement technologies may be used as an additional means of bet-

hedging to improve germination across time and space. Such efforts are already being 

made in some regions. For example, Davies et al. (2018) reported that seeding both bare 

seed and seed pillows (seeds imbedded into “agglomerations of absorbent materials and 

other beneficial additives,” see Madsen and Svejcar [2016]), might increase the 

probability of recruitment success despite large inter-annual differences in site 

conditions. Given the temporal and special differences in restoration outcomes, long-

term field studies are needed to fully assess the potential of seed dormancy treatment 

and seed enhancement technologies.  

 

Conclusions and Implications for Future Research 

Restoration success in degraded dryland systems is most constrained between 

the germination and emergence phases of plant development (James et al., 2011b; 

Lewandrowski et al., 2017). Understanding seed dormancy and germination traits across 

a diverse range of wild taxa is critical to increasing the effectiveness of large-scale 

restoration in degraded drylands (Erickson et al., 2017; James et al., 2013; James et al., 

2011b). My findings demonstrate how dormancy classification can be used as a 

foundation for understanding of critical regenerative traits and underscore the 

importance of considering these traits in restoration planning.  
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While a single-pass approach to restoration is favored, my work highlights the 

diversity of dormancy mechanisms that drive plant recruitment from seed. Thus, an 

over-generalisation of sowing approaches across a range of species, life-forms, and 

dormancy classes can result in post-germination mortality or prevent establishment 

within the first growing season. When seeds remain dormant in the soil bank for an 

extended amount of time following sowing, they are more likely to experience mortality 

due to pathogens and granivores, edaphic and environmental conditions (Lewandrowski 

et al., 2017; Pellish et al., 2018; Scholten et al., 2009) and ultimately result in 

restoration failure.  Thus, the ability to ensure predictable germination (at least within a 

portion of the seed batch) through the use of seed dormancy alleviation and seed 

enhancement techniques and aligning restoration with periods of favorable 

environmental conditions remain critical aspects to ensuring plant recruitment in 

drylands systems. It may be possible to promote more uniform germination through the 

use of seed pre-sowing treatments (e.g scarification, GA3 and KAR1), particularly for 

species with relatively simple dormancy requirements like those with physical or non-

deep physiological dormancy, but it may also require more extensive investigation and 

foresight for species with more complex dormancy mechanisms (e.g. morpho-

physiological and deep physiological dormancy). 

Achieving global biodiversity and plant cover targets will require improvement 

of restoration efficacy and the reduction of costs associated with ecosystem recovery 

(Erickson et al., 2017; James et al., 2013; James et al., 2011b; Menz et al., 2013; Merritt 

and Dixon, 2014). Research, innovation, and capacity building are critical to ensuring 

these goals are met. Greater seed-use efficiency and effective restoration planning 

depend on the ability to accurately predict germination under a range of restoration 

scenarios. The growing capacity to describe seedbed conditions in real time (Cline et 

al., 2018; Rawlins et al., 2012a; Rawlins et al., 2012b) presents an opportunity to extend 

the concept of hydrothermal time modeling beyond germination to focus on dormancy 

regulation (i.e. loss, induction, cycling), which may be useful in predicting germination 

patterns (Meyer et al., 2007; Rawlins et al., 2012a). Quantifying these processes for a 

wide array of species can maximise plant re-establishment across a diversity of taxa.  

Furthermore, growing evidence suggests that population-level differences may 

play an important role in the specific requirements for seed dormancy loss, especially in 

regions with large topographic variation (Barga et al., 2017; Seglias et al., 2018), yet 

most work on seed dormancy to date has focused on species-level assessments. 

Expanding this knowledge is imperative; especially in the context of seed transfer 
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guidelines for wild species and the establishment of farming areas aimed at increasing 

seed availability for restoration (Broadhurst et al., 2015; Broadhurst et al., 2008; Haidet 

and Olwell, 2015; Oldfield and Olwell, 2015; Tischew et al., 2011). 

Technology and innovation are critical in reducing the costs of restoration 

(Brancalion and van Melis, 2017). Seed enhancement technologies and novel 

mechanisms of seed deployment represent an emerging frontier in restoration (Erickson 

et al., 2017; Guzzomi et al., 2016; Madsen et al., 2016; Muñoz-Rojas et al., 2018). The 

development and use of a wide range of seed treatments and enhancement technologies 

are needed to improve bet-hedging capacity across spatial and temporal scales (Davies 

et al., 2018; Kildisheva et al., 2016).  

Given the challenges of plant re-establishment in degraded drylands and the 

prevalence of under-reporting of restoration failures, regional or global long-term field 

studies are needed. To streamline such efforts and enhance capacity, the creation of 

networks similar to those established for studying other global ecological phenomena 

(e.g. Global Lake Ecological Observatory Network [GLEON], Nutrient Network 

[NutNet]) could facilitate innovation and discovery into effective seed-based restoration 

across drylands. 
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Appendix A. Supplementary Materials for Chapter 2 

 

	
Appendix S1. A three-step framework can be used to overcome major limitations to native plant 
recruitment from seed, by (i) classifying the seed dormancy of target species (Baskin and Baskin 2004; 
Erickson et al. 2015), then (ii) selecting and applying the corresponding dormancy alleviation treatments, 
and (iii) using seed enhancement techniques tailored to species- and/or site-level recruitment limitations 
restoration practitioners can improve seedling emergence and establishment under field conditions. 
Dormancy classes follow a widely-accepted system outlined by Baskin and Baskin (2004) whereby key 
traits of fresh seeds (e.g. seed coat permeability, embryo size, shape, and developmental state, and 
embryo to seed coat ratio), along with germination responses over a range of environmental conditions, 
can be used to assign seed to one of the five major dormancy classes (PY – physical, PY + PD – 
combinational, PD – physiological, MD – morphological, and MPD – morphophysiological) or deemed 
non-dormant (not depicted). 
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Appendix S2. Summary of seed dormancy classes as described by Baskin and Baskin (2004) and 
Nikolaeva (1977). Alleviation refers to ex situ and in situ processes that have been reported to promote 
dormancy loss in species of forbs and shrubs native to cold desert ecosystems. 

