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Summary 

South-western Australia is among the most biodiverse areas worldwide but is heavily 

invaded by non-native plants. In ecological restoration situations, strategies are required 

that reduce the threat of invasive species along with the re-introduction of native 

propagules. I posit that the competitive effect of non-native grasses on native species, 

whilst influenced by soil fertility and key traits of both native and non-native species, can 

be altered by the use of nurse saplings and by treatments influencing time of emergence. 

Management of such factors could thus make the restoration of invaded areas more 

cost-effective and more resilient. The main research questions were:  

(1) Do tree saplings affect the establishment of native seedlings and the interaction 

between native seedlings and the non-native grass Bromus diandrus? 

(2) How does shading affect the interaction between tree saplings, native seedlings 

and Bromus?  

(3) Does the late emergence of non-native grasses Bromus diandrus and Ehrharta 

calycina affect the outcome of competition between these grasses and native 

species? 

(4) How does initial removal of the weed community and its later re-appearance 

influence establishment of native seedlings? 

(5) How do nutrient availability and seedling density influence competition between 

native seedlings and Ehrharta calycina?  

Field experiments were carried out at a restoration site in the south-western Australian 

wheatbelt and in Banksia woodland on the Swan Coastal Plain.  

I assessed the effect of two species of tree saplings (Eucalyptus loxophleba and Acacia 

microbotrya) on the establishment of native seedlings and the non-native grass Bromus 

diandrus. Treatments were: ‘neutral’ shade but no belowground competition, under 

native tree saplings, and no shade or saplings. Both shade and below-ground 

competition contributed to the predominantly negative effect that saplings had on native 

seedling emergence. Saplings had a beneficial effect on the survival of native species 

seedlings, but only marginally. Bromus reduced the survival of seedlings of large-seeded 

native species in the open, but not underneath saplings, suggesting an indirect facilitative 

effect.  

Late emergence of Bromus in a glasshouse experiment strongly reduced its negative 

effect on the growth of nine native species from Eucalypt-Acacia woodlands. Similarly, 

in the field, late emergence of the non-native herbaceous community favoured the 

survival of native seedlings, although survival was still higher when non-natives were 
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eradicated. The negative effect of the non-native community even after late emergence 

suggests that the competitive effect does not depend exclusively on faster germination 

and earlier emergence, but also on physiological traits that promote fast and efficient 

acquisition of resources. A similar experiment in the glasshouse testing the effect of time 

of weed emergence on native plant development, with more impoverished soil from a 

Banksia woodland, confirmed the earlier results. Through several experiments involving 

soils and a range of native species from a Banksia woodland, we confirmed that the 

competitive effect of Ehrharta calycina was increased in more nutrient rich soils.  

Identity of native species and native species’ traits correlated with different competitive 

abilities throughout all experiments. Saplings of Eucalyptus loxophleba had a stronger 

negative effect on seedling emergence than saplings of Acacia microbotrya. Seedlings 

from species that emerged later had smaller competitive effects on B. diandrus. Seed 

size correlated with both competitive response and competitive effect, in very 

impoverished sandy soils, but did not affect competitive abilities in enriched soil from the 

old-field. 

Above- and below-average rainfalls occurred while conducting experiments in the field, 

and hence results should be regarded as indicative only. Nevertheless, there is scope 

for management interventions that can affect the competitive balance between invasive 

and native species and thus have the potential to improve restoration success. Delaying 

emergence of weeds through initial removal before seeding or planting can improve 

seedling establishment. The effect of nurse plants is likely to vary with their size, and 

with soil fertility and soil moisture, which are factors that can be manipulated. The finding 

that certain traits like seed size affect species’ competitive ability presents both 

opportunities and challenges: in balancing short-term restoration outcomes with longer-

term species diversity and resilience. 
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1 GENERAL INTRODUCTION 

Interactions between plants are important in determining the structure, dynamics and 

evolution of plant communities (Bertness & Callaway 1994, Callaway & Ridenour 2004). 

They play a significant role in mediating the impact of drivers of environmental change 

like climate change, nitrogen deposition, biological invasions or land-use change 

(Brooker 2006; Maestre & Reynolds 2006, 2007). In degraded ecosystems, competition 

for resources has been long regarded as a primary mechanism determining the success 

of numerous invasive species (Elton 1958; Tilman 1997; Levine et al., 2003). The 

phenomenon of plant invasion has brought about dramatic losses in diversity, alteration 

of ecosystem functions and economic losses (Pimentel et al., 2005). Excluding time 

spent by volunteers, management of weeds invading natural ecosystems in Australia 

costs approximately 20 million AUD each year (Sinden et al., 2004). Wildlife habitats in 

the U.S. lose approximately 700,000 ha year-1 due to spreading of alien weeds (Babbitt 

1998). 

On the other hand, established vegetation can also facilitate the incorporation of new 

individuals or species whose survival and growth would not be possible without this pre-

existing vegetation (Gómez-Aparicio 2009). These positive interactions are increasingly 

thought to be important for the maintenance of biodiversity (e.g. Choler et al., 2001; 

Callaway et al., 2002). Most of the evidence of such interactions tends to come from 

ecosystems with harsh environmental conditions such as deserts, arctic or alpine tundra 

systems, or salt marshes (Brooker et al., 2008). 

Historically, ecological restoration has focused partially on the reduction of competition 

by removing the vegetation that hinders ecosystem recovery. Herbicide, fire, grazing, 

manual and mechanical removal are the usual techniques to eliminate species that can 

potentially hinder the establishment of desired species (Jordan & Hall 1988; Clewell & 

Lea 1990; Savill et al. 1997). On the other hand, the renewed recognition of the role of 

positive interactions in plant communities (Callaway 2007; Brooker et al. 2008) has 

promoted their incorporation into the practice and research of ecosystem restoration 

(Byers et al. 2006; Padilla & Pugnaire 2006; Halpern et al., 2007). Seeding or planting 

beneath remnant shrubs or trees has been proven as a promising alternative to restore 

ecosystems in which harsh environmental conditions limit natural regeneration (Padilla 

& Pugnaire 2006). The success of ecological restoration can be enhanced by 

understanding the way in which introduced target species interact with neighbouring 

vegetation (Gómez-Aparicio 2009). Although plant invasion is a very common scenario, 

control of invaders and establishment of desired vegetation remains challenging 

(Gaertner et al., 2012). On the other hand, the net outcome of the interaction between 
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nurse plants and beneficiary species remains difficult to predict, particularly in dry lands. 

This interaction is complex and seems to rely on multiple biotic and abiotic factors 

(Brooker et al., 2008). This thesis presents results from field and greenhouse 

experiments that examine the positive and negative interactions among plants in a 

restoration context. The work was carried out in two Mediterranean ecosystems in south-

western Australia, a highly diverse region wherein plant invasions and climate change 

are factors affecting natural ecosystem recovery. 

 

1.1 STUDY AREA: MEDITERRANEAN–CLIMATE ECOSYSTEMS OF SOUTH-

WESTERN AUSTRALIA 

 

The Southwest Botanical Province covers 48.9 million hectares in south-western 

Australia (Fig. 1.1). It is among the most biodiverse areas worldwide, with high rates of 

plant species endemism (Hopper & Goia 2004). The diverse flora has evolved to cope 

with limited nutrients and water and natural disturbances such as fire. Long -lived woody 

perennials dominate most vegetation types. Most abundant families are the Myrtaceae, 

Proteaceae, Faboideae, Mimosoideae, Ericaceae and Orchidaceae. The region is a 

highly weathered low plateau, with flat to gently undulating topography (Anand & Paine 

2002, Kendrick et al., 1991). Rainfall is highly seasonal with up to 80% of the rain 

recorded between the end of autumn and middle of spring (Wright 1974 a,b).  

The first two data chapters of the thesis refer to the region known as the “wheatbelt”. 

Original vegetation is characterised by mosaics of shrublands and woodlands mainly 

associated to soil and topographic patterns along a rainfall gradient from southwest to 

northwest (Dirnböck et al., 2002). Prior to transformation, our study site, in the south-

western wheatbelt, consisted mainly of woodlands of Eucalyptus loxophleba (York gum) 

and Acacia acuminata (jam). Soils are sandy loams derived from granites (Prober & 

Smith 2009). Mean annual rainfall is c.a. 445 mm. The third data chapter focuses on 

Banksia woodland, found on the Swan Coastal Plain. This community is characterized 

by an open canopy dominated by Banksia attenuata and B. menziesii (Proteaceae). 

Sclerophyllous shrubs dominate the species-rich understorey. Soils are coarse textured 

(97% sand) and annual rainfall is c.a. 740 mm (Ramalho et al., 2014).  

The original vegetation has been extensively cleared and fragmented due to land 

conversion for agriculture in the case of York Gum woodland (Saunders et al., 1993) and 

urban development in the case of the Banksia woodland. Additionally, plant invasions 

are among the major conservation issues in south-western Australia (Hobbs & Atkins 
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1991, Fisher et al., 2009a). Natural regeneration in degraded sites is very slow due to 

competitiveness of invasive species, exacerbated water and climate stress due to 

removal of original vegetation, and limited seed dispersal to degraded areas.  

 

Figure 1.1. Map of south-western Australia showing cleared areas in white and the approximate extension 

of the wheatbelt between isohyets lines. Research sites are indicated by stars (From Prober & Smith 2009). 

 

1.2 FACTORS LIMITING SEEDLING ESTABLISHMENT AT INVADED AREAS OF 

SOUTH-WESTERN AUSTRALIA 

 

High rates of mortality of seedlings make this stage critically important in the life cycle of 

plant species (Fenner 1987). Causes of seedling mortality can be included within the 

concept of “ecological filters” which relates to biotic and abiotic factors that control the 

number of species that survive in a given site (Keddy 1992). The capacity of species to 

disperse to the site also affects richness and abundance at a given site (Myers & Harms 

2009).  

Competition with non-native plant species is an example of a biotic filter that limits re-

colonization by native species in areas where previous land use has led to non-native 

plant invasion. Lack of native propagules and limitations to their dispersion are also 

restrictions to natural regeneration at invaded sites (Standish et al., 2007a). In   

woodlands of the south-western Australian wheatbelt, non-native plant invasion is 

associated with nutrient enrichment and disturbance of the soil crust (Hobbs & Atkins 

1988) as a result of factors such as fire, livestock grazing and fragmentation (Fox 2001; 
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Hobbs 2001; Hobbs et al.,2003). Plant invasions in the Banksia woodlands of the Swan 

Coastal Plain are also linked to the disturbance regime and its associated ecological 

processes. Abundance of non-native herbaceous species was found to be positively 

associated with grazing by rabbits and increasing size and age of woodland remnants in 

the Perth urban area (Ramalho et al., 2014). The interplay between plant invasion and 

fire has, in some places, caused a shift from a community dominated by woody perennial 

resprouter species to one in which exotic herbaceous perennial dominate (Fisher et al., 

2009a), a clear indication that plant invasions alter community composition and 

ecosystem function (Loreau et al., 2001).  

Another issue associated with plant invasion is the alteration of abiotic conditions that 

limit seedling establishment. At invaded sites of south-western Australia, prior removal 

of native vegetation exposes seedlings to higher temperatures and more pronounced 

drought (Cook et al., 2009). On the other hand, historic soil fertilization not only confers 

a large competitive advantage to non-native herbaceous species (Standish et al., 2008), 

but might also alter survival and growth of native species which evolved to cope with 

impoverished soils (Hobbs & Atkins 1988; Shane & Lambers 2005; Standish et al., 

2007b).  

South-western Australia has a Mediterranean-type climate, with mild, wet winters and, 

hot dry summers. In summer and even in spring, high temperatures can cause thermal 

stress and excessive water loss through transpiration (Moro et al., 1997 a, b). Hot dry 

conditions lead to low moisture contents in surface soils and seedlings of certain species 

might not be able to reaching deeper moist soils. As in other Mediterranean ecosystems, 

survival of woody seedlings throughout summer drought seems to relate to maximum 

rooting depth (Padilla & Pugnaire 2007; Hallett et al, 2011) and physiological tolerance 

to low soil moisture (Davies 1989). 

Soils in south-western Australia are nutrient poor. Phosphorus (P) is the main limiting 

nutrient (Lambers et al., 2014) with very low availability. Soil nitrogen (N) potassium (K) 

and micronutrients are also scarce (McArthur 1991). Infertility is mostly related to low 

nutrient content and old age of parent material (Lambers et al., 2014). The absence of 

processes rejuvenating soil (e.g. glaciations, volcanic eruptions) has caused a net loss 

of rock-derived nutrients as a result of weathering (Walker & Syers 1976; Laliberté et al., 

2012). N is continuously volatilised due to fires, and thus fixation of atmospheric N is 

crucial to compensate these losses (Lambers et al., 2014). Soil infertility has resulted in 

high diversity in terms of species richness and functional adaptations (Lambers et al., 

2010). Plant species have coped with low nutrient availability through three main nutrient 

acquisition strategies: cluster roots in non-mychorrizal species to acquire P, mychorrhizal 
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systems, and symbiotic systems allowing N2 fixation. Richness of non-mychorrhizal 

species is greatest when levels of soil P are the lowest, whereas mychorrizal species 

dominate on less P-impoverished soils (Lambers et al., 2006; 2010). Some Proteaceae 

species are very sensitive to nutrient addition but some others are more tolerant (Shane 

& Lambers 2005). Species with root systems associated with mycorrhiza or N fixers 

generally benefit from nutrient increase (Cale & Hobbs 1991; Standish et al., 2007b). 