Dormancy Class      Characteristics1,2 Alleviation 

Physical (PY) Limited to 
angiosperms 

Fully developed 
embryo and 
impermeable seed 
coat 

High (e.g. fire or dry summer 
conditions) or low temperatures (e.g. 
edaphic conditions during cold months), 
temperature and moisture fluctuations, 

mechanical or chemical abrasion 
(scarification), wet or dry heat, flaming, 
and freeze-thaw techniques3-16 

Physiological (PD) Most common 
globally 

Seeds permeable to 
water with fully 
developed but 
physiologically 
inhibited embryos 

Cold stratification (resembling edaphic 
conditions during winter months); dry 
after-ripening in the warm, dry 
conditions, or combination of after-
ripening and cold stratification17-27 

Germination of non-deep and 
intermediate PD is enhanced by 
chemical stimulants26-32  

Combinational 
(PY+PD) 

Impermeable seed 
coat and a 
physiologically 
inhibited embryo 

Scarification and stratification; relative 
timing of PY and PD loss is species-
dependent7, 33-35

  

Morphological (MD) Undetected in shrub 
or herbaceous 
species native to cold 
desert systems 

Underdeveloped or 
undifferentiated 
embryos at maturity 

Embryo growth initiated by singular or 
the combination of exposure(s) to 
favourable moisture, temperature, and 
(occasionally) light conditions1, 36-37   

Morphophysiological 
(MPD) 

Underdeveloped or 
undifferentiated 
embryos (MD) the 
growth of which is 
physiologically 
inhibited (PD) 

Requires warm or cold stratification, dry 
after-ripening, or their combination38-41 

1Baskin and Baskin 2014; 2Nikolaeva 1977; 3Ooi et al. 2014; 4Moreira and Pausas 2012; 
5Zalamea et al. 2015; 6Iwata 1966; 7Gama-Arachchige et al. 2012; 8Liu et al. 2017; 9van Klinken 
et al. 2006; 10Vázquez-Yanes and Orozco-Segovia 1982; 11Miklas et al. 1987; 12Erickson et al. 
2016b; 13Kildisheva et al. 2013a, 2013b; 14 Morrison 1998; 15 Turner and Merritt 2009; 16Sugii 
2003; 17Wang 2005; 18Wei et al. 2007; 19Gasch and Bingham 2006; 20Sun et al. 2009; 21Tang and 
Tian 2010; 22Garvin and Meyer 2003; 23Meyer 1989; 24Allen and Meyer 1998; 25Meyer and 
Pendleton 2005; 26Erickson et al. 2016c; 27Commander et al. 2009a; 28Commander et al. 2009b; 
29Hargurdeep et al. 1986; 30Merritt et al. 2007; 31Morris 2000; 32Turner et al. 2009; 33Gama-
Arachchige et al. 2013; 34Pipinis et al. 2011; 35McKeon and Mott 1984; 36Jacobsen and Pressman 
1979; 37Pressman et al. 1977; 38Scholten et al. 2009; 39Soriano et al. 2011; 40Mamut et al. 2014; 
41Nurulla et al. 2015 
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Appendix S3. Final germination (Mean ± SE) of four species was not significantly influenced by 
substrate composition (P > 0.05) at the end of 28 days for seeds incubated at five constant temperatures 
(5-25°C) on water agar (circles with solid lines), agar + gibberellic acid (1 mM GA3; triangles with dotted 
lines), or agar + karrikinolide (1�M KAR1; squares with dotted lines). For two species (Crepis 
intermedia and Wyethia helianthoides), limited seed numbers prevented the evaluation of stimulant 
effects.
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Appendix B. Supplementary Materials for Chapter 3 
  

 
 
 

Table S1. Summary of collection information for four herbaceous perennial species native to the cold desert ecosystem of the western United States. Seeds were cleaned, dried, and 
X-rayed within three weeks following collection (June-August, 2015). Within three month of collection, seeds were moved into long-term storage in sealed laminated bags at 15% 
RH, -18°C and remained there until the beginning of the experiment (July 2016). Seed fill was determined using X-ray imaging (Kodak DXS 4000 ProSystem, Carestream Molecular 
Imaging, Woodbridge, CT, USA) of three replicates of fifty seeds. 
 

Family Species Collection Location 
Elevation 

(m) 

Sample 
Population 

Size 
Collection 

Date 
Fill 
(%) 

Individual 
Seed Mass 

(mg) 
Fabaceae Astragalus filipes 41.657083, -111.814500 1,435 3,500 Jul-2015 91 4.2(0.08) 
Fabaceae Dalea ornata 43.738333, -117.310556 1,079 75 Jun-2015 87 3.2(0.06) 
Fabaceae Lupinus arbustus T4 N R 27 E Sec 6 (Mono Co, CA)§ 2,750 100 Aug-2015 95 22.6(0.04) 

Malvaceae Sphaeralcea munroana 43.609556, -117.096639 792 50-100 Jun-2015 94 2.1(0.00) 
§Township, Range, and Section coordinates are listed where more specific information could not be disclosed by the collector. 
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Figure S2. Mean percent seed mass increase (Mean±SE) for four species of 
herbaceous perennials native to the cold desert of the western United States in 
response to different physical dormancy alleviation techniques. Mass increase is 
reported as a mean across all treatments within each technique. Mass Increase (%) 
= [(Wi - Wd) / Wd] × 100, where Wi and Wd equal the mass of imbibed and dry seed, 
respectively. Control: untreated; Wet Heat: 5, 30, 120, or 300 s immersion in 90°C 
deionised water; Freezing + Wet Heat: 2 h at -80°C or -20°C followed by 
immediate immersion in 90°C deionised water for 5 or 30 s; Freeze-Thaw Cycle: 2 
h at -80°C or -20°C followed by thaw at 23°C, repeated 1, 2, 3, or 6 times; 
Pneumatic: scarification using a Mater seed scarifier (PSS2000, OEM, Inc., 
Corvallis, OR) at 138 KPa with a 180 grit abrasive liner; Manual: scarification 
using 120 grit sandpaper. 
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Appendix C. Supplementary Materials for Chapter 4 

Table S1. Results of analysis of variance (ANOVA) of the initial germination response (Time = 0 mo) 
of Arnica mollis, Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus. The contributions of 
individual predictor variables and their interaction to the final model are shown. Incubation temperature 
levels were: 15/5, 20/10, and 25/15°C and (germination) substrate included: water agar (H2O) or agar + 
gibberellic acid (GA3; A. mollis, C. douglasii, and C. acuminata) or agar + karrikinolide (KAR1; E. 
pumilus). Terms were added sequentially first to last. For C. acuminata and E. pumilus, the interaction 
term was not retained in the final model due to the lack of significance. 

  Dev. Resid. 
d.f. Resid. Dev. F d.f. P-

value   

A. mollis 143.98 18 14.28 40.66 5 <0.001 *** 
Temperature 51.83 21 106.42 36.59 2 <0.001 *** 
Substrate 80.98 20 25.44 114.35 1 <0.001 *** 
Temperature × Substrate 11.16 18 14.28 7.88 2 0.003 ** 
 

       
C. douglasii 2.22 18 20.82 0.43 5 0.820 n.s. 
Temperature 0.78 21 22.26 0.38 2 0.689  
Substrate 0.29 20 21.97 0.28 1 0.602  
Temperature × Substrate 1.15 18 20.82 0.56 2 0.580  
 

       
C. acuminata 517.62 20 17.40 102.32 3 <0.001 *** 
Temperature 43.00 21 492.03 12.75 2 <0.001 *** 
Substrate 474.63 20 17.40 281.48 1 <0.001 *** 
Temperature × Substrate  -    n.s. 
 