 

1.3 RESTORATION ECOLOGY IN THE CONTEXT OF INVADED SITES IN 

SOUTH-WESTERN AUSTRALIA 

 

Restoration ecology is the science that identifies and explains the ecological patterns 

and processes behind the practice of Ecological Restoration. This in turn, is “the process 

of assisting the recovery of an ecosystem that has been degraded, damaged or 

destroyed” (Society for Ecological Restoration International Science & Policy Working 

Group 2005). Challenges imposed by effects of plant invasions have been recognised 

by both restoration ecologists and invasion ecologists (sensu Kettenring & Adams 2011). 

Research and practice in assisting the recovery of degraded areas has provided a unique 

opportunity for hypothesis generation and testing in ecology more broadly (Jordan et al., 

1990; Laughlin 2014), although this is yet to be fully realized (Perring et al., 2015). 

In the bidirectional relationship between restoration ecology and ecological restoration, 

there have been some concepts that have been widely applicable. Competition has been 

considered the primary interaction that structures plant communities (Grime 1974) and, 

specifically, competitive superiority of non-native species over native species has been 

put forward as a major characteristic of invasiveness  (Seabloom et al., 2003). Is very 

likely that this capability is mainly related to functional traits of invasive species, that in 

turn are related to physiology, biomass allocation, growth rate, size and fecundity (Kolar 

& Lodge 2001; Grotkopp et al., 2002; van Kleunen & Richardson 2007). Phenological 

differences that allow invading species to emerge earlier or persist longer to avoid 

resource competition are also considered to be a major factor promoting invasions 

(Wolkovich et al., 2013), along with elevated water or nutrient availability (Daehler 2003, 

Leishman & Thomson 2005). 

Although the concept of competition has been at the core of restoration ecology from the 

beginning, its counterpart, positive interactions between neighbouring plants, has been 

only considered in detail during the last 15 years (Cuesta et al., 2010). This interaction, 

termed “facilitation”, alludes to the beneficial effect received by one species when 
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another species has ameliorated the abiotic environment (i.e. direct facilitation). 

(Callaway 1995; Pugnaire et al., 1996; Pugnaire et al., 2004). Indirect facilitation occurs 

when a third species intervenes in the interactions between the nurse species and the 

target species (Caldeira et al, 2014). Benefactor species hence can attract pollinators, 

protect from herbivores or promote micro-biotic activity in the soil (Callaway 1995, 2007). 

The suppression of a common competitor is also considered as a type of indirect 

facilitation (Callaway & Pennings 2000) - for instance, when the competitive effect of 

annuals on seedlings is neutralized by a nurse plant that covers them (Cuesta et al., 

2010). Competition and facilitation can act simultaneously. The net balance is context-

dependent, and varies with abiotic stress, disturbance, life cycle stage, species identity 

and interactions with other neighbours (Callaway 2007).  

Another ecological concept that has been increasingly incorporated into ecological 

restoration relates to how biodiversity affects ecosystem function. The inclusion of goals 

linked to resistance to change or resilience in restoration projects is associated with this 

idea. A result of the increased consideration of function in restoration ecology is the 

subsequent incorporation of trait-based approaches, with the aim of achieving functional 

goals (Perring et al., 2015). For example, resistance to invasion or minimizing seedling 

mortality caused by abiotic factors may be achieved by selecting a group of species with 

certain attributes (Funk et al, 2008; Padilla & Pugnaire 2007). Ideally, the selected 

species also would be able of facilitate establishment of other plant species (e.g. Padilla 

et al., 2009), and /or attract pollinators or seed dispersers (Perring et al., 2012). 

 

1.4 ECOLOGICAL RESTORATION IN THE CONTEXT OF INVADED SITES IN 

SOUTH-WESTERN AUSTRALIA 

 

The use of ecological concepts like competition, facilitation and recruitment limitation has 

brought about practical applications that are the corpus of ecological restoration in 

different scenarios. Reduction of the competitive effect of non-native plant species has 

been addressed in multiple ways. Herbicide application, mechanical control, and 

revegetation with native species are the most common methods of weed control. Burning 

and hand pulling are also common practices, whereas other methods like soil 

amendment, grazing or water application are used less frequently. Follow-up controls 

seem to be sporadic too, even though propagule pressure is a frequent cause of 

successful and ongoing colonization by invasive species (Kettenring & Adams 2011, 

Gaertner et al., 2012). Control of invasive plants is often difficult (Reid et al., 2009) in 

spite of efforts to characterize invasive plants (e.g. Daehler 2003, Pyšek & Richardson 



   
 

16 

2007, van Kleunen et al., 2010) or to understand why some areas are more susceptible 

than others to invasion. (e.g. Stohlgren et al., 1999; Alpert et al., 2000). Limited increase 

of native species and re-appearance on invaders are common outcomes of weed control 

or restoration, even in projects that have included revegetation. Removal of invaders 

alone and introduction of native propagules do not seem to be sufficient to overcome 

biotic or abiotic thresholds that restrict natural regeneration. Management of 

environmental conditions that promote invasions and that are maintained by them have 

been proposed as strategies to improve ecological restoration of invaded areas (e.g. 

nutrient stripping and reduction) (Kettenring & Adams 2011, Gaertner et al., 2012). The 

management of propagule pressure through, for instance, depletion of seed banks of 

invaders has also been proposed as a strategy to improve the scope of weed control 

(Fisher et al., 2009b). 

In a few instances, nurse plants have been used to address abiotic limitations for 

seedling establishment (Padilla & Pugnaire 2006). In the semi-arid and nutrient 

impoverished south-western Australia, this strategy might be effective, considering that 

shade provided by nurse plants can increase soil moisture (Domingo et al., 1999) and 

reduce thermal stress and water loss of seedlings (Moro et al., 1997 a, b). On the other 

hand, soil beneath nurse plants can have elevated levels of nutrients compared to open 

areas (Cortina & Maestre 2005). Another potential application of nurse plants in the 

recovery of degraded areas is the reduction of the competitive effect of non-native plant 

species on native seedlings when both grow underneath a nurse plant. However, this 

effect seems to be contingent with climate (Cuesta el al. 2010). 

 

1.5 THESIS SCOPE AND AIMS 

 

Low resilience to disturbances associated with human activities makes necessary to 

employ an active approach to restore degraded areas of south-western Australia. This 

need is reinforced by climate trends, particularly declining rainfall, and their likely 

influence on ecosystem alteration (Bradley et al., 2010). Significant conceptual and 

practical progress has been achieved in attempts to optimize ecological restoration in 

Mediterranean ecosystems (e.g. Valladares & Gianoli 2007, Perring et al., 2012, Ruthrof 

et al., 2013a; Hulvey & Aigner 2014). However, the environmental uniqueness of south-

western Australia along with its level of degradation presents enormous challenges that 

demand further research. This thesis aims to contribute to the enhancement of the 

effectiveness of ecological restoration in south-western Australia by examining the effect 
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of different strategies to reduce the competitive effect of non-native grasses on seedlings 

of woody native species. The main research questions are:  

1. Do tree saplings affect the establishment of native seedlings and the interaction 

between native seedlings and the non-native grass Bromus diandrus? 

2. How does shading affect the interaction between tree saplings, native seedlings 

and non-native grass Bromus diandrus?  

3. Does the late emergence of the non-native grasses Bromus diandrus and 

Ehrharta calycina affect the outcome of competition between these grasses and 

native species? 

4. How does initial removal of the weed community and its later re-appearance 

influence establishment of native seedlings? 

5. How do nutrient availability and seedling density influence competition between 

native seedlings and non-native grass Ehrharta calycina?  

Throughout all experimental chapters, I examined competitive abilities of native species 

and their possible association with plant traits. The thesis encompasses work in two 

different ecosystems; the woodlands dominated by Eucalyptus loxophleba and Acacia 

acuminata and the woodlands dominated by Banksia attenuata and B. menziesii.  The 

former occurs on soils with higher fertility than the latter, but receives considerably less 

annual rainfall. Delaying time of emergence of non-native grasses and the the relative 

importance of plant traits were examined in the two ecosystems. With this approach I 

aim to broaden the scope of my results. 

 

1.6 THESIS OUTLINE 

 

 Chapter 1 presents the thesis background, main research questions, and thesis 

outline. 

 Chapter 2 addresses the effect of tree saplings on the establishment of native 

seedlings and also on the outcome of competition between native seedlings and 

the non-native grass Bromus diandrus. This chapter covers questions 1 and 2. 

 Chapter 3 assesses the establishment of native seedlings in relation to delaying 

the time of emergence of weeds. This chapter covers questions 3 and 4. 

 Chapter 4 investigates several factors that may influence competition between 

native species and the non-native grass Ehrharta calycina in the Banksia 

woodland. It addresses question 5 and revisits  question 3 
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Experiments of Chapter 4 were done first as an MSc project which was then extended 

to a PhD, which in turn required work in the Eucalypt woodlands.  
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2 INFLUENCE OF NURSE PLANTS ON SEEDLING 
EMERGENCE AND SURVIVAL IN WOODY PERENNIALS IN 
SOUTH-WESTERN AUSTRALIA 

ABSTRACT 

Nurse plants can enhance seedling establishment in dry ecosystems, and can be used 

in restoration of native plant communities. However, this strategy has not been 

systematically tested in diverse but degraded south-western Australia. We measured the 

effect of two different species of saplings on seedling establishment of six native species 

and also on the interaction between native seedlings and seedlings of the non-native 

grass Bromus diandrus. To disentangle the mechanisms involved, we used artificial 

shade (and hence no belowground competition) as a third treatment. The experiment 

was carried out from mid-winter to the beginning of autumn, in a restoration setting in an 

old-field in the wheatbelt region. 

Saplings, especially of Eucalyptus loxophleba, inhibited seedling emergence in early 

spring. The negative effects in spring shifted to positive or neutral throughout summer 

for seedling survival. In four out of six possible cases, saplings diminished the 

competitive effect that Bromus had on survival of Acacia species.  Responses of Bromus 

to artificial shade suggest that competition for water between the grass and saplings 

might be a primary mechanism mitigating the negative effect of Bromus on seedlings of 

Acacia in the open. Deeper roots linked to a bigger seed size might be the reason, 

because saplings exerted indirect facilitation on survival of Acacia but not Eucalyptus 

species. 

The effect of saplings on seedling establishment varied depending on which response 

was measured and identity of species, suggesting that interactions between saplings 

and seedlings are complex in a restoration setting in south-western Australia. However, 

saplings directly improved survival of target seedlings at several times, and they also 

indirectly affected the survival of seedlings of big seeded species that compete against 

non-native grass Bromus. These results indicate that nurse saplings might be a useful 

tool in hastening restoration in invaded ecosystems. Our results contribute to 

understanding the variations in facilitative interactions in Mediterranean ecosystems.   

Key-words: nurse plants, facilitation, restoration, south-western Australia 
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2.1 INTRODUCTION 

 

This chapter addresses the influence of nurse plants on the establishment of target 

seedlings in the south-western Australian wheatbelt. The so called ‘nurse plant 

syndrome’ in water limited systems is a particular case of the interaction in which the net 

effect of one plant on another is positive; this phenomenon is known as facilitation. The 

use of nurse plants is a technique to restore ecosystems in which seedlings benefit from 

the amelioration of extreme environmental conditions by the nurse plant (Padilla & 

Pugnaire 2006). This appears to be an option in the restoration of natural ecosystems in 

the south-western Australian wheatbelt, since seedling establishment is largely limited 

by unfavourable physical conditions like seasonal drought and high temperatures, 

particularly in restoration contexts (Standish et al., 2007a). Further, there are reports in 

Mediterranean ecosystems of nurse plants inhibiting the fitness of herbs that compete 

with seedlings, resulting in an indirect positive effect (Caldeira et al., 2014, Cuesta et al., 

2010). This could be particularly relevant since herbaceous weeds are also a major 

limitation to regeneration of native vegetation in the wheatbelt (Prober & Smith 2009). In 

addition, nurse plants have been found to have positive effects on plant regeneration in 

ecosystems with a similar climate to south-western Australia (Pugnaire et al., 2011, 

Goergen & Chambers 2012). In spite of the potential for using nurse plants in ecological 

restoration, there are few studies testing this technique in biodiverse south-western 

Australia.  

The mechanisms through which nurse plants ameliorate the establishment of seedlings 

are relatively well known. Thermal stress of seedlings and water loss through 

transpiration are reduced by shade provided by the canopy of the nurse plant (Moro, et 

al. 1997 a, b). Shading also increases soil moisture as a result of a reduction of day time 

temperature and soil evaporation under the canopy (Domingo et al., 1999). The deep 

rooting of some nurse plant species can also enhance superficial soil moisture through 

the passive movement of water from deep and moist soil layers due to hydraulic lift 

(Prieto et al., 2010). Often, soil beneath the canopy of nurse plants has elevated levels 

of nutrients compared to open areas, likely due to litter fall, trapping of airborne particles 

or nitrogen fixation (Cortina & Maestre 2005, Whitford et al., 1997). Another mechanism 

involved in the facilitation of seedling establishment by nurse plants is protection from 

herbivores, particularly where nurse plants are thorny or unpalatable (Baraza et al., 

2006). Facilitative mechanisms do not, however, preclude potential competition (Padilla 

& Pugnaire 2006). In Mediterranean ecosystems, water is a main factor mediating 

competition between benefactor plants and seedlings (Maestre et al., 2003), and light 

availability may also be important in this regard (sensu Gómez-Aparicio et al., 2006). 
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Interactions between nurse plants and seedlings are hence complex and dynamic 

(Pugnaire et al., 2011), and the effect of the nurse plant can shift from positive to negative 

or vice versa and vary with species characteristics and the limiting variables involved. 