       
E. pumilus 79.23 20 30.78 16.29 3 <0.001 *** 
Temperature 70.14 21 39.87 21.63 2 <0.001 *** 
Substrate 9.09 20 30.78 5.61 1 0.028 * 
Temperature × Substrate    -       n.s. 
P < 0.001 ***, P < 0.01 **, P < 0.05 *; n.s. not significant at P ≥ 0.05 
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Table S2. Results of analysis of variance (ANOVA) of the germination response for seeds of Arnica 
mollis, Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus to cold stratification. The 
contributions of individual predictor variables and their interactions to the final model are shown. 
Predictors included: Treatment/Time, which collapsed the dormancy treatments ("Stratification" – 
incubation at 3±2°C followed by movement to a 15/5, 20/10, and 25/15°C; "Continuous Control" – 
seeds maintained at 15/5, 20/10, or 25/15°C) with treatment duration (Time = 0, 1, 2, 3, or 6 mo). Terms 
were added sequentially first to last.  

  Dev. Resid. 
d. f. 

Resid. 
Dev. F d. f. P-

value   

A. mollis 1808.70 81 234.51 28.48 26 <0.001 *** 
Treatment/Time 1569.77 99 473.41 80.33 8 <0.001 *** 
Temperature 158.94 97 314.47 32.53 2 <0.001 *** 
Treatment/Time × Temperature 79.96 81 234.51 2.05 16 0.019 * 

        
C. douglasii 1003.90 81 107.50 28.90 26 <0.001 *** 
Treatment/Time 804.66 99 306.70 75.29 8 <0.001 *** 
Temperature 53.90 97 252.81 20.17 2 <0.001 *** 
Treatment/Time × Temperature 145.30 81 107.50 6.79 16 <0.001 *** 

        
C. acuminata 1606.70 81 152.26 35.59 26 <0.001 *** 
Treatment/Time 1208.46 99 550.47 86.99 8 <0.001 *** 
Temperature 200.56 97 349.92 57.75 2 <0.001 *** 
Treatment/Time × Temperature 197.65 81 152.26 7.11 16 <0.001 *** 

        
E. pumilus 1401.10 81 197.02 23.84 26 <0.001 *** 
Treatment/Time 1226.22 99 371.91 67.82 8 <0.001 *** 
Temperature 5.49 97 366.42 1.22 2 0.302 n.s. 
Treatment/Time × Temperature 169.40 81 197.02 4.68 16 <0.001 *** 
P < 0.001 ***, P < 0.01 **, P < 0.05 *; n.s. not significant at P ≥ 0.05 
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Table S2.1. Results of analysis of variance (ANOVA) of the germination response for seeds of Arnica 
mollis, Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus to continuous exposure to 3±2°C 
(Treatment = “Continuous Control”). The model included a single predictor: treatment duration (Time = 
0, 1, 2, 3, or 6 mo).  

 Dev. Resid. 
d.f. 

Resid. 
Dev. 

F d.f. P-value   

A. mollis   
  

   
Time 36.60 15 9.40 15.128 4 <0.001 *** 
C. douglasii        
Time 115.80 15 16.983 25.315 4 <0.001 *** 
C. acuminata        
Time 227.30 15 8.642 98.315 4 <0.001 *** 
E. pumilus        
Time 154.70 15 26.217 22.377 4 <0.001 *** 
P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S3. Results of analysis of variance (ANOVA) of the initial germination response for seeds of 
Arnica mollis, Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus to dry after-ripening. The 
contributions of individual predictor variables and their interactions to the final model are shown. 
Predictors included: treatment duration (Time = 0, 1, 2, 3, 6, or 12 mo) and incubation temperature (15/5, 
20/10, or 25/15°C). Terms were added sequentially first to last. For E. pumilus, the interaction term was 
not retained in the final model due to the lack of significance. 

 Dev. Resid. 
d. f. 

Resid. 
Dev. F d. f. P-value  

A. mollis 1017.30 54 184.96 19.89 17 <0.001 *** 
Time 722.29 66 479.96 48.02 5 <0.001 *** 
Temperature 118.89 64 361.07 19.76 2 <0.001 *** 
Time × Temperature 176.12 54 184.96 5.85 10 <0.001 *** 

	 	 	 	 	 	 	 	
C. douglasii 11.39 54 53.46 0.69 17 0.794 n.s. 
Time 0.45 66 64.40 0.09 5 0.993 n.s. 
Temperature 4.06 64 60.34 2.11 2 0.132 n.s. 
Time × Temperature 6.88 54 53.46 0.71 10 0.708 n.s. 

	 	 	 	 	 	 	 	
C. acuminata 560.97 54 93.45 20.38 17 <0.001 *** 
Time 93.06 66 561.36 11.50 5 <0.001 *** 
Temperature 400.16 64 161.20 123.58 2 <0.001 *** 
Time × Temperature 67.75 54 93.45 4.18 10 <0.001 *** 

	 	 	 	 	 	 	 	
E. pumilus 297.11 64 118.62 25.83 7 <0.001 *** 
Time 190.31 66 225.42 23.16 5 <0.001 *** 
Temperature 106.80 64 118.62 32.50 2 <0.001 *** 
Time × Temperature        

P < 0.001 ***, P < 0.01 **, P < 0.05 *; n.s. not significant at P ≥ 0.05 
 

 

 

  



    

183 

Table S4. Results of analysis of variance (ANOVA) of the initial germination response for seeds of 
Arnica mollis, Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus to dry cold storage at -
18°C. The contributions of individual predictor variables and their interactions in the final model are 
shown. Predictors included: treatment duration (Time = 0, 1, 2, 3, 6, or 12 mo) and incubation 
temperature (15/5, 20/10, or 25/15°C). Terms were added sequentially first to last. For E. pumilus, the 
interaction term was not retained in the final model due to the lack of significance. 

  Dev. Resid. 
d. f. 

Resid. 
Dev. F d. f. P-value   

A. mollis 95.41 54 63.57 5.10 17 <0.001 *** 
Time 28.87 66 130.10 5.25 5 <0.001 *** 
Temperature 39.77 64 90.33 18.08 2 <0.001 *** 
Time × Temperature 26.76 54 63.57 2.43 10 0.018 * 
        

C. douglasii 7.6 54 57.52 0.45 17 0.960 n.s. 
Time 0.9 66 64.23 0.18 5 0.969 n.s. 
Temperature 2.45 64 61.77 1.23 2 0.300 n.s. 
Time × Temperature 4.25 54 57.52 0.43 10 0.928 n.s. 
        