For example, herbaceous species can have a strong negative effect, particularly on other 

herbaceous species, whereas shrubs can have large facilitative effects, particularly on 

tree seedlings. Seedling emergence and survival are more likely to be associated with 

net facilitative effects, whereas growth and density are more linked to net competition 

effects. (Gómez-Aparicio 2009). Environmental conditions also influence the net 

outcome of the interaction between nurse and beneficiary plants. Numerous studies in a 

range of ecosystems have supported the prediction that facilitative interactions are more 

common in conditions of high abiotic stress, whereas competitive interactions are more 

frequent in more benign abiotic conditions. This concept, called the Stress Gradient 

Hypothesis (SGH) (Bertness & Callaway 1994), has been a foundational idea for 

studying the interplay between competition and facilitation in plant communities (Maestre 

et al., 2009).  

The complexity of plant-plant interactions has also obscured the role of nurse plants in 

modifying the impact of climate change on plant communities. Metz and Tielbörger 

(2015) found that different approaches to simulating climate change yielded different 

results. The effect of shrubs on annuals shifted from negative to positive from mesic to 

drier sites, whereas interannual variation of rainfall within single sites showed a different 

trend. Manipulation of rainfall in each site within the spatial gradient did not have a 

noticeable influence on the role of shrubs. This outcome in turn, differs from experiments 

carried out in dryland ecosystems, in which watering changed the effect exerted by nurse 

shrubs (Padilla & Pugnaire 2009, Badano et al., 2009). 

Competition between two species, A and B, can cause a decreasing competitive effect 

of B on a third species (C) giving place to the phenomenon known as indirect facilitation 

(Brooker et al., 2008). In a system like this, with three species, indirect facilitation may 

only occur if different pairs of species compete for different resources   (Levine 1999). 

However, this hypothesis has not been tested through manipulations of above and below 

ground mechanisms (Michalet et al., 2015). In Mediterranean ecosystems, interactions 

between nurse shrubs or trees and herbaceous species can affect establishment of 

target seedlings but, as for direct interactions, the net outcome of this process also 

depends on environmental conditions and characteristics of interacting species (Caldeira 

et al., 2014). Like any other type of interaction, indirect facilitation can influence 

community composition, structure and functioning of plant communities (Lortie et al., 

2004; Brooker et al., 2008; Callaway 1997 ) and can increase diversity by counteracting 

negative effects of competition on species coexistence (Miller 1994).  



   
 

23 

The manner in which combinations of environmental factors affect the response of 

seedlings during early stages of establishment remains a challenging topic (Valladares 

& Niinemets 2008). Current models are insufficient to explain the occurrence or 

disappearance of direct or indirect facilitation along environmental gradients, and thus it 

is necessary to look into the mechanisms of the phenomenon and its implications at 

broader scales (Michelet & Pugnaire 2016). Along with research gaps in the global 

context, research on potential facilitative interactions is also necessary in south-western 

Australia for three key reasons. Firstly, the wheatbelt is within a global biodiversity 

hotspot, is vulnerable to climate change, and has a high level of degradation due to 

agricultural activities (Prober & Smith 2009). Secondly, conventional seeding without 

using nurse plants has had limited success as a restoration strategy (Standish et al., 

2007a) and, as far as we know, the role of nurse plants on seedling establishment has 

not been explored. The few studies addressing the influence of overstorey vegetation on 

natural regeneration indicate a predominance of negative effects (Stoneman et al, 1994, 

Yates et al., 1994), perhaps due to competition for water (Yates et al., 2000). To address 

these questions, in this study we use a multifactorial approach that includes species 

identity, presence/absence of a non-native herbaceous species and presence/absence 

of below ground competition in shaded microenvironments.  We aimed to (1) identify the 

type of influence of nurse saplings on the establishment of native seedlings; (2) establish 

the role that shading has on this interaction; and (3) identify the type of influence that 

nurse saplings have on the interaction between native seedlings and the invasive grass 

Bromus diandrus. The study was carried out in a restoration setting from winter to the 

beginning of autumn to explore the influence of experimental factors in contrasting 

seasonal weather conditions.  
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2.2 MATERIALS AND METHODS 

2.2.1 Study site 

The research was conducted at Ridgefield Farm in the wheatbelt of south-western 

Australia (32.0° 29´S 116°58´E) from July 2012 to March 2013. The experimental area 

is in a Mediterranean climate region at an elevation of 350 m, with an average maximum 

daily temperature in January (summer) of 31.8°C, an average minimum temperature in 

August (winter) of 5.6°C, and a mean annual rainfall of 445 mm, with more than 60% 

occurring between May and August (at Pingelly, 11.1 km from the site, 300 m elevation; 

1970 – 2011 averages; Bureau of Meteorology 2015). During the period the experiment 

was carried out, July 2012 – March 2013, rainfall was 297 mm, slightly above the long-

term average of 280 mm for that period. 

Regionally, soils are ancient, highly leached and nutrient poor (Abensperg-Traun et al., 

2000). Clay content at the study site varies from 5-10% to 20-30% according to hand 

texturing at the upper 10 cm soil layer, assessed after the site was ripped to a depth of 

30 cm to facilitate the establishment of tree and shrub seedlings planted in winter 2010 

as part of a large restoration experiment (Perring et al., 2012).  The dominant land use 

previously was pasture for sheep, and much of the site was dominated by the non-native 

grass Bromus diandrus and other non-native herbaceous species. The area where the 

experiment was performed is planted with 25x25m blocks of mixes of Eucalyptus 

loxophleba, E. astringens, Acacia microbotrya, A. acuminata, Banksia sessilis, Hakea 

lissocarpha, Calothamnus quadrifidus and Callistemon phoeniceus. Experimental 

saplings used in this experiment were planted in June 2011 leaving a gap of 2.5 m 

between adjacent individuals and 2.2 m between seedling lines.  

2.2.2 Experimental design and species studied 

In July 2012 we established a factorial field experiment with the following three factors: 

(i) type of canopy (saplings of nurse plant A. microbotrya, saplings of nurse plant E. 

loxophleba, artificial shade, no canopy) (ii) Bromus diandrus presence/absence (iii) one 

of six target species. Each plot contained one of the eight treatments resulting from the 

combination of the different levels of the first two factors. A plot consisted of a circular 

area (1 m diameter) of flat, bare ground on the rip lines where saplings had been planted 

one year before (Fig. 2.1). Around the centre of each plot we traced a symmetric hexagon 

in whose vertices we placed subplots, each containing one target species (actual 

experimental units, 15 cm diameter). Subplots faced north, north-east, south-east, south, 

southwest and northwest. The distance between hexagon vertices was 50 cm. The base 

of the trunk was at the centre of each plot under nurse saplings. Orientation of subplots 
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within each plot was noted to account for possible variations caused by differential 

exposure to sunlight. 

 

 

Figure 2.1. View of subplots (small circles) within a plot (large circle). Grey polygon represents size and 

shape of canopies of artificial shade. Each subplot corresponds to each target species 

A total of 143 plots were distributed in five different sites within an area of 21 hectares. 

As sites differed in size, the number of plots differed among sites (between 13 and 54). 

However, all sites included all treatments. Several sites were utilized to obtain a sufficient 

number of replicates for each treatment. Between 17 and 19 plots were set up for each 

of the eight treatments that resulted from combining type of canopy with Bromus 

presence/absence. 

At all sites we selected saplings with similar height and canopy diameter. Six months 

after seeding of target species, saplings of A. microbotrya were 1.80 ±0.09 m high (n=32) 

and saplings of E. loxophleba were 1.98 ±0.07 m high (n=34). Projected area of canopy 

was 1.23 ±0.09 m² for A. microbotrya and 1.51 ±0.08 m² for E. loxophleba. Plots with no 

canopy or with artificial shade were located at least 5 m away from saplings; these plots 

were distributed randomly with respect to the A. microbotrya and E. loxophleba plots. 

For plots with artificial shade, we used green shade cloth with 50% light reduction, which 

is within one standard deviation of values underneath saplings of A. microbotrya (57.1 

±10.7 %, n=25) and E. loxophleba (55.1 ±10.0 %, n=25) The shade cloth had a shape 

as shown in Fig. 1 with a total area of 0.7 m² and was fitted horizontally at 0.3 m height 

using bamboo stakes. This height resembles the distance between bottom of the canopy 

of experimental saplings and the ground. 
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We selected nurse and target species based on their nitrogen acquisition strategy and 

phylogenetic relatedness. The two nurse species A. microbotrya and E. loxophleba are 

widespread native species within south-western Australia. A. microbotrya is a fabaceous 

shrub that is able to fix nitrogen via microbial symbionts (Standish et al. 2007b), and E. 

loxophleba is a myrtaceous tree that was dominant on similar soil types within the 

wheatbelt prior to clearing for agriculture (Beard et al., 1990). As target beneficiary 

seedling species we selected three Acacia species (potential nitrogen fixers) and three 

Eucalyptus species (not nitrogen fixers). In addition to A. microbotrya and E. loxophleba 

which were also used as nurse species, we chose as beneficiary species A. acuminata, 

A. pulchella, E. accedens and E. astringens. All of these are woody natives, widespread 

in south-western Australia, and readily available either as seedlings or seeds from local 

nurseries and seed suppliers. Along with phylogenetic relatedness and nitrogen 

acquisition strategy, species were selected to represent a gradient of seed mass within 

each functional group (Table 2.1). 

Table 2.1. Seed mass and number of seeds used in each subplot. 

Target species Seed mass 

(mg) 

Number of seeds per 

subplot 

Acacia microbotrya 29.7 40 

A. acuminata 17.1 53 

A. pulchella 7.36 50 

Eucalyptus accedens 0.61 200 

E. astringens 0.55 200 

E. loxophleba 0.18 200 

The annual grass Bromus diandrus Roth was chosen as a potential competitor to test if 

its presence altered the nurse effect from saplings. B. diandrus is native to Mediterranean 

Europe (Burbidge 1984) and widely distributed in disturbed areas with similar climate 

(Tozer et al., 2007; Going et al., 2009; Mejri et al. 2010). In E. loxophleba woodlands in 

south-western Australia, Bromus is a dominant weed whose persistence reflects 

elevated soil nitrogen and phosphorus and potentially other interacting factors such as 

its production of a high cover of readily decomposable litter and response to ongoing 

disturbances (Prober & Wiehl 2011). 

The number of seeds used for each target species in each subplot varied in order to 

produce a sufficient number of seedlings throughout the experiment. The relative 
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proportions of seeds roughly resemble differences in seed production between target 

species. Given the large difference in seed size between Acacia and Eucalyptus species, 

4 - 5 times as many seeds were used for the Eucalyptus species. Seed mass was 

calculated using batches of at least 200 seeds per species (Table 2.1). Seeds of all 

Acacia species were scarified by immersion in hot water (≈95°C) for 90 seconds. 

Approximately 40 seeds of Bromus were sown in each subplot, at 1 cm depth. This 

quantity is comparable to number of seeds found in invaded sites by non-natives grasses 

at the study area (Standish et al., 2008). 

Fifteen days before seeding, places where we established plots were sprayed with a 

1:100 ml dilution of glyphosate herbicide (360 g l-1) using a backpack sprayer. Seeding 

was carried out during the last week of July 2012, after raking and removal of dry 

herbaceous material. The expectation was that, by mid-winter, the soil would be moist 

enough to ensure abundant germination and survival (Palacios et al., 2009). For plots 

with Bromus, seeds of target species and Bromus were sown simultaneously. Just before 

seeding the soil was lightly raked. Once sown, seeds were covered with a sufficient 

amount of soil to just cover them. Plots were watered (2.8 l of water per plot) twice during 

the last week of August and once during the third week of October to ensure a sufficient 

number of surviving seedlings to test the effect of different treatments. 

2.2.3 Measurement of abiotic variables 

We measured several abiotic variables to establish the degree of influence of canopies 

and to help explain responses of beneficiary species. At the subplot level we recorded 

Photosynthetically Active Radiation (PAR) using a quantum meter (MQ100; Apogee 

Instrumentation, Logan, Utah) by placing the instrument vertically just above ground. 

Measurements were carried out in February 2013 during a clear day between 11:00 and 

15:00 hours. Just before measurements at each plot, we recorded ambient PAR with the 

quantum meter at chest height. The difference between ambient and under-canopy 

measurement is what we report and utilize for statistical analyses. In this way, we 

minimized errors caused by shifts in PAR through the period of measurement. In each 

subplot we also measured soil strength at a depth of 5 mm using a pocket penetrometer 

(H4200, Humboldt, Schiller Park, Illinois, USA). Measurement was done at harvest time 

during the second week of March 2013. We assume this measurement as a proxy of soil 

texture at this depth and therefore as a proxy of water retention. Sapling species are 

evergreen, and thus we assumed they provided shading comparable to that of shade 

cloth throughout the whole experiment. Volumetric content of water was measured using 

a portable hydro-sensor with a probe 12 cm long (HydroSense II, Campbell Scientific, 
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North Logan, Utah) at plot level on October 2012 and February 2013 at days with no rain 

between 9:00 and 15:00 hours. Each record was taken at south half of each plot. 

2.2.4 Assessment of performance of target species and Bromus seedlings 

The number of emergent seedlings of target species was recorded eight weeks after 

seeding at the beginning of spring (third week of September). This record corresponds 

to the baseline and what we call "day 0" for the analyses of survival. For the purpose of 

analysing seedling emergence, we also assessed the condition of Bromus at the plot 

level by qualitatively ranking its development on a scale from 1 to 5, where 5 is a cover 

between 80 and 100 % and 1 is a cover between 0 and 20%. Seedlings of the grass 

were not counted due to the high number of subplots (i.e.429). We measured survival 

three times: early summer (third week of December), mid-summer (last week of January) 

and early autumn (second week of March) just before harvest. Above-ground biomass 

of each surviving seedling and above-ground biomass of Bromus per plot were 

determined at final harvest after oven-drying at 70°c during 48 hours. 
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2.2.5 Statistical analyses 

General Linear Mixed Modelling (GLMM) in the statistical package R (R Development 

Core Team 2008) was used to analyse seedling emergence. General Linear Modelling 

(GLM) was used to analyse seedling survival. For both seedling emergence and survival 

data of each target species, we evaluated the effects of the main treatments i.e. type of 

canopy (open, Acacia, Eucalyptus, shade) and presence of Bromus (yes, no) and their 

interaction. Influence of canopies was assessed by comparison with open spaces. 

GLMM contained plots nested within sites as a random factor to reflect the spatial 

heterogeneity of the experiment. For the same reason, we used “site” as a fixed factor 

for assessing seedling survival. Models that included species as a main factor in the 

model as well as all (up to three-way) interactions were too computationally challenging 

and either halted or gave a non-convergence warning. Thus they were discarded. This 

is likely to be associated with the large number of zeros in these models either due to 

the large number of subplots in which no seedlings emerged or the high mortality over 

time for those subplots where seedlings did emerge.  

Emergence data were analysed in two separate ways: as a presence/absence dataset 

analysed with a binomial GLMM (i.e. Bernoully trial), or for those subplots in which 

seedlings emerged, as a negative binomial GLMM of the number of seedlings that 

emerged. The latter distribution was used as it is known to deal best with overdispersed 

datasets (Ver Hoef & Boveng 2007). Initially, full models were run including soil strength, 

subplot orientation and their interaction with type of canopy. Subsequently, function 

‘drop1’ was used to identify which terms had a significant influence on the response 

variable. As influence of soil strength and subplot orientation and their interaction with 

canopy was sporadic, we decided to consider only models with type of canopy, presence 

of Bromus and interaction between the two factors as explanatory variables, in 

agreement with research questions. Seedling survival over time was analysed with a 

binomial GLM with the number of surviving seedlings as ‘successes’ and the number of 

seedlings that died as ‘failures’. For GLMM analyses the ‘glmer’ function of the lme4 

package (Bates et al. 2015) was used. For survival we used function ‘glm’. Survival 

models also included number of days from record of emergence (i.e. “time” in statistical 

outputs shown in tables). 

We used the nlme package (Pinheiro et al. 2015) and its ‘lme’ command to evaluate 

shoot biomass, soil moisture in spring and photosynthetically active radiation. Again, plot 

nested in site was used as random effect. As we did for emergence and survival, soil 

strength, subplot orientation along with their interactions with main factors were excluded 

from final models as they were not significant in most of the cases. As response we used 
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log transformed data. Semi-quantitative ranks (from 1 to 5) were used to evaluate the 

relative abundance (cover) of Bromus in spring and dry shoot biomass was used to 

evaluate its performance at harvest. In the first case, we established the influence of 

types of canopy using multiple comparisons based on a Kruskal-Walllis analysis. 

Differences at harvest were established with an ANOVA and a Tukey HSD test on (log+1) 

transformed data. Kruskal-Walllis analysis was also used to evaluate soil moisture in 

summer. 

 

2.3 RESULTS 

2.3.1 Seedling emergence 

Out of 858 subplots (i.e. 143 plots with 6 species each), 501 (i.e. 58 %) had target 

seedlings emerging. Canopies affected emergence of target species. In comparison with 

the open, saplings of E. loxophleba reduced the fraction of plots with emergence in five 

out of six target species, whereas saplings of A. microbotrya only affected E. astringens 

and E. loxophleba. Artificial shade had a neutral effect on the fraction of plots with 

emergence with the exception of target species A. acuminata (Table 2.2, Fig. 2.2 A). The 

effect of canopies on seedling emergence varied depending on which response was 

assessed. In general, canopies reduced the number of subplots with emergence but did 

not affect the number of seedlings in subplots with emerging individuals. For example, 

saplings of E. loxophleba only reduced the number of emerging seedlings of A. 

microbotrya (Table 2.3, Fig. 2.2B). The number of emerging seedlings of E. accedens 

was higher under saplings of E. loxophleba (Table 2.3, Fig. 2.2B) but the number of 

subplots with emerging seedlings was negatively affected by this species of sapling 

(Table 2.2, Fig. 2.2A).  

No evidence of Bromus influencing the effects of canopies on target seedlings was 

found. There was not a significant interaction between these two factors for any target 

species. Likewise, Bromus did not affect emergence of target species but only reduced 

the number of emerging seedlings of E. accedens (Table 2.3 and Table 2.3). Saplings 

but not artificial shade affected the development of Bromus in spring (p<0.001 after 

Kruskal Wallis analysis on ranks of growth qualitatively assigned) (Fig. 2.3).   
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Table 2.2. Results of the Generalized Linear Mixed Models testing the effect of type of canopy and presence 

of Bromus on fraction of plots with emerging seedlings. Subplots in the open are the reference against which 

each type of canopy is compared. Subplots with Bromus were compared against subplots without the grass. 

Significant differences are shown in bold. Target species are ordered from top to bottom according to 

decreasing seed size 

 

 

 

  

Target species Parameter Estimate Std. Error z- value Pr(>|z|)

Acacia microbotrya (intercept) 0.346 0.427 0.809 0.418

A.microbotrya -0.143 0.496 -0.288 0.774

E. loxophleba -0.828 0.492 -1.682 0.093

artificial shade 0.211 0.510 0.413 0.679

Bromus  presence 0.304 0.352 0.864 0.388

Acacia acuminata (intercept) 1.014 0.544 1.862 0.063

A.microbotrya -0.947 0.557 -1.702 0.089

E. loxophleba -1.437 0.554 -2.592 0.010

artificial shade -1.321 0.553 -2.388 0.017

Bromus  presence 0.279 0.366 0.764 0.445

Acacia pulchella (intercept) 0.104 0.504 0.206 0.837

A.microbotrya -0.200 0.509 -0.392 0.695

E. loxophleba -1.020 0.512 -1.993 0.046

artificial shade -0.677 0.509 -1.330 0.183

Bromus  presence 0.656 0.359 1.829 0.067

Eucalyptus accedens (intercept) 0.850 0.499 1.703 0.089

A.microbotrya -0.360 0.523 -0.688 0.491

E. loxophleba -2.431 0.592 -4.103 <0.001

artificial shade 0.579 0.572 1.012 0.312

Bromus  presence -0.263 0.398 0.312 0.509

Eucalyptus astringens (intercept) 1.716 0.595 2.885 0.004

A.microbotrya -1.274 0.600 -2.124 0.034

E. loxophleba -2.174 0.609 -3.572 <0.001

artificial shade 1.235 0.866 1.426 0.154

Bromus  presence -0.137 0.431 -0.318 0.751

Eucalyptus loxophleba (intercept) 1.104 0.465 2.374 0.018

A.microbotrya -2.081 0.558 -3.731 <0.001

E. loxophleba -2.184 0.567 -3.854 <0.001

artificial shade 0.398 0.552 0.721 0.471

Bromus  presence -0.568 0.401 -1.415 0.157
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Table 2.3 Results of the Generalized Linear Mixed Models testing the effect of type of canopy and presence 

of Bromus on number of individuals in subplots with emergence of seedlings. Subplots in the open are the 

reference against which each type of canopy is compared. Subplots with Bromus were compared against 

subplots without the grass. Significant differences are shown in bold. Target species are ordered from top 

to bottom according to decreasing seed size 

 

Target species Parameter Estimate Std. Error t- value Pr(>|z|)

Acacia microbotrya (intercept) 1.273 0.170 7.510 <0.001

A.microbotrya -0.203 0.190 -1.067 0.286

E. loxophleba -0.524 0.227 -2.312 0.021

artificial shade -0.309 0.192 -1.608 0.108

Bromus  presence -0.215 0.144 -1.495 0.135

Acacia acuminata (intercept) 1.039 0.183 5.660 <0.001

A.microbotrya -0.080 0.219 -0.366 0.715

E. loxophleba -0.353 0.243 -1.450 0.147

artificial shade -0.234 0.240 -0.974 0.330

Bromus  presence -0.021 0.170 -0.123 0.902

Acacia pulchella (intercept) 1.485 0.213 6.986 <0.001

A.microbotrya -0.189 0.199 -0.954 0.340

E. loxophleba -0.433 0.229 -1.887 0.059

artificial shade -0.825 0.247 -3.337 <0.001

Bromus  presence -0.374 0.161 -2.331 0.020

Eucalyptus accedens (intercept) 1.589 0.158 10.042 <0.001

A.microbotrya -0.658 0.211 -3.121 0.002

E. loxophleba 0.562 0.277 2.028 0.043

artificial shade -0.124 0.183 -0.680 0.497

Bromus  presence -0.309 0.152 -2.036 0.042

Eucalyptus astringens (intercept) 1.593 0.241 6.618 <0.001

A.microbotrya 0.167 0.285 0.586 0.558

E. loxophleba 0.394 0.316 1.245 0.213

artificial shade 0.836 0.248 3.368 <0.001

Bromus  presence -0.278 0.196 -1.418 0.156

Eucalyptus loxophleba (intercept) 1.539 0.248 6.203 <0.001

A.microbotrya 0.065 0.384 0.169 0.866

E. loxophleba -0.677 0.429 -1.578 0.115

artificial shade 0.017 0.264 0.066 0.948

Bromus  presence -0.206 0.243 -0.846 0.398
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Figure 2.2. A) Proportion of subplots with emerging seedlings under different types of canopy. B) Percentage 

of emergence of target species in relation to sown seeds. Data represent mean ±1 SE (Abbreviations: nc 

=no canopy, A.m. =saplings of Acacia microbotrya, E.l. =saplings of Eucalyptus loxophleba, as =artificial 

shade). Species are ordered from top to bottom according to decreasing seed size. 
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Figure 2.3. Relative abundance of Bromus according to semi-quantitative ranks assigned at spring. Bars 

represent the mean development ±1 SE. Letters indicate differences between types of canopy and control 

plots after multiple comparisons based on Kruskal Wallis analysis. (Abbreviations: nc =no canopy, A.m. 

=saplings of Acacia microbotrya, E.l. =saplings of Eucalyptus loxophleba, as =artificial shade). 

 

2.3.2 Seedling survival throughout summer 

Only 27% (i.e. 135) of subplots with emerging seedlings in spring had surviving seedlings 

at the beginning of autumn. Saplings favoured Eucalyptus but not Acacia species. Acacia 

microbotrya reduced survival of congeneric A. pulchella but promoted survival of 

Eucalyptus accedens and E. astringens. Survival of this latter species was also 

increased by saplings of Eucalyptus loxophleba as well as by artificial shade. This 

treatment improved survival of A. microbotrya. (Table 2.4, Fig. 2.4).  No negative effects 

from canopies on seedling emergence were observed throughout measurement of 

seedling survival. Unlike emergence in spring, Bromus reduced survival of all target 

species with the exception of E. astringens. (Table 2.4, Fig. 2.4). Another important 

difference between seedling emergence and seedling survival was that, for target Acacia 

species, presence of canopy and presence of Bromus did interact in affecting survival 

(Table 2.4). Saplings of A. microbotrya increased survival of conspecific seedlings when 

seedlings grew together with Bromus, but had a neutral or negative effect when 

seedlings grew alone. (Tables 2.4 and 2.5, Fig. 2.4). Similarly, survival of seedlings of A. 

acuminata was increased under saplings of E. loxophleba when seedlings grew with 

Bromus but not when seedlings grew alone.   

Survival of A. microbotrya is increased by saplings of E. loxophleba when only plots 

without Bromus are considered. Likewise, the beneficial effect of artificial shade on 

survival of seedlings of A. acuminata is only detectable when plots without the grass are 

considered, but not when plots with and without Bromus are analysed as a whole (Tables 
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2.4 and 2.5, Fig 2.4). In plots without the grass, survival of Eucalyptus target species is 

increased under either canopy. However, no similar pattern was found between species 

in relation to the beneficiary canopies (Table 2.5). 
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Table 2.4.  Results of the Generalized Linear Models testing the effect of canopy, presence of Bromus and 

the interaction of the two factors on the fraction of surviving seedlings. Subplots in the open are the reference 

against which each type of canopy is compared. Subplots with Bromus were compared against subplots 

without the grass. The difference between subplots with Bromus and subplots without the grass in the open, 

was used to identify possible interactions between canopy and presence of Bromus. Significant differences 

are shown in bold. Target species are ordered from top to bottom according to decreasing seed size. 