C. acuminata 498.13 54 139.06 12.30 17 <0.001 *** 

Time 69.11 66 568.08 5.80 5 <0.001 *** 
Temperature 342.23 64 225.84 71.81 2 <0.001 *** 
Time × Temperature 86.78 54 139.06 3.64 10 <0.001 *** 
        

E. pumilus 149.4 64 78.43 18.27 7 <0.001 *** 
Time 79.86 66 147.97 14.41 5 <0.001 *** 
Temperature 69.54 64 78.43 31.36 2 <0.001 *** 
Time × Temperature             n.s. 
P < 0.001 ***, P < 0.01 **, P < 0.05 *; n.s. not significant at P ≥ 0.05 
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Table S5. Results of Dunnett's post-hoc comparisons of the germination response of Arnica mollis, 
Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus following 0, 1, 2, 3, and 6 mo of cold 
stratification (Strat.) followed by a transfer to one of three incubation temperatures (15/5, 20/10, or 
25/15°C) or continual incubation (Con. Cont.) at these temperatures. Germination responses represent the 
least squares means and standard errors estimated from generalised linear models. All comparisons made 
to reference where Time = 0, Temperature = 20/10°C. Significant comparisons shown in bold.  
     Arnica mollis 

Treatment 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) 
Std. 

Error 
z-

ratio 
P-

value  

Con. Cont. 0 15/5 2.11 2.30 -1.14 0.944  
Con. Cont. 1 15/5 3.16 2.80 -0.94 0.980  
Con. Cont. 2 15/5 7.37 4.19 -0.15 1.000  
Con. Cont. 3 15/5 10.53 4.92 0.35 1.000  
Con. Cont. 6 15/5 21.05 6.54 1.56 0.767  
Strat. 1 15/5 12.36 5.45 0.59 0.999  
Strat. 2 15/5 45.00 7.78 3.36 0.017 * 
Strat. 3 15/5 99.00 1.56 4.19 0.001 ** 
Strat. 6 15/5 99.00 1.56 4.19 0.001 ** 
        
Con. Cont. 0 20/10 8.26 3.75 set as baseline  
Con. Cont. 1 20/10 9.28 4.60 0.16 1.000  
Con. Cont. 2 20/10 9.28 4.60 0.16 1.000  
Con. Cont. 3 20/10 11.34 5.03 0.46 1.000  
Con. Cont. 6 20/10 11.46 5.08 0.48 1.000  
Strat. 1 20/10 52.00 7.81 3.79 0.003 ** 
Strat. 2 20/10 80.00 6.25 5.45 <0.001 *** 
Strat. 3 20/10 99.00 1.56 4.19 0.001 ** 
Strat. 6 20/10 98.98 1.59 4.17 0.001 ** 
        
Con. Cont. 0 25/15 4.12 3.16 -0.75 0.995  
Con. Cont. 1 25/15 5.15 3.51 -0.55 0.999  
Con. Cont. 2 25/15 5.15 3.51 -0.55 0.999  
Con. Cont. 3 25/15 6.19 3.82 -0.35 1.000  
Con. Cont. 6 25/15 6.25 3.86 -0.34 1.000  
Strat. 1 25/15 7.00 3.99 -0.21 1.000  
Strat. 2 25/15 16.16 5.78 1.06 0.960  
Strat. 3 25/15 67.68 7.35 4.72 <0.001 *** 
Strat. 6 25/15 97.00 2.67 5.44 <0.001 *** 

Con. Cont. 0 3±2 1.00 0.77 set as baseline  
Con. Cont. 1 3±2 2.00 1.09 0.73 0.835  
Con. Cont. 2 3±2 1.00 0.77 0.00 1.000  
Con. Cont. 3 3±2 12.00 2.53 3.18 0.006 ** 
Con. Cont. 6 3±2 17.00 2.92 3.72 0.001 ** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S5 Cont.  

     Chaenactis douglasii 

Treatment 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) 
Std. 

Error 
z-

ratio 
P-

value   

Con. Cont. 0 15/5 4.88 2.75 0.82 0.990  
Con. Cont. 1 15/5 12.35 4.22 2.02 0.459  
Con. Cont. 2 15/5 14.81 4.56 2.28 0.296  
Con. Cont. 3 15/5 44.44 6.38 4.14 0.001 ** 
Con. Cont. 6 15/5 45.00 6.43 4.16 0.001 ** 
Strat. 1 15/5 20.48 5.12 2.77 0.098  
Strat. 2 15/5 49.43 6.20 4.39 <0.001 *** 
Strat. 3 15/5 61.05 5.78 4.94 <0.001 *** 
Strat. 6 15/5 69.05 5.83 5.30 <0.001 *** 
        
Con. Cont. 0 20/10 2.08 2.08 set as baseline  
Con. Cont. 1 20/10 2.20 1.78 0.01 1.000  
Con. Cont. 2 20/10 2.20 1.78 0.01 1.000  
Con. Cont. 3 20/10 2.20 1.78 0.01 1.000  
Con. Cont. 6 20/10 2.20 1.78 0.01 1.000  
Strat. 1 20/10 10.59 3.86 1.82 0.600  
Strat. 2 20/10 41.67 5.82 4.03 0.001 ** 
Strat. 3 20/10 69.70 5.34 5.37 <0.001 *** 
Strat. 6 20/10 77.78 5.07 5.77 <0.001 *** 
        
Con. Cont. 0 25/15 1.16 1.34 -0.45 1.000  
Con. Cont. 1 25/15 1.19 1.37 -0.43 1.000  
Con. Cont. 2 25/15 1.19 1.37 -0.43 1.000  
Con. Cont. 3 25/15 1.19 1.37 -0.43 1.000  
Con. Cont. 6 25/15 1.19 1.37 -0.43 1.000  
Strat. 1 25/15 14.29 4.41 2.24 0.323  
Strat. 2 25/15 47.37 5.92 4.31 <0.001 *** 
Strat. 3 25/15 76.09 5.14 5.68 <0.001 *** 
Strat. 6 25/15 64.10 6.28 5.04 <0.001 *** 

Con. Cont. 0 3±2 1.19 1.27 set as baseline  
Con. Cont. 1 3±2 39.29 5.70 3.61 0.001 ** 
Con. Cont. 2 3±2 41.67 5.75 3.71 0.001 ** 
Con. Cont. 3 3±2 53.57 5.82 4.14 <0.001 *** 
Con. Cont. 6 3±2 71.43 5.27 4.82 <0.001 *** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 



    

186 

  

Table S5 Cont.  
      Crepis acuminata 

Treatment 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) 
Std. 