 

  

Target species Parameter Estimate Std. Error z- value Pr(>|z|)

Acacia microbotrya (intercept) 3.562 0.393 9.066 <0.001

time -0.023 0.002 -11.871 <0.001

A.microbotrya -0.301 0.295 -1.022 0.307

E. loxophleba 0.756 0.424 1.781 0.075

artificial shade 0.854 0.375 2.276 0.023

Bromus  presence -1.270 0.286 -4.438 <0.001

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 1.688 0.447 3.772 <0.001

E. loxophleba: Bromus presence -0.092 0.557 -0.165 0.869

artificial shade: Bromus presence -0.280 0.471 -0.594 0.553

Acacia acuminata (intercept) 3.784 0.351 10.791 <0.001

time -0.020 0.002 -11.850 <0.001

A.microbotrya -0.105 0.353 -0.856 0.392

E. loxophleba -0.302 0.353 -0.856 0.132

artificial shade 0.642 0.426 1.505 0.132

Bromus  presence -1.536 0.302 -5.087 <0.001

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 1.164 0.438 2.660 0.008

E. loxophleba: Bromus presence 1.385 0.499 2.773 0.006

artificial shade: Bromus presence -0.431 0.516 -0.836 0.403

Acacia pulchella (intercept) 3.953 0.456 8.662 <0.001

time -0.054 0.004 -13.675 <0.001

A.microbotrya -1.270 0.443 -2.867 0.004

E. loxophleba -0.884 0.502 -1.760 0.078

artificial shade -0.345 0.540 -0.640 0.522

Bromus  presence -2.802 0.485 -5.774 <0.001

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 3.117 0.655 4.761 <0.001

E. loxophleba: Bromus presence 1.323 0.798 1.658 0.097

artificial shade: Bromus presence 1.717 0.837 2.051 0.040
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Table 2.4. Continuation. Results of the Generalized Linear Models testing the effect of canopy, presence of 

Bromus and the interaction of the two factors on the fraction of surviving seedlings. Subplots in the open are 

the reference against which each type of canopy is compared. Subplots with Bromus were compared against 

subplots without the grass. The difference between subplots with Bromus and subplots without the grass in 

the open, was used to identify possible interactions between canopy and presence of Bromus. Significant 

differences are shown in bold. Target species are ordered from top to bottom according to decreasing seed 

size. 

 

  

Target species Parameter Estimate Std. Error z- value Pr(>|z|)

Eucalyptus accedens (intercept) 2.766 0.456 6.066 <0.001

time -0.054 0.003 -17.514 <0.001

A.microbotrya 1.987 0.399 4.974 <0.001

E. loxophleba 0.618 0.467 1.322 0.186

artificial shade 0.173 0.363 0.477 0.633

Bromus  presence -1.366 0.435 -3.140 0.002

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence -1.082 0.691 -1.566 0.117

E. loxophleba: Bromus presence 0.190 0.697 0.273 0.785

artificial shade: Bromus presence 0.881 0.585 1.507 0.132

Eucalyptus astringens (intercept) 2.370 0.364 6.512 <0.001

time -0.062 0.002 -28.865 <0.001

A.microbotrya 0.748 0.374 1.999 0.046

E. loxophleba 1.654 0.374 4.420 <0.001

artificial shade 1.818 0.319 5.697 <0.001

Bromus  presence -0.678 0.399 -1.698 0.089

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 0.050 0.547 0.092 0.927

E. loxophleba: Bromus presence -0.076 0.524 -0.145 0.885

artificial shade: Bromus presence -0.363 0.445 -0.816 0.415

Eucalyptus loxophleba (intercept) 3.637 0.547 6.647 <0.001

time -0.067 0.004 -17.871 <0.001

A.microbotrya 0.281 0.475 0.592 0.554

E. loxophleba -0.013 0.670 -0.019 0.985

artificial shade 0.976 0.410 2.380 0.017

Bromus  presence -1.088 0.488 -2.227 0.026

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 2.060 1.234 1.669 0.095

E. loxophleba: Bromus presence 0.484 1.271 0.381 0.703

artificial shade: Bromus presence -0.726 0.664 -1.094 0.274
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Figure 2.4. Mean percentage of seedling survival of each target species from record of seedling emergence 

(day 0, September 19th 2012) to harvest (day 176, March 13th next year). Treatments according to type of 

canopy appear in columns. Target species are ordered from top to bottom according to decreasing seed 

size. 
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2.3.3 Shoot biomass 

A comprehensive analysis of growth was not possible, due to the low number of surviving 

seedling at final harvest. Nevertheless, the mean biomass of surviving seedlings was 

examined for the two Acacia species with >25 % survival (A. microbotrya and A. 

acuminata) (Fig. 2.5). Conspecific saplings did not affect survival of A. microbotrya but 

they did suppress shoot biomass of its seedlings (Table 2.6, Fig. 2.5). Shoot biomass of 

A. acuminata was not affected by saplings but it was affected by artificial shade and 

presence of Bromus. This effect of artificial shade was stronger when A. acuminata grew 

alone than when it grew with Bromus (Table 2.6, Figure 2.5). Bromus itself had lower 

biomass under saplings but not under artificial shade, compared to no canopy (p<0.001, 

one way ANOVA on [log+1] transformed dry biomass) (Fig. 2.6), mirroring the semi-

quantitative assessment in spring (Fig. 2.3). 

 

Table 2.6. Results of the Linear Models testing the effect of canopy, presence of Bromus and the interaction 

of the two factors on the aerial biomass of individual seedlings. Subplots in the open are the reference 

against which each type of canopy is compared. Subplots with Bromus were compared against subplots 

without the grass. The difference between subplots with Bromus and subplots without the grass in the open 

was the reference to identify possible interactions between canopy and presence of Bromus. Significant 

differences are shown in bold. 

 

 

Model Parameter Value Std. Error d.f. t- value Pr(>|z|)

Acacia microbotrya (intercept) 1.815 0.151 32 12.042 <0.001

A.microbotrya -0.504 0.213 32 -2.371 0.024

E. loxophleba -0.087 0.213 32 -0.408 0.686

artificial shade -0.155 0.236 32 -0.655 0.517

Bromus  presence 0.001 0.278 32 0.004 0.997

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence -0.117 0.368 32 -0.317 0.753

E. loxophleba: Bromus presence -0.572 0.378 32 -1.514 0.140

artificial shade: Bromus presence 0.035 0.378 32 0.093 0.926

Acacia acuminata (intercept) 1.806 0.107 29 16.902 <0.001

A.microbotrya -0.225 0.185 29 -1.214 0.235

E. loxophleba -0.206 0.185 29 -1.114 0.274

artificial shade -0.480 0.185 29 -2.594 0.015

Bromus  presence -0.567 0.163 29 -3.476 0.002

Canopy - Bromus interaction effect

A.microbotrya: Bromus presence 0.221 0.247 29 0.897 0.377

E. loxophleba: Bromus presence 0.216 0.308 29 0.700 0.489

artificial shade: Bromus presence 0.716 0.260 29 2.750 0.010
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Figure 2.5. Shoot biomass per individual of the two species with higher survival at the end of summer. Bars 

represent mean values per plot ±1 SE. (Abbreviations: nc=no canopy, A.m.=saplings of Acacia microbotrya, 

E.l.=saplings of Eucalyptus loxophleba, as=artificial shade) 

 

 

Figure 2.6. Shoot biomass of Bromus diandrus at the end of summer. Bars represent mean values per plot 

±1 SE. Letters indicate differences between types of canopy and no canopy plots after Tukey HSD tests. 

(Abbreviations: nc=no canopy, A.m.=saplings of Acacia microbotrya, E.l.=saplings of Eucalyptus loxophleba, 

as=artificial shade).  

 Soil moisture in mid spring was higher under artificial shade than in the open and under 

saplings (Table 2.7). Although overall values were very low in summer (between 0.3 and 

0.9 % volumetric content of water), soil moisture was higher under all canopies than in 

the open (P= 0.0015). Canopies also reduced the incidence of photosynthetically active 

radiation (P values for each type of canopy <0.0001, Fig. 2.7) 
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 Table 2.7 Results of the Linear Mixed Model testing the effect of canopy, on soil moisture.  Plots in the open 

are the reference against which each type of canopy is compared 

 

 

Figure 2.7. Difference between the outside plot and inside plot measurement of photosynthetically active 

radiation. Bars represent mean values per plot ±1 SE. (Abbreviations: nc=no canopy, A.m.=saplings of 

Acacia microbotrya, E.l.=saplings of Eucalyptus loxophleba, as= artificial shade). 

 

2.4 DISCUSSION 

The results of this field experiment demonstrate complex interactions between nurse 

plants, seedlings, and non-native grasses in a restored woodland setting. Survival of 

target seedlings was improved by saplings in several cases, in two different scenarios: 

with Bromus as a competitor and without Bromus. This result suggests that nurse plants 

have the potential to improve rates of recovery in degraded ecosystems of south-western 

Australia. Nevertheless, a generalized negative effect from saplings on frequency of 

seedling emergence indicates that planting but not seeding might be a better strategy 

when using nurse plants as a restoration tool. Likewise, cases in which saplings had a 

neutral effect on survival of seedlings point to the need for more research to optimize the 

use of nurse plants in south-western Australia. 

Parameter Value Std. Error d.f. t- value p value

(intercept) 0.887 0.147 239 6.056 <0.001

A.microbotrya 0.103 0.070 239 1.474 0.142

E. loxophleba -0.039 0.050 14 -0.796 0.439

artificial shade 0.308 0.049 14 6.312 <0.001
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Emergence in spring was reduced under saplings but not under artificial shade. Likely, 

artificial shade did not suppress seedling emergence as a consequence of higher soil 

moisture during winter and the beginning of spring. The effect of need for adequate soil 

moisture to enable seedling emergence has been already suggested by previous 

research in similar ecosystems (Thomas et al., 2010, Bell 1999). A positive effect of high 

soil moisture combined with a negative effect of shading may explain the net neutral 

effect of artificial shade, and the combination of low soil moisture and shading would 

explain the negative response beneath saplings. The suppressing effect of saplings but 

not artificial shade on the relative abundance of Bromus measured together with seedling 

emergence in spring supports our view that some degree of water stress was present in 

this microenvironment.  

Our finding of the possible inhibiting effect of shading on frequency of seedling 

emergence is in contrast to numerous reports in which woody species facilitate 

emergence of beneficiary plants and nurse plants facilitate emergence in semi-arid 

ecosystems (Gómez-Aparicio 2009). On the other hand, our results are consistent with 

studies that indicate that in south-western Australia, seedling emergence and 

establishment of seedlings are only possible in seasons that follow fires in autumn (Bell 

et al. 1993, Bell 2001). Indeed, seeds of our target species possess adaptations linked 

to fire: germination of Acacia species is enhanced by heat shock and seeds of 

Eucalyptus are contained in woody fruits to avoid seed burning during fires. Reduced 

canopy cover is a common feature associated with seedling emergence, therefore a 

shaded environment caused by the presence of a neighbour might constitute a constraint 

on establishment. This neighbour might also deplete limiting resources such as water 

and nutrients sooner in spring and summer when the new seedlings remain small. The 

re-establishment of above-ground structure in resprouters and resource competition 

have been reported as restrictions to seedling establishment in south-western Australia 

(Bell et al., 1993).  

According to number of target species affected, E. loxophleba had a stronger negative 

effect on frequency of seedling emergence than A. microbotrya. Given that factors like 

size, soil moisture, temperature and intercepted PAR were similar for both species of 

saplings, it is possible that chemical modifications of soils might explain this difference. 

The inhibitory effect of leachates of different species of Eucalyptus on plant fitness 

beneath individuals has been previously reported in different contexts (e.g. May & Ash 

1990, Espinosa et al. 2008, Ruwanza et al. 2014). In a laboratory trial with species from 

the wheatbelt, Hobbs and Atkins (1991) found that E. wandoo had an absolute inhibitory 

effect on germination of Avena fatua whereas Acacia acuminata had a neutral effect. 

Further investigation of this possibility is required. 
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Although saplings reduced the frequency of emergence of target species, this effect 

shifted to neutral or positive when survival was assessed. The only exception was A. 

pulchella whose survival was negatively affected by saplings of A. microbotrya. Similarly, 

the neutral effect of artificial shade on frequency of emergence shifted to positive when 

looking at survival in four out of six target species. Shifts over time matching our finding 

for artificial shade have been observed in other xeric ecosystems (Hastwell & Facelli 

2003). Another difference between emergence and survival was that for the latter, 

saplings of E. loxophleba did not have a stronger negative effect than A. microbotrya.  

The survival response of target species to canopies can be separated into three different 

groups based on the analysis for only plots without Bromus. These are: species whose 

survival was enhanced to some degree by either species of saplings and artificial shade 

(A. microbotrya and E. astringens), species favoured only by artificial shade (A. 

acuminata and E. loxophleba), and species whose survival was reduced by canopies 

differentially (A. pulchella). We propose that the differences between the three groups 

could be explained by their susceptibility to competition with nurse plants. To understand 

the underlying mechanism in each case, it is important to note that in semi-arid 

ecosystems competition (mostly for water) and facilitation (mainly through microclimate 

amelioration) occur simultaneously in the interaction between nurse plants and 

beneficiary plants (Maestre et al. 2003). The microclimate amelioration through shading 

is related to reduction of thermal stress, reduction of water loss through transpiration and 

prevention of photoinhibition in seedlings (Moro et al., 1997a,b). The main difference 

between species in the first group and species in the second group would be their 

tolerance to water stress imposed by the presence of a nurse plant. Species in the first 

group would be more tolerant. Nonetheless, species in both groups benefit from climate 

amelioration associated with shading. Conversely, species like A. pulchella not only 

would be intolerant to water stress but would also be adversely affected by light 

interception caused by shading. Of particular interest is the response of E. accedens, 

whose survival was improved by saplings of A. microbotrya but not saplings of E. 

loxophleba and artificial shade. Higher soil organic matter content, microbial activity or 

soil nitrogen might be the causes of this response, as has been reported for Fabaceae 

nurse shrubs in Mediterranean ecosystems of Spain (Padilla & Pugnaire 2009). 