Error z-ratio 
P-

value   

Con. Cont. 0 15/5 1.01 1.32 -3.39 0.015 * 
Con. Cont. 1 15/5 2.02 1.86 -3.96 0.002 ** 
Con. Cont. 2 15/5 35.35 6.33 -1.56 0.764  
Con. Cont. 3 15/5 62.63 6.41 1.35 0.874  
Con. Cont. 6 15/5 76.00 5.63 2.82 0.087  
Strat. 1 15/5 43.00 6.52 -0.74 0.995  
Strat. 2 15/5 95.92 2.63 4.36 <0.001 *** 
Strat. 3 15/5 99.00 1.31 3.40 0.015 * 
Strat. 6 15/5 98.99 1.32 3.39 0.015 * 
        
Con. Cont. 0 20/10 50.10 7.40 set as baseline   
Con. Cont. 1 20/10 50.00 6.72 0.00 1.000  
Con. Cont. 2 20/10 51.04 6.72 0.11 1.000  
Con. Cont. 3 20/10 51.04 6.72 0.11 1.000  
Con. Cont. 6 20/10 59.41 6.44 1.00 0.971  
Strat. 1 20/10 44.44 6.58 -0.59 0.999  
Strat. 2 20/10 96.97 2.27 4.24 0.001 ** 
Strat. 3 20/10 98.98 1.34 3.38 0.015 * 
Strat. 6 20/10 99.00 1.31 3.40 0.015 * 
        
Con. Cont. 0 25/15 4.21 2.72 -4.31 <0.001 *** 
Con. Cont. 1 25/15 10.53 4.15 -4.15 0.001 ** 
Con. Cont. 2 25/15 11.58 4.33 -4.06 0.001 ** 
Con. Cont. 3 25/15 11.58 4.33 -4.06 0.001 ** 
Con. Cont. 6 25/15 11.22 4.20 -4.13 0.001 ** 
Strat. 1 25/15 44.44 6.58 -0.59 0.999  
Strat. 2 25/15 81.00 5.17 3.37 0.016 * 
Strat. 3 25/15 98.99 1.32 3.39 0.015 * 
Strat. 6 25/15 95.60 2.83 4.24 0.001 ** 

Con. Cont. 0 3±2 10.00 2.28 set as baseline   
Con. Cont. 1 3±2 34.00 3.60 5.114 <0.001 *** 
Con. Cont. 2 3±2 40.00 3.72 6.030 <0.001 *** 
Con. Cont. 3 3±2 67.00 3.57 9.666 <0.001 *** 
Con. Cont. 6 3±2 99.00 0.76 8.438 <0.001 *** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S5 Cont.  
      Erigeron pumilus 

Treatment 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) 
Std. 

Error z-ratio P-value   

Con. Cont. 0 15/5 2.30 2.42 -1.67 0.699  
Con. Cont. 1 15/5 3.49 2.97 -1.53 0.784  
Con. Cont. 2 15/5 12.79 5.41 -0.17 1.000  
Con. Cont. 3 15/5 51.16 8.10 3.34 0.018 * 
Con. Cont. 6 15/5 73.26 7.18 4.85 <0.001 *** 
Strat. 1 15/5 15.46 5.52 0.17 1.000  
Strat. 2 15/5 76.09 6.69 5.10 <0.001 *** 
Strat. 3 15/5 93.88 3.64 5.84 <0.001 *** 
Strat. 6 15/5 96.47 3.01 5.16 <0.001 *** 

        
Con. Cont. 0 20/10 14.30 4.42 set as baseline   
Con. Cont. 1 20/10 16.47 6.05 0.29 1.000  
Con. Cont. 2 20/10 16.47 6.05 0.29 1.000  
Con. Cont. 3 20/10 16.47 6.05 0.29 1.000  
Con. Cont. 6 20/10 16.47 6.05 0.29 1.000  
Strat. 1 20/10 48.45 7.63 3.20 0.028 * 
Strat. 2 20/10 87.88 4.93 5.86 <0.001 *** 
Strat. 3 20/10 91.49 4.33 5.85 <0.001 *** 
Strat. 6 20/10 97.94 2.17 4.86 <0.001 *** 

        
Con. Cont. 0 25/15 17.53 5.80 0.42 1.000  
Con. Cont. 1 25/15 26.44 7.11 1.35 0.873  
Con. Cont. 2 25/15 26.14 7.04 1.32 0.884  
Con. Cont. 3 25/15 26.14 7.04 1.32 0.884  
Con. Cont. 6 25/15 26.14 7.04 1.32 0.884  
Strat. 1 25/15 44.57 7.79 2.89 0.072  
Strat. 2 25/15 84.69 5.47 5.70 <0.001 *** 
Strat. 3 25/15 98.96 1.56 4.03 0.001 ** 
Strat. 6 25/15 96.70 2.81 5.23 <0.001 *** 

Con. Cont. 0 3±2 1.02 1.33 set as baseline   
Con. Cont. 1 3±2 31.63 6.18 2.81 0.018 * 
Con. Cont. 2 3±2 56.12 6.59 3.58 0.001 ** 
Con. Cont. 3 3±2 65.31 6.32 3.86 <0.001 *** 
Con. Cont. 6 3±2 67.35 6.23 3.92 <0.001 *** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using Dunnett’s 
multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S6. Results of Dunnett's post-hoc comparisons of the germination response of Arnica mollis, 
Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus following 0, 1, 2, 3, 6, and 12 mo of dry 
after-ripening at one of the three temperature regimes (15/5, 20/10, or 25/15°C). Germination responses 
represent the least squares means and standard errors estimated from generalised linear models. All 
comparisons made to reference where Time = 0, Temperature = 20/10°C. Significant comparisons are 
shown in bold.  

Arnica mollis 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) 
Std. 

Error z-ratio P-value  

0 15/5 2.06 2.50 -0.47 0.998   
1 15/5 3.09 3.05 -0.22 1.000  
2 15/5 10.10 5.25 0.91 0.959  
3 15/5 1.02 1.76 -0.73 0.985  
6 15/5 88.00 5.64 4.97 <0.001 *** 

12 15/5 55.67 8.75 3.54 0.006 ** 
       
0 20/10 4.17 1.70 set as baseline  
1 20/10 13.27 5.94 1.24 0.851  
2 20/10 96.08 3.33 5.07 <0.001 *** 
3 20/10 47.96 8.75 3.22 0.018 * 
6 20/10 96.94 3.02 4.89 <0.001 *** 

12 20/10 41.41 8.59 2.93 0.044 * 
       
0 25/15 5.15 3.89 0.20 1.000  
1 25/15 4.00 3.40 -0.03 1.000  
2 25/15 42.00 8.56 2.96 0.041 * 
3 25/15 37.50 8.57 2.75 0.074  
6 25/15 84.04 6.55 4.75 <0.001 *** 

12 25/15 29.00 7.87 2.33 0.203   
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S6. Cont.      
Chaenactis douglasii 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio  P-value  

0 15/5 3.66 2.04 1.01 0.933   
1 15/5 2.20 1.51 0.52 0.997  
2 15/5 1.00 0.98 -0.12 1.000  
3 15/5 2.02 1.39 0.45 0.999  
6 15/5 2.17 1.49 0.52 0.997  

12 15/5 3.45 1.92 0.96 0.947  
       
0 20/10 1.19 1.19 set as baseline  
1 20/10 1.10 1.07 -0.05 1.000  
2 20/10 4.00 1.92 1.13 0.895  
3 20/10 1.06 1.04 -0.07 1.000  
6 20/10 1.02 1.00 -0.10 1.000  

12 20/10 1.03 1.01 -0.10 1.000  
       
0 25/15 1.11 1.09 -0.04 1.000  
1 25/15 1.11 1.09 -0.04 1.000  
2 25/15 0.01 0.01 -0.01 1.000  
3 25/15 1.05 1.03 -0.08 1.000  
6 25/15 1.00 0.98 -0.12 1.000  

12 25/15 1.00 0.98 -0.12 1.000   
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S6. Cont.           
Crepis acuminata 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio        P-value 

0 15/5 2.04 1.82 -4.23 <0.001 *** 
1 15/5 4.08 2.54 -4.69 <0.001 *** 
2 15/5 9.00 3.64 -4.73 <0.001 *** 
3 15/5 23.00 5.35 -3.34 0.012 * 
6 15/5 17.00 4.78 -4.00 0.001 ** 

12 15/5 33.33 6.03 -2.18 0.277  
       
0 20/10 53.09 2.02 set as baseline  
1 20/10 48.00 6.36 -0.56 0.996  
2 20/10 56.19 6.16 0.34 1.000  
3 20/10 80.00 4.97 3.11 0.026 * 
6 20/10 45.92 6.41 -0.79 0.978  

12 20/10 87.16 4.08 4.00 0.001 ** 
       
0 25/15 4.17 2.60 -4.66 <0.001 *** 
1 25/15 10.87 4.13 -4.46 <0.001 *** 
2 25/15 26.26 5.63 -2.97 0.040 * 
3 25/15 36.27 6.06 -1.86 0.466  
6 25/15 23.96 5.54 -3.20 0.020 * 

12 25/15 11.22 4.06 -4.54 <0.001 *** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S6. Cont.           
Erigeron pumilus 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio P-value 

0 15/5 4.41 1.33 -6.49 <0.001 *** 
1 15/5 3.28 1.03 -4.82 <0.001 *** 
2 15/5 3.16 1.01 -4.86 <0.001 *** 
3 15/5 2.92 0.95 -5.00 <0.001 *** 
6 15/5 5.26 1.50 -3.81 0.002 ** 

12 15/5 25.47 4.63 0.75 0.982  
       
0 20/10 15.30 3.55 set as baseline  
1 20/10 16.07 3.45 -0.94 0.951  
2 20/10 15.55 3.48 -1.04 0.926  
3 20/10 14.50 3.36 -1.27 0.838  
6 20/10 23.83 4.23 0.60 0.994  

12 20/10 65.84 4.71 6.99 <0.001 *** 
       
0 25/15 20.96 4.07 0.10 1.000  
1 25/15 16.33 3.49 -0.76 0.982  
2 25/15 15.80 3.52 -0.85 0.970  
3 25/15 14.74 3.40 -1.05 0.923  
6 25/15 24.18 4.20 0.56 0.996  

12 25/15 66.27 4.66 5.84 <0.001 *** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S7. Results of Dunnett's post-hoc comparisons of the germination response of Arnica mollis, 
Chaenactis douglasii, Crepis acuminata, and Erigeron pumilus following 0, 1, 2, 3, 6, and 12 mo of dry 
cold storage (-18°C) at one of the three temperature regimes (15/5, 20/10, or 25/15°C). Germination 
responses represent the least squares means and standard errors estimated from generalised linear 
models. All comparisons made to reference where Time = 0, Temperature = 20/10°C. Significant 
comparisons shown in bold.  

Arnica mollis 
Time 

(months) 
Temperature 

(°C) 
Germination 

(%) Std. Error z-ratio P-value       

0 15/5 2.06 1.51 -0.78 0.980  
1 15/5 1.02 1.06 -1.21 0.864  
2 15/5 2.00 1.47 -0.81 0.975  
3 15/5 1.00 1.04 -1.23 0.856  
6 15/5 6.12 2.54 0.60 0.994  

12 15/5 1.00 1.04 -1.23 0.856  
       
0 20/10 4.17 1.70 set as baseline    
1 20/10 3.00 1.79 -0.40 0.999  
2 20/10 3.00 1.79 -0.40 0.999  
3 20/10 11.00 3.28 1.67 0.596  
6 20/10 12.36 3.66 1.88 0.459  

12 20/10 4.21 2.16 0.03 1.000  
       
0 25/15 5.15 2.35 0.32 1.000  
1 25/15 6.00 2.49 0.57 0.996  
2 25/15 6.19 2.57 0.62 0.993  
3 25/15 7.14 2.73 0.86 0.967  
6 25/15 11.11 3.31 1.69 0.585  

12 25/15 28.71 4.72 3.84 0.002 ** 
Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 



    

193 

  

Table S7. Cont.           
Chaenactis douglasii 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio P-value  

0 15/5 3.66 2.07 1.00 0.938  
1 15/5 4.82 2.35 1.28 0.829  
2 15/5 1.04 1.04 -0.09 1.000  
3 15/5 2.08 1.46 0.47 0.998  
6 15/5 2.06 1.44 0.46 0.998  
12 15/5 2.11 1.47 0.48 0.998  

       
0 20/10 1.19 1.19 set as baseline  
1 20/10 2.35 1.64 0.57 0.995  
2 20/10 3.06 1.74 0.84 0.971  
3 20/10 3.09 1.76 0.85 0.970  
6 20/10 3.03 1.72 0.83 0.972  
12 20/10 2.08 1.46 0.47 0.998  

       
0 25/15 1.11 1.10 -0.04 1.000  
1 25/15 1.19 1.18 0.01 1.000  
2 25/15 1.00 0.99 -0.12 1.000  
3 25/15 2.00 1.40 0.44 0.999  
6 25/15 1.00 0.99 -0.12 1.000  
12 25/15 2.02 1.41 0.45 0.999  

Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S7. Cont.           
Crepis acuminata 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio P-value  