Along with differential susceptibility to water stress imposed by nurse plants and 

susceptibility to shading, seed mass is also likely to play an important role in 

differentiating the response of target species. Seeds of target Acacia species are bigger 

than seeds of target Eucalyptus by one (A. pulchella) or two orders of magnitude (A. 

microbotrya and A. acuminata). Only seedlings of Acacia and not seedlings of 

Eucalyptus benefited from saplings in plots with Bromus. This occurred in four out of six 
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possible cases. This positive effect was not observed in plots without Bromus. Reduction 

of shoot biomass of Bromus beneath saplings suggests that saplings exert indirect 

facilitation of survival of seedlings of Acacia. As has been found in other Mediterranean 

ecosystems (Cuesta et al, 2010, Caldeira et al., 2014). As root biomass and root length 

of seedlings are positively associated with seed mass in south-western Australia (Hallett 

et al., 2011), it is possible that seedlings of Acacia avoid strong competition for water as 

a result of having roots deeper than roots of Bromus and seedlings of Eucalyptus. In fact, 

through a non-systematic harvest, we observed that roots of A. microbotrya and A. 

acuminata grew up to ten times the length of their shoots (ca. 40 cm over the course of 

the experiment) whereas Bromus has numerous, thin and shallow roots that penetrated 

up to 10 cm. Likewise, roots of seedlings of Eucalyptus hardly penetrated more than 

twice their shoot length (ca. 15 cm). It is possible that the shift of the effect of saplings 

from negative or neutral when Bromus is absent to positive when Bromus is present is 

related to additional climate amelioration caused by dead grass. 

2.4.1. Conclusion 

This study is the first systematic attempt to establish the usefulness of nurse plants in 

highly diverse and degraded south-western Australia. As such, its results not only define 

pathways for further research and management but also contribute to visualizing certain 

trends under a context of climate change. Under severe conditions such as these present 

during our experiment:- a “very dry” winter, the “second warmest” spring, “very hot” 

summer (Bureau of Meteorology 2015); - saplings inhibited emergence of seedlings but 

ameliorated their survival in several cases. Also, with these climatic conditions, saplings 

reduced development of Bromus in spring and summer. These outcomes, along with the 

possibility of indirect facilitation when seedlings of big seeded species compete against 

weeds, thus indicate that nurse plants could be a useful tool to consider in the restoration 

of ecosystems in highly biodiverse sites of south-western Australia. Nevertheless, 

variability in responses to shading and water stress imposed by saplings indicates that 

not all species can benefit from saplings or even artificial shade. It is therefore important 

to maintain a broad array of options in terms of light availability and increasing water 

availability when establishing a diversity of native species. Moreover, the negative effect 

from saplings on seedling emergence suggests that rates of establishment using nurse 

plants can be improved through planting but not through seeding. 

Further investigations indicated by results from this study could also consider actions 

that improve water availability like watering itself, earlier introduction of propagules, or 

the undertaking of trials with less extreme climate conditions. Watering has been 

reported as a means to modify the positive or negative influence of saplings in xeric 
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ecosystems (Padilla & Pugnaire 2009; Badano et al., 2009) and the nature of the 

relationship between water limitation and facilitation remains as a subject full of 

controversy in drylands (Butterfield et al. 2015). Some of the benefits that a nurse plant 

can potentially bring are related to soil amelioration expressed as nutrient enrichment, 

accumulation of organic matter and its consequent changes in soil physical properties 

and improvement of soil water relations (Pugnaire et al. 2011). These changes would be 

related to size and age of nurse plant (Facelli & Brock 2000) and thus this is another 

factor to be included in future studies. With regards to our results, this factor might have 

a two-sided influence depending on identity of nurse plant. On one hand, older and 

bigger plants of Acacia might have a larger facilitative effect through soil amelioration, 

but, on the other hand, older and bigger plants of Eucalyptus might have a net negative 

effect that goes beyond seedling emergence and can extend throughout all life stages of 

the beneficiary plant as the result of leachates present at different soil layers and leaf 

litter. Indirect facilitation by nurse plants on native seedlings of big-seeded species that 

compete against non-native species deserves further research.  

In this study, we confirmed that use of nurse plants is an alternative that can complement 

strategies of ecological restoration in south-western Australia and other regions with 

similar climate. The future inclusion of factors such as availability of water, plant identity 

and size of nurse plants, will be relevant to disentangling the inherent complexity of the 

plant-plant interactions revealed through this study, and also will be relevant to optimizing 

the use of nurse plants as a restoration tool. 
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3 LATE EMERGENCE OF NON-NATIVE SPECIES REDUCES 
THEIR COMPETITIVE EFFECT ON NATIVE SEEDLINGS FOR 
WOODLAND RESTORATION IN SOUTH-WESTERN 
AUSTRALIA 

ABSTRACT 

Early emergence of non-native plant species has been regarded as one of the causes of 

plant invasions in Mediterranean ecosystems. We tested if delaying seedling emergence 

of non-native species could shift the outcome of the competition between them and 

native species of south-western Australia. 

In the glasshouse, we measured the response of nine woody natives to late emergence 

of the non-native grass Bromus diandrus and we also related their competitive abilities 

to their functional traits. These observations were coupled with a field experiment in 

which we tested the effect of removal of the non-native community prior to seeding of 

seven natives belonging to three different functional groups. The experiment was carried 

out from mid-winter to the beginning of autumn in an old-field of the wheatbelt region. 

Late emergence of Bromus improved competitive response of all target species to the 

extent that five species had a similar shoot biomass when Bromus emerged later than 

when target species grew without competition. Species that emerged earlier had a 

stronger competitive effect on the grass, although this effect was fairly small. Late 

appearance of non-natives after initial eradication improved survival of seedlings of 

target species compared to sites permanently invaded but had a negative effect 

compared to the treatment without non-natives. Rainfall in spring was nearly twice the 

historic average and this condition likely reinforced competitiveness of the non-native 

community at the expense of native seedlings. Further assessment under different 

rainfall conditions is required to test the generality of our findings. 

Our results, both in the glasshouse and the field, suggest that manipulation of time of 

emergence has potential to contribute to the restoration of invaded Mediterranean 

ecosystems. 

Key-words: non-native species, competition, time of emergence, restoration, south-

western Australia 
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3.1 INTRODUCTION 

In this chapter we explore the effect that delayed non-natives emergence has on the 

establishment of native species in south-western Australia under both glasshouse and 

field conditions. The time at which a seedling emerges defines subsequent performance 

and success of a plant (Harper 1977, Weiner 1988). At the population level, earlier 

emergents are likely to have higher survival and fecundity than later individuals (Stanton 

1985, Narita 1998). Nonetheless, early emergence may be disadvantageous as it may 

cause more exposure to seasonal pathogens, predators and desiccation (Marks & Prince 

1981, Jones & Sharitz 1989, Rice 1990). In general, early emergence does not affect 

seedling survival but does affect seedling growth and fecundity, with these responses 

varying with factors like seed size, life-form, census time and experimental conditions 

(Verdú & Traveset 2005) 

There are also differences in the effect of emergence time among the species of a 

community (e.g., Miller 1987, Battaglia 1996). Time of seedling emergence not only 

influences plant development per se, but can also influence the outcome of plant 

competition. Where competition is important, short delays in seedling emergence can 

result in differences in final biomass and reproduction (Dyer et al., 2000). Likewise, early 

emergence may be crucial at sites where competition for light intensifies as seedling 

density increases (Miller et al., 1994). The influence of one species on another that 

emerged later is known as a ꞌpriority effectꞌ. Such effects influence establishment, growth 

or reproduction (Grman & Suding 2010) and can result in permanent changes in species 

dominance (Corbin & D´Antonio 2004, Ejrnaes et al., 2006). Earlier emergence could be 

due to early arrival or differences in phenology of germination or growth. The more 

recognizable mechanism causing priority effects is asymmetric-size competition. 

Individuals that emerge earlier are generally larger than late emergents and hence 

suppress younger individuals (Weiner 1985) by gaining access to more resources. There 

is also evidence that priority effects are reinforced by soil legacies, through changes in 

resource availability, allelochemicals and alteration of soil microbial communities (Grman 

& Suding 2010).  

Given their influence on composition of plant communities, priority effects have received 

attention as a factor controlling non-native species and influencing re-introduction of 

native species (Young et al., 2005). For instance, there is some evidence of non-natives 

emerging faster than native species (Marushia et al., 2010, Wainwright & Cleland 2013), 

and hence with the possibility of plant invasions depending partially on the exploitation 

of a temporarily vacant niche (Godoy et al., 2009; Wolkovich & Cleland 2011). 

Interestingly, hastening of emergence of non-native annuals through watering in summer 
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has been tested as a successful form of management that might favour establishment of 

native species. Stimulating early emergence of non-native annuals depleted their seed 

bank, increased herbivory and facilitated abundant emergence of native species at the 

onset of natural rains (Wainwright et al., 2012). On the other hand, several studies 

suggest that delaying the emergence of non-natives decreases the levels of competition 

experienced by native species (e.g. Abraham et al., 2009, Grman & Suding 2010, 

Stevens and Fehmi 2011, Dickson et al., 2012). Nevertheless, these studies seem to be 

mostly conducted in controlled environments, over short durations, and in grassland 

ecosystems. Moreover, they only used non-native and native species that were 

phylogenetically related. Although current research suggests that manipulation of time 

of emergence may be a useful approach to use in restoring invaded ecosystems, the 

restrictions mentioned above may hinder the application of this strategy at broad scales 

and/or in different ecosystems.  

Along with manipulation of priority effects, the identification of traits associated with 

competitive ability has been proposed as a strategy to understand and mitigate plant 

invasions (Leishman et al., 2007; Van Kleunen et al., 2010a). However, this approach 

faces challenges that might limit its practical application. The link between competitive 

response (ability to tolerate competition) and competitive effect (ability to suppress a 

neighbour) remains unclear, and comparative studies linking plant traits to competitive 

abilities are still scarce (Wang et al., 2010). Another challenge determining the link 

between traits and competitive abilities is related to the hypothesis of a positive relation 

between diversity and resistance to invasion (Levine & D’Antonio 1999). It remains 

unclear which option is preferable for providing resistance to invasion: the use of few 

traits conferring good competitive ability or the use of a wide array of traits which in turn 

might imply a wide use of resources. Some studies report that species identity may be 

more important than species richness in providing resistance to invasions (Crawley et 

al.,1999; Lyons & Schwartz 2001), but there is considerable evidence indicating that 

diverse communities are less prone to invasions (e.g. Naeem et al., 2000; Kennedy et 

al., 2002; Hooper et al., 2005). 

Although priority effects of non-native on native species have been relatively well studied 

in Mediterranean ecosystems, there have been few such studies in woodlands with this 

climate. Likewise, there are few studies that investigate priority effects of non-natives on 

woody species either. Trees and shrubs are key elements in the structure and function 

of woodlands in south-western Australia and hence it is relevant to investigate how their 

establishment is affected by invasive plants and the factors that can influence the 

interaction between natives and non-natives. The need for this is even more compelling 

when one considers the high diversity of woodlands in south-western Australia, the 
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uniqueness of their flora, level of decline, and the interplay between threats such as plant 

invasions and climate change (Yates & Hobbs 1997). 

We predict that late emergence of non-natives will ameliorate the competitive response 

of native species used to restore woodland in the wheat-growing region (i.e. the 

wheatbelt) of south-western Australia. To test this prediction, we used a glasshouse 

study to: 

1.  Assess the production of shoot biomass in response to late arrival and emergence of 

the non-native invasive grass Bromus diandrus,  

2. Assess if native species respond differentially depending on their nutrient-acquisition 

strategy. 

3. Assess the possible relationship between native species’ competitive ability and 

functional traits.  

We also established a field experiment to test our main prediction under harsher 

conditions, for a longer period, and using the whole non-natives community rather than 

a single invasive species. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Species studied 

We selected target native species based on their wide distribution in south-western 

Australia, high percentage of germination and different nutrient acquisition strategies. As 

nutrient acquisition traits, we included arbuscular and ectomycorrhizal fungal 

associations, N2-fixation capacity and cluster root formation (Lambers et al., 2006). Using 

phylogenetic relatedness (Table 3.1), we chose for the glasshouse experiment three N2-

fixing Fabaceous species (Acacia acuminata, A. pulchella and A. sessilis), three cluster 

root forming Proteaceous species (Hakea obliqua, H. lissocarpha and Banksia sessilis) 

and three Myrtaceous species (Corymbia calophylla, Eucalyptus marginata and E. 

astringens). We selected Bromus diandrus Roth as the invasive competitor species 

(phytometer species) to assess the competitive ability of native species. This annual 

grass is native to Mediterranean Europe and widely distributed in disturbed areas with 

similar climate (Tozer et al., 2007; Going et al., 2009; Mejri et al. 2010). In a range of 

woodland types in south-western Australia, Bromus is a dominant weed whose 

persistence reflects elevated soil nitrogen and phosphorus and potentially other 
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interacting factors such as high cover of readily decomposable litter and ongoing 

disturbances (Prober & Wiehl 2011). 