0 15/5 2.04 2.20 -3.48 0.007 ** 
1 15/5 3.03 2.66 -3.75 0.003 ** 
2 15/5 2.02 2.18 -3.49 0.007 ** 
3 15/5 9.00 4.42 -3.90 0.002 ** 
6 15/5 44.55 7.63 -0.78 0.980  
12 15/5 22.00 6.39 -2.85 0.057  

       
0 20/10 53.09 2.02 set as baseline    
1 20/10 39.00 7.53 -1.28 0.831  
2 20/10 38.24 7.43 -1.36 0.791  
3 20/10 60.00 7.56 0.63 0.993  
6 20/10 55.14 7.42 0.19 1.000  
12 20/10 67.96 7.10 1.38 0.778  

       
0 25/15 4.17 3.15 -3.84 0.002 * 
1 25/15 10.31 4.77 -3.79 0.002 * 
2 25/15 12.00 5.02 -3.71 0.003 * 
3 25/15 10.10 4.68 -3.83 0.002 * 
6 25/15 22.55 6.39 -2.81 0.063  
12 25/15 1.20 1.85 -2.86 0.055  

Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Table S7. Cont.           
Erigeron pumilus 

Time 
(months) 

Temperature 
(°C) 

Germination 
(%) 

Std. 
Error z-ratio P-value  

0 15/5 5.63 1.40 -6.13 <0.001 *** 
1 15/5 4.68 1.18 -4.52 <0.001 *** 
2 15/5 2.81 0.84 -5.53 <0.001 *** 
3 15/5 3.10 0.87 -5.45 <0.001 *** 
6 15/5 5.73 1.41 -3.97 0.001 ** 
12 15/5 15.14 2.85 -0.95 0.949  

       
0 20/10 15.30 3.55 set as baseline    
1 20/10 16.65 2.93 -0.73 0.985  
2 20/10 10.52 2.46 -2.36 0.193  
3 20/10 11.53 2.43 -2.14 0.295  
6 20/10 19.83 3.35 0.07 1.000  
12 20/10 42.07 4.15 4.59 <0.001 *** 

       
0 25/15 20.84 3.43 0.48 0.998  
1 25/15 17.80 3.07 -0.36 1.000  
2 25/15 11.30 2.56 -1.85 0.473  
3 25/15 12.37 2.56 -1.61 0.634  
6 25/15 21.14 3.41 0.32 1.000  
12 25/15 44.04 4.30 3.97 0.001 ** 

Asterisks denote significant difference compared to baseline germination at 0 mo, estimated using 
Dunnett’s multiple comparisons procedure; P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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Appendix D. Supplementary Materials for Chapter 5 
 

 
 
 

Table S1. Randomised complete block design used in the emergence experiment consisted of four seed 
treatments: (1) SP - KAR1 priming, (2) SC - coating, (3) SPC - KAR1 priming + coating, and (4) S - 
untreated, cleaned seeds (control). Each seed treatment was subject to one of three irrigation regimes: 
Low, Medium, and High. Seedlings were randomly allocated to one of the three harvest intervals, which 
occurred 21, 50, and 84 d after sowing, respectively. Each seed treatment × irrigation regime × harvest 
combination consisted of four replicates, which were randomly assigned to one of six blocks and re-
randomised within blocks following each harvest event.  

Seed 
Treatments 

Irrigation 
Regimes Harvests Replicates Blocks Containers 

Block-1 
Total 

Containers 

4 3 3 4 6 144 864  
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Table S2. Morphological traits and age collected from Triodia pungens seedlings at three separate harvest 
intervals distributed throughout the growing season, including seedling establishment phase capturing peak 
emergence (Harvest 1; 21 d since sowing), the active growth phase (Harvest 2; 50 d since sowing), and the 
end of growing season (Harvest 3; 84 d since sowing). Trait measurements followed guidelines and 
definitions outlined in in Barrett et al. (2017) and Cornelissen et al. (2003). 
Seedling Trait Units Definition Formula 

Age days Seedling age at the time of harvest; where 
th = number of days since sowing and te = 
number of days between sowing and 
emergence  

Age = 		 &' − &) 

Stem Number stems plant-1 Number of individual stems per plant d.m. 
Leaf Number leaves plant-1 Total number of leaves per plant d.m. 

Shoot Length cm Length of tissue above the root collar d.m. 
Shoot Area cm2 Area of tissue above the root collar d.m. 
Shoot Mass g Dry mass of tissue above the root collar d.m. 
Leaf Length cm Length of leaf (lamina) measured along 

longitudinal axis 
d.m. 

Leaf Area cm2 Area of leaf tissue (lamina) d.m. 
Leaf Mass g Dry mass of leaf tissue d.m. 

Stem Length cm Length of tissue between root collar and 
leaf orifice 

d.m. 

Stem Area cm2 Area between root collar and leaf orifice 
(including the leaf sheath) 

d.m. 

Stem Mass g Dry mass of stem tissue (between root 
collar and leaf orifice) 

d.m. 

Root Length cm Length of tissue below the root collar d.m. 
Root Area cm2 Total area below the root collar d.m. 
Root Mass g Total dry mass of tissue below the root 

collar 
d.m. 

Total Mass g Total plant tissue dry mass *+ = ,+ +.+ 
Specific Leaf 

Area 
cm2 g-1 Measure of relative thickness, spread, and 

density of leaves ,/0 = /0
/+ 

Leaf Mass Ratio g:g Measure of biomass allocation to leaves /+. = /+
*+ 

Leaf Area Ratio cm2:cm-2 Measure of leafiness /0. = ,/0	 × 	/+. 

Net Assimilation 
Rate 

g m-2 d-1 Efficiency of biomass generation by 
leaves  20. = 1

/0 ×	
45

&6 − &7
 

Relative Growth 
Rate 

g day-1 Efficiency of growth .8. = (4:;6 − 4:;7)
&6 − &7

 

Root Mass Ratio g:g Measure of biomass allocation to roots .+. = .+
*+ 

Area-based 
Root:Shoot 

g:g Ratio of allocation to root or shoot area .=: ,= =
.0
,0  

Mass-based 
Root:Shoot 

g:g Ratio of allocation to root or shoot 
biomass .?:,? = .+

,+  
  

d.m. – direct measurement 
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Table S3. Analysis of variance (ANOVA) of the contribution of individual factors and their 
interactions to the generalised linear model used to describe the final germination response for seeds 
of Triodia pungens across six osmotic potentials (-1.5, -1, -0.75, -0.5, -0.25, 0 MPa), at the end of 28 
d. (A) Tests the effectiveness of seed cleaning (i.e. the removal of the floret structures) and osmotic 
potential on germination. (B) Indicates the role of seed coating, KAR1 priming, osmotic potential, 
and their interaction on germination.  