For the field experiment we chose three N2-fixing Fabaceous species (Acacia acuminata, 

A. pulchella and A. sessilis) and three Myrtaceous species (Eucalyptus accedens, E. 

astringens and E. loxophleba) (Table 1). Along with these woody species, we chose the 

native grass Rytidosperma caespitosum Gaudich which is also widely distributed and 

abundant in south-western Australia (Western Australian Herbarium 1998-, Waters et 

al., 2008) and has high germination rates (Grice at al., 1995). 

 

Table 3.1. Nutrient acquisition traits and seed weight of eucalypt woodland species used to test the influence 

on growth of the time of emergence of competing non-natives. References are for specialisation of nutrient 

acquisition. AM=arbuscular mycorrhiza, ECM=ectomychorrhiza 

 

 

3.2.2 Glasshouse experiment 

The experiment was conducted in a glasshouse at the University of Western Australia 

from January to March 2012. Temperatures in the glasshouse varied from 14°C before 

dawn to 31°C in the afternoon. Germination trays and experimental pots (17 cm diameter 

X 20 cm depth) were filled with sterilized topsoil brought from the site where the field 

experiment was carried out: a former sheep paddock at Ridgefield Farm in the wheatbelt 

of south-western Australia (32.0° 29´S  116°58´E). The soil was a sandy loam with 10-

20% clay content according to hand texturing. Average values for chemical properties of 

soil at the site are (mg kg-1): Nitrate (9.86 ± SE 0.38), Available (Colwell) P (39.7 ± SE 

1.9), Available (Colwell) K (159 ± SE 7.8). 

Species Family Experiment

Seed 

weight 

(mg)

P acquisition 

specialisation

N acquisition 

specialisation
References

Acacia acuminata 19.8 AM Standish et al., 2007

Acacia pulchella 8.6 AM Jasper et  al., 1989

Acacia sessilis 2.1 AM inferred Standish et al., 2007

Corymbia calophylla glasshouse 78.5

Eucalyptus marginata glasshouse 14.2

Eucalyptus accedens field 0.8

Eucalyptus loxophleba field 0.2

Eucalyptus astringens g / f 0.5

Hakea obliqua 26.6

Hakea lissocarpha 19.1

Banksia sessilis 6.4

glasshouse/  

field
Fabaceae N-fixing bacteria 

Myrtaceae
AM / ECM 

inferred

Brundrett et al., 

1996                             

Chen et al., 2000

glasshouse Cluster rootsProteaceae

Brundrett & Abbott 

1991;                   

Roelofs et al., 2001
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Seedlings of all native species were grown from seeds obtained through local suppliers 

(Tranen Pty., Perth, Western Australia). Seeds of Bromus diandrus were collected at 

Ridgefield Farm during winter 2010. All seeds were germinated in sand in a controlled 

environment room at 16 °C with a 12/12 h light/darkness regime, and transplanted to 

pots at emergence of cotyledons. Seeds of Eucalyptus marginata were germinated in 

the dark under a cover of aluminium foil. Seeds of Bromus were vertically buried leaving 

only the awn exposed. 

To evaluate the influence of time of emergence of Bromus on the competitive interaction 

with the native species, we established a randomized complete block design with eight 

replicates. In each block, corresponding to each bench in the glasshouse, we placed 

three different treatments: 1) “natural emergence”, i.e. native seedlings and Bromus 

transplanted to pots when just emerged, having been sown at the same time; 2) “late 

emergence”, i.e. Bromus seedlings were planted when just emerged 16-18 days after 

planting the native seedlings; and 3) no interspecific competition, i.e. native seedlings 

without Bromus. The delay in the second treatment was similar to the difference in 

emergence time of non-native grasses compared with most of native species of the 

region. The difference was determined through a trial in controlled conditions (i.e. 15 ° c; 

12 / 12 hours light/darkness regime). We germinated seeds of Bromus week by week in 

such a way that we could maintain the 16-18 days delay for all native species, in spite of 

their different times to emergence. In the competition pots we put one target individual in 

the centre and three seedlings of Bromus around it at a distance of 4 cm. In the no 

interspecific competition pots we put a single native individual or three individuals of 

Bromus. Shoot dry biomass was used as the performance measure. Competition 

responses were calculated using (Keddy et al., 1994) 

CRN = wNB / wN 

CEB = 1- (wBN /wB) 

CRN is the competitive response of a native species (N) to Bromus (B) competition. wNB 

represents native weight when grown with Bromus and wN is native species biomass 

with no interspecific competition. If there is some degree of suppression, values of the 

index are between 0 and below 1. Higher values represent a better response.  CEB is the 

competitive effect of any native species (N) on Bromus (B). wBN is the Bromus weight 

competing with any native and wB is Bromus biomass growing alone. Values close to 0 

represent a weak effect on the grass. Values close to 1 represent a strong effect. Pots 

with and pots without interspecific competition were paired in each block/bench in the 

glasshouse and then pairs were used for calculation of indexes.  
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Native seedlings emerged differentially. The first and more abundant pulse of emergence 

of Acacia and Eucalyptus species occurred between 7 and 16 days after the first cohort 

of Bromus was planted, whereas the first and more abundant pulse of emergence of 

Proteaceae species occurred between 21 and 30 days later. The order in which 

seedlings were transplanted from germination trays to experimental pots was according 

to occurrence of emergence. In the “late emergence” treatment, Bromus was planted 16-

18 days after planting the native seedlings, irrespective of those species’ emergence 

times. All experiments were harvested nine weeks after planting of native species.  

We made one application of 0.5 grams of soluble NPK (N 18%, P 8.4%, K 15.8%) 

fertilizer diluted in 125 ml of water to each pot (Haifa Chemicals ltd., Matam-Haifa, Israel) 

due to seedlings presenting symptoms of nutrient deficiency in the weeks after 

transplanting. Along with fertilizer application on soil, daily watering per pot was reduced 

to half (50 ml) from 3-27 February, since it was likely that nutrient deficiency was caused 

by water leaching. After 27 February watering was increased to 100 ml again due to 

greater demand. 

Trait measurement 

Morphological plant traits were measured for each target species on plants grown without 

competition. Natural height (taken as the distance between the soil and the upper most 

surface of the seedling) was measured immediately prior harvest, along with architectural 

features of shoots such as length of main stem, length of side stems and number of 

nodes. Soil was carefully rinsed from roots, and leaves, stems and roots were weighed 

separately. Three to six mature leaves of each individual plant were selected for 

calculating specific leaf area (leaf area / leaf dry weight). Depending on the size, a whole 

root system or a representative part was used to calculate root length. Both leaves and 

roots were scanned using WinRhizo v4.1b software (Regent Instruments Inc., Sainte-

Foy, Quebec, Canada). All plant tissues were dried in a 70°C oven for 48 hours. Time of 

emergence of each target species was assumed as the number of days in which the first 

and more abundant pulse of emergence occurred.. To estimate relative growth rate, 

initial dry weight of all seedlings was estimated from a multiple regression of (ln-

transformed) dry mass on shoot length and fresh weight, which were measured for 20 

additional seedlings of each species. Given that multiple regressions were not significant, 

we did not include relative growth rate within analysed traits. 

3.2.3 Field Experiment 

Study site 
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The research was conducted at Ridgefield Farm in the wheatbelt of south-western 

Australia (32.0° 29´S 116°58´E) from June 2012 to March 2013. The experimental area 

is in a Mediterranean climate region at an elevation of 350 m, with an average maximum 

daily temperature in January (summer) of 31.8°C, an average minimum temperature in 

August (winter) of 5.6°C, and a mean annual rainfall of 445 mm (at Pingelly, 11.1 km 

from the site, 300 m elevation; 1970 – 2011 averages; Bureau of Meteorology 2016). 

During the period the experiment was carried out, June 2012 – March 2013, rainfall was 

277 mm, close to the long-term average of 280 mm for that period. 

Regionally, soils are ancient, highly leached and nutrient poor (Abensperg-Traun et al., 

2000). Clay content of the upper 10 cm soil layer at the study site varies from 5-10% to 

20-30% according to hand texturing, assessed after the site was ploughed to a depth of 

30 cm to facilitate the establishment of planted native seedlings. Before plowing the site 

had been used as pasture for sheep and was invaded by herbaceous non-natives like 

Erodium spp., Bromus spp., Avena spp., and Arctotheca calendula (Perring et al., 2012).  

Experimental design 

The aim of this experiment was to evaluate the interaction between woody native 

species, a native grass and non-native herbaceous species (hereafter shortened to “non-

natives”), with the latter emerging either early or late. We established a randomised block 

design with ten replicates. Each block consisted of three 5X2.5 m plots corresponding to 

time when non-natives emerged relative to arrival of native species: 1) non-natives 

already present when natives arrived (herein natural emergence). 2) non-natives 

eradicated when natives arrived but then subsequent growth permitted (late emergence) 

, 3) control, without non-natives. Non-natives were between 10 and 15 cm tall when 

natives were sown in the natural emergence plots. Non-natives were removed one week 

before natives were seeded with one application of glyphosate (commercial dilution 360 

g per litre) using a back sprayer and a concentration 1:100 ml of water. Periodic 

elimination of non-natives in control plots was done thereafter with secateurs to ground 

level to avoid soil disturbance.  

Within each plot we placed 14 subplots (0.3 x 0.3 m) distributed in two similar rows along 

the longer axis of the main plot (Figure 3.1). Seeding was carried out during the last week 

of June 2012 with the expectation that sufficient moisture in the soil would allow abundant 

germination and survival. Each subplot contained one of the following mixes of seeds: 

1) monocultures of each woody native, 2) monocultures of the native grass Rytidosperma 

caespitosum, 3) mix of each woody native with the native grass. One subplot was left as 

control with no native seeds. The placement of mixes on subplots was done randomly. 
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Distance between subplots was 0.3 m and distance between rows was 1m. Just before 

seeding, we raked the soil surface (to a depth of 0.5 cm) with a screwdriver at each 

subplot to create favourable microsites for germination. Raked soil was placed back over 

seeds to protect them. A high number of seeds was sown to get sufficient seedlings 

throughout the experiment. Given the large seed sizes of Acacia species compared to 

Eucalyptus species and R. caespitosum, 4-10 times as many seeds were used for the 

latter (i.e. between 200 and 500 seeds). These quantities roughly resemble differences 

in seed production between target species. Seed number of each species in mixed 

subplots was halved with the expectation of keeping a similar seedling density in all 

subplots. Seeds of all Acacia species were scarified by immersion in hot water (≈95°C) 

for 90 seconds. 

Assessment of performance of target species and community of non-natives  

The number of emergent seedlings of target species was recorded ten weeks after 

seeding at the beginning of spring (second week of September). This represents the 

baseline "day 0" for the analyses of survival. We measured survival three times: early 

summer (second week of December), mid-summer (fourth week of January) and early 

autumn (first week of March) just before harvest. Biomass of each surviving seedling and 

biomass of the whole community of non-natives were determined at final harvest after 

oven-drying at 70°C during 48 hours. 

Non-natives abundance in each subplot was recorded during the second week of 

September along with seedling emergence of target species and during the second week 

of December along with one of the recordings of survival of target seedlings. To calculate 

abundance of non-natives cover in each subplot, we used a digital photograph of each 

subplot, above which we placed a grid (10X10 squares) of equal size to the subplot. The 

abundance is expressed as a percentage by counting the number of squares with non-

natives presence in the grid. 

Soil characteristics were recorded in each subplot. We measured soil strength using a 

pocket penetrometer (H4200, Humboldt, Schiller Park, Illinois, USA) and volumetric 

content of water using a portable soil water sensor with a 12 cm long probe. Soil strength 

was measured at harvest during the first week of March 2013 and volumetric water 

content was measured in the second week of October and fourth week of January. 
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Figure 3.1. Scheme of one of the blocks 10 times replicated in the field to test the influence of emergence 

time of non-natives on native species 

 

3.2.4 Statistical analyses 

Linear mixed effect modelling was used to compare the effect of time of emergence as 

well as compare competitive abilities of groups of target species in the glasshouse. In 

both cases block was included as random factor and data were ln-transformed prior 

analyses. We used the “lme” command in the nlme package (Pinheiro et al. 2016) of R 

software (R Development Core Team 2008); R was also used for all other statistical 

analyses.  

Principal Components Analysis (PCA) followed by a Varimax rotation and stepwise 

regressions were initially used to identify possible relationships between traits and 

competitive abilities at the species level (Wang et al. 2010). The “prcomp” function was 

used for PCA and “varimax” for rotation and “step” for regression. Although no significant 

associations were identified, we kept PCA and Varimax outputs to visualize similarities 

between species according to their traits and to establish which traits were more 

associated with variation among species. The possible relationship between native 
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species’ competitive abilities and functional traits was ultimately explored using Pearson 

correlations. 

Seedling emergence and survival in the field were analysed using General Linear Mixed 

Modelling (GLMM). In both cases we evaluated the effect of the presence of the non-

natives community at the time of arrival of native species (present, absent, eradication 

just before seeding but re-appearance allowed). Because our main hypothesis is directly 

related with the latter treatment and its potential as a restoration tool, we used it as the 

reference to compare the effect of non-natives presence or absence. For emergence we 

also evaluated the effect of composition of seed mix when seeding (monoculture or 

combination of each woody species and native grass). Block was included as a random 

factor to account for spatial variation in the experiment. Models including species as main 

factor as well as those including interactions were discarded as convergence did not take 

place. Emergence was analysed either as a presence/absence dataset or as number of 

emerging seedlings at those subplots where seedlings emerged. For presence/absence 

we used a binomial GLMM, and for number of seedlings we used a negative binomial 

GLMM, which is known to deal best with over-dispersed datasets (Ver Hoef & Boveng 

2007). A binomial GLMM was used to analyse seedling survival over time taking number 

of surviving seedlings as ‘successes’ and number of seedlings that died as ‘failures’. 