A D.f. Dev. 
Resid. 

D.f. 
Resid. 
Dev. Pr (>Chi)  

Cleaning 1 6.8055 70 58.945 0.009088 ** 
MPa 5 4.3371 65 54.608 0.501974  
Cleaning × MPa 5 2.2348 60 52.373 0.815795   
B        
Coating 1 4.192 142 410.93 0.040615 * 
Priming 1 110.509 141 300.42 <0.0001 *** 
MPa 5 174.337 136 126.09 <0.0001 *** 
Coating × Priming 1 0.012 135 126.07 0.913299  
Coating × MPa 5 3.635 130 122.44 0.603023  
Priming × MPa 5 17.618 125 104.82 0.003465 ** 
Coating × Priming × MPa 5 5.18 120 99.64 0.39432   
P < 0.001 ***, P < 0.01 **, P < 0.05 *  
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Table S4. Results of analysis of variance (ANOVA) of Triodia pungens seedling emergence at seven and 
14 d following sowing observed across three irrigation regimes (Low, Medium, and High). Seed 
treatments included: untreated cleaned seeds, coating, KAR1 priming, or priming + coating.  

  D.f. Dev. Resid. 
D.f. 

Resid. 
Dev. Pr (>Chi) 

 
7 d 
Block 1 9.41 862 3147.9 0.00216 ** 
Coating 1 50.75 861 3097.1 < 0.0001 *** 
Priming 1 1384.69 860 1712.4 < 0.0001 *** 
Irrigation 2 415.04 858 1297.4 < 0.0001 *** 
Coating × Priming  1 9.55 857 1287.8 0.00200 ** 
Coating × Irrigation 2 24.41 855 1263.4 0.00000 *** 
Priming × Irrigation 2 4.65 853 1258.8 0.09785 . 
Coating × Priming × Irrigation 2 1 851 1257.8 0.60773  
14 d 
Block 1 14.54 862 3891.2 0.00014 *** 
Coating 1 25.1 861 3866.1 < 0.0001 *** 
Priming 1 1926.8 860 1939.3 < 0.0001 *** 
Irrigation 2 311.04 858 1628.3 < 0.0001 *** 
Coating × Priming  1 14.92 857 1613.4 0.00011 *** 
Coating × Irrigation 2 10.43 855 1602.9 0.00543 ** 
Priming × Irrigation 2 16.96 853 1586.0 0.00021 *** 
Coating × Priming × Irrigation 2 5.36 851 1580.6 0.06859 . 
P < 0.001 ***, P < 0.01 **, P < 0.05 * 
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NA - Trait was excluded from the first harvest analysis due to identical values across all treatments. 
“-“ is listed for values ≤ 0.10 on the Principal Component (PC) axis 1 or 2. 

Table S5. Loadings from principal components analyses (PCAs) of seedling age and 23 morphological 
traits measured across a range of three irrigation regimes and four seed treatments applied to seeds of 
Triodia pungens. A separate PCA was conducted for each harvest: 21 d (Harvest 1), 50 d (Harvest 2) and 
84 d (Harvest 3) after sowing. Loadings shown in bold represent the top 90th and bottom 10th percentile 
values for each harvest. 
    Harvest 1 Harvest 2 Harvest 3 
Seedling Trait Code PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

Age Age -0.198 - -0.119 - - - 
Stem Number StemNum NA NA - - -0.217 - 
Leaf Number LeafNum -0.156 - -0.215 - -0.215 - 
Shoot Length ShootL -0.264 -0.158 -0.264 -0.123 -0.250 - 
Shoot Area ShootA -0.269 -0.145 -0.264 -0.126 -0.249 - 
Shoot Mass ShootM -0.283 - -0.281 - -0.255 - 
Leaf Length LeafL -0.256 -0.144 -0.262 -0.123 -0.248 - 
Leaf Area LeafA -0.264 -0.141 -0.260 -0.130 -0.246 - 
Leaf Mass LeafM -0.27 - -0.278 - -0.252 - 
Stem Length StemL -0.188 -0.147 -0.227 - -0.234 - 
Stem Area StemA -0.224 -0.123 -0.263 - -0.252 - 
Stem Mass StemM -0.252 - -0.258 - -0.249 - 
Root Length RootL -0.234 0.204 -0.215 0.209 -0.222 0.156 
Root Area RootA -0.231 0.207 -0.221 0.215 -0.234 0.154 
Root Mass RootM -0.227 0.271 -0.212 0.255 -0.241 0.136 
Total Mass TotalM -0.281 0.126 -0.27 0.123 -0.255 - 
Specific Leaf Area SLA - - - -0.221 - - 
Leaf Mass Ratio LMR - -0.348 - -0.329 - -0.434 
Leaf Area Ratio LAR - -0.355 - -0.309 - -0.330 
Net Assimilation Rate NAR -0.184 0.282 -0.119 0.324 -0.224 0.159 
Relative Growth Rate RGR -0.281 0.126 -0.270 0.123 -0.255 - 
Root Mass Ratio RootMR - 0.388 - 0.343 - 0.441 
Areas R:S AreaR:S - 0.247 - 0.367 - 0.430 
Mass R:S MassR:S - 0.371 - 0.347 - 0.428 
Proportion of Variance   48.2% 20.4% 49.8% 26.1% 61.8% 17.7% 
Cumulative Proportion    68.6%  75.9%  79.5% 
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Figure S1. Custom-built seed priming unit used to hydro-prime seeds of Triodia pungens. Two cylinders 
were filled with 2 L of 1 �M KAR1 and deionised water solution and connected to an air pump (Hailea 
Air Pump, IPX4, Guang Dong, China; flow rate ca. 3-4 L min-1) to promote aeration during priming. 
Seeds were divided into ten batches (c.a. 18 g each), heat-sealed inside nylon mesh (1�m) bags and 
placed inside the cylinders. The entire priming unit was placed inside a growth chamber set to 25°C and a 
12 h day: 12 h night regime and seeds primed for 10 h. Following treatment, seeds were removed and 
placed in a controlled environment room (15°C and 15 – 20% RH) to dry for 48 h. 
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Figure S2.1. Results of PCA ordination for seedling age and 23 morphological traits 
of Triodia pungens in response to seed treatment across a range of irrigation regimes 
21 d after sowing (Harvest 1). 	
	

	
Figure S2.2. Results of PCA ordination for seedling age and 23 morphological traits 
of Triodia pungens in response to seed treatment across a range of irrigation regimes 
50 d after sowing (Harvest 2). 
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Figure S2.3. Results of PCA ordination for seedling age and 23 morphological 
traits of Triodia pungens in response to seed treatment across a range of irrigation 
regimes 84 d after sowing (Harvest 3). 
 
 