Number of days since record of emergence (t0) was included in the model as a centered 

variable. For all analyses we used the “glmer” function included in the lme4 package 

(Bates et al. 2015). The inclusion of soil variables into models seldom influenced the 

response variables and caused problems with convergence of models thus were left out 

of the final analyses. Package nlme (Pinheiro et al. 2015) and the “lme” command were 

used to analyse biomass responses and soil moisture in response to appearance of non-

natives. In these cases, block was also included as a random factor to account for spatial 

variation in the experiment. 

 

3.3 RESULTS 

3.3.1 Glasshouse experiment 

Late emergence of Bromus diandrus (ca. two weeks later than natives) led to significantly 

higher seedling biomass relative to seedlings that grew with naturally-emerging Bromus 

(i.e. two weeks earlier than natives). Indeed, when Bromus emerged late, it did not affect 

the shoot biomass of five out of nine species relative to native seedlings that grew alone 

(Fig. 3.2).  
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Late emergence of Bromus also significantly increased the competitive response of 

target species (P<0.0001), but this was unrelated with functional/taxonomic grouping (P 

>0.05) (Fig. 3.3). Nevertheless, functional/taxonomic groups did differ in their competitive 

effect on Bromus, although the magnitude of such effects appears fairly small. Myrtaceae 

species had a stronger inhibiting effect on the grass than Proteaceae species (Fig. 3.4). 

None of the morphological traits of target species had a significant association with any 

of the competitive abilities in relation to time of emergence of Bromus. Instead, days to 

emerge had a negative relationship with competitive effect on Bromus. Those species 

whose seedlings emerged earlier had a stronger inhibitory effect on the dry biomass of 

the grass (R2 = 0.67, P = 0.004 after linear regression). No significant correlation was 

found between different pairs of competitive abilities (Table 3.2). 

The cumulative variance explained by the two first axes of the PCA involving target 

species and their traits was 76% (Fig. 3.5). The first axis, which explained 55% of the 

variance, was associated with decreasing leaf area and leaf biomass. The second axis, 

which explained 21% of the variance, was associated with increasing seed mass and 

decreasing SLA and SRL (Table 3.3). 
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Figure 3.2. Shoot biomass accumulation ±1SE for native species in competition against seedlings of Bromus 

diandrus that emerged naturally and emerged ca. 2 weeks later than natives. Bars represent mean values. 

Letters indicate differences between treatments after Tukey HSD test. Analyses were made on ln 

transformed data. Species are ordered from top to bottom according to decreasing seed size. 

 

 

Figure 3.3. Comparison of competitive responses (means +/- SE) of functional/taxonomic groups of native 

species under competition against Bromus diandrus when the grass emerged at its natural time (ca. two 

weeks before natives) and when the grass emerged two weeks later than natives. Response represents the 

ratio between dry biomass of natives in the presence of Bromus and dry biomass growing alone. Values 

were obtained at the seedling level.  
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Figure 3.4. Comparison of competitive effect (means +/- SE) of functional/taxonomic groups of native 

species on Bromus. Competitive effect is equal to 1 - (wBN /wB) where wBN is the dry weight of the grass 

when planted with a target seedlings and wB is the dry weight of the grass growing alone. Values 

approaching 0 mean a weak effect. Analyses and chart were done at the seedling level. Letters indicate 

significant differences between functional groups. 

 

Table 3.2. Number of days to emerge of target species after planting of Bromus diandrus, their competitive 

effect on the grass and hierarchies of competitive abilities (“t1”=Bromus natural emergence; “t2”=Bromus 

late emergence). Competitive effect is equal to 1 - (wBN /wB) where wBN is the dry weight of the grass when 

planted with a target seedlings and wB is the dry weight of the grass growing alone. 

 

 

effect at t1 response at t1 response at t2

Acacia sessilis 8 0.248 1 1 9

Eucalyptus astringens 9 0.161 2 9 7

Eucalyptus marginata 10 0.188 3 5 2

Corymbia calophylla 11 0.145 4 4 4

Acacia acuminata 12 0.079 5 6 8

Acacia pulchella 17 -0.075 6 3 3

Hakea lissocarpha 21 -0.026 7 2 1

Hakea obliqua 24 0.064 8 7 5

Banksia sessilis 30 -0.048 9 8 6

Competitive hierarchy 

Species
Days to 

emerge

Competitive 

effect on 

Bromus  t1
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Figure 3.5. PCA for target species and their morphological traits. Oval with solid line includes Myrtaceae 

species, oval with dashed line represents range of Acacia species and oval with dotted line includes 

Proteaceae species. 

Table 3.3. Measured traits and their association with axes of PCA. The numbers in bold indicate high 

loadings for the corresponding traits. Numbers in parentheses for PC1-PC3 indicate the percentage of 

variance explained by each component. Extraction method: Principal Components Analysis. Rotation 

method: varimax. 

 

  

PC1 (56%) PC2 (21%) PC3 (8%)

leaf area -0.518 0.197

seed mass 0.508 -0.168

shoot biomass -0.366

stem biomass -0.268 -0.220

leaves biomass -0.424

SLA -0.505 -0.192

root biomass -0.367

SRL -0.492 0.164

root/shoot biomass ratio -0.139 -0.184

stem/leaves biomass ratio 0.284 -0.626

total height -0.146 0.225 -0.309

main stem height -0.228 -0.260

number of side stems -0.212 -0.277

length of side stems -0.168 -0.198 -0.194

SLA / SRL ratio -0.103 0.407
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3.3.2 Field experiment 

Seedling emergence 

Emergence occurred in 64% of subplots. Late appearance of non-natives had a similar 

effect as absence of non-natives on the percentage of subplots with seedling emergence. 

Persistent presence of non-natives negatively affected frequency of emergence of two 

of the three Eucalyptus species and the native grass R. caespitosum (Fig. 3.6A, Fig. 

3.7A, Table 3.4). Similar to the percentage of subplots with seedling emergence, the 

number of emerging seedlings of Acacia species was similar in all sites regardless of the 

presence of non-natives or their late appearance. As with frequency of emergence, the 

number of emergent seedlings was lower in plots with non-natives at seeding, for two of 

three Eucalyptus species and R. caespitosum (Figs. 3.6B and 3.7B, Table 3.5).  

In subplots with woody species, emergence of R. caespitosum was less frequent than in 

subplots where the native grass was sown alone (Table 3.4). Seed size of the companion 

species had a negative effect on the number of subplots where the grass emerged (t= -

2.076, P= 0.04) (Figure 3.7C). Simultaneous emergence of woody species and R. 

caespitosum did not occur in subplots with persistent non-natives cover. For this reason, 

the “non-natives” treatment is not included in the survival analyses of mixed cultures (see 

Figure 3.8 and Table 3.5). 
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Figure 3.6. A) Fraction of subplots with emerging seedlings. B) Percentage of seedlings in relation to sown 

seeds at subplots where emergence occurred. Data represent mean ±1 SE. Treatments are related to non-

natives appearance in relation to arrival of native species (“permanent”=non-natives already present when 

natives arrived; “late”=non-natives eradicated at seeding but then re-invasion allowed; “absent”=without non-

natives). Species are ordered from top to bottom according to decreasing seed size. 
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Table 3.4. Results of the Generalized Linear Mixed Models testing the effect of re-growth of non-native 

species after initial removal and the influence of seed mix on the fraction of subplots with seedling 

emergence. Subplots where non-natives were initially removed are the reference to compare subplots 

permanently covered by non-natives and sub-plots without non-natives. Subplots with seeds of one target 

species and seeds of R. caespitosum were the reference to compare mono-specific subplots. Significant 

differences are shown in bold. 

 

  

Model Parameter Estimate Std. Error z value Pr(>|z|)

Acacia acuminata (Intercept) -0.166 0.597 -0.278 0.781

weed permanent 0.226 0.673 0.336 0.737

weed absent -1.223 0.732 -1.671 0.095

monoculture subplot 0.325 0.572 0.568 0.570

Acacia pulchella (Intercept) 0.021 0.193 0.133 0.895

weed permanent -0.161 0.154 -0.956 0.339

weed absent 0.000 0.158 0.000 1.000

monoculture subplot -0.725 0.190 -0.262 0.793

Eucalyptus accedens (Intercept) 0.162 0.111 0.687 0.492

weed permanent -1.980 0.109 -2.171 0.030

weed absent 0.142 0.117 0.824 0.410

monoculture subplot 0.000 0.145 0.000 1.000

Eucalyptus astringens (Intercept) 2.720 1.111 2.448 0.014

weed permanent -1.912 1.018 -1.878 0.060

weed absent 0.819 1.327 0.618 0.537

monoculture subplot 0.000 0.816 0.000 1.000

Eucalyptus loxophleba (Intercept) 2.230 0.111 2.477 0.013

weed permanent -2.570 0.104 -2.668 0.008

weed absent -0.223 1.070 0.000 1.000

monoculture subplot 0.400 7.090 0.352 0.725

Rytidosperma caespitosum (Intercept) 0.869 0.406 2.140 0.032

weed permanent -5.305 1.111 -4.777 <0.001

weed absent 0.560 0.476 1.176 0.239

monoculture subplot 3.601 1.158 3.109 0.002



   
 

66 

Table 3.5. Results of the Generalized Linear Mixed Models testing the effect of re-growth of non-native 

species after initial removal and the influence of seed mix on number of individuals in subplots with 

emergence of seedlings. Subplots where non-natives were initially removed are the reference to compare 

subplots permanently covered by non-natives and sub-plots without non-natives. Subplots with seeds of one 

target species and seeds of R. caespitosum were the reference to compare mono-specific subplots. 

Significant differences are shown in bold. 

 

 

 

  

Model Parameter Estimate Std. Error z value Pr(>|z|)

Acacia acuminata (Intercept) 1.296 0.249 5.207 <0.001

weed permanent -0.194 0.267 -0.728 0.467

weed absent 0.050 0.312 0.159 0.874

monoculture subplot -0.437 0.242 -1.804 0.071

Acacia pulchella (Intercept) 1.289 0.267 4.822 <0.001

weed permanent -0.104 0.332 -0.314 0.754

weed absent 0.521 0.280 1.863 0.062

monoculture subplot -0.535 0.255 -2.103 0.036

Eucalyptus accedens (Intercept) 0.001 0.233 0.002 0.998

weed permanent 0.000 0.376 -0.001 0.999

weed absent 0.000 0.282 0.000 1.000

monoculture subplot -0.001 0.260 -0.004 0.997

Eucalyptus astringens (Intercept) 2.411 0.268 8.997 <0.001

weed permanent -0.979 0.300 -3.265 0.001

weed absent 0.279 0.246 1.138 0.255

monoculture subplot -0.083 0.214 -0.386 0.700

Eucalyptus loxophleba (Intercept) 2.998 0.279 10.752 <0.001

weed permanent -0.943 0.374 -2.521 0.012

weed absent -0.245 0.274 -0.895 0.371

monoculture subplot -0.383 0.248 -1.542 0.123

Rytidosperma caespitosum (Intercept) 1.706 0.199 8.564 <0.001

weed permanent -1.329 0.453 -2.932 0.003

weed absent 0.651 0.140 4.647 <0.001

monoculture subplot 0.177 0.167 1.061 0.289
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Figure 3.7. Emergence of Rytidosperma caespitosum. A) Fraction of subplots with emerging seedlings and, 

B) percentage of seedlings in relation to sown seeds at subplots where emergence occurred. 

(“permanent”=non-natives already present when natives arrived; “late”=non-natives eradicated at seeding 

but then re-invasion allowed; “absent”=without non-natives). C) Fraction of subplots with emerging seedlings 

in monoculture subplots (R.ca) and mixed plots ordered from left to right according to seed size (A.ac=Acacia 

acuminata, A.ap=A. pulchella, E.ac=Eucalyptus accedens, E.as=E. astringens, E.lo=E. loxophleba) 

 

Seedling survival throughout summer 

None of the target seedlings survived in plots with persistent non-natives cover. Overall, 

survival of target species was low, and only A. acuminata had a survival rate higher than 

50%, and only in plots without non-natives. (Fig. 3.8). With the exception of E. accedens, 

re-appearance of non-natives reduced survival of all target species when compared to 

plots without non-natives in monocultures. Nevertheless, survival in re-invaded subplots 

in most cases remained higher than the subplots containing non-natives from initial 

seeding (Table 3.6). In subplots where native grass and woody species emerged 

together, re-appearance of non-natives significantly affected survival of all three 

Eucalyptus species and the native grass (Table 3.7). Composition of subplots after 

emergence only influenced two species. Survival in monoculture subplots was higher 

than in mixed subplots for E. accedens but was lower for E. loxophleba (both P<0.001) 

Biomass response 
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Low numbers of surviving seedlings did not allow analyses of growth at the species level. 

For this reason, we assessed this response for each functional/taxonomic group. Neither 

late appearance of non-natives nor composition of subplots influenced biomass of 

individual shoots of Acacia species. However, late appearance of non-natives did reduce 

shoot biomass of seedlings of Eucalyptus species and the native grass Rytidosperma 

caespitosum compared to the treatment without non-natives (Fig. 3.9; Table 3.8). Non-

natives re-appeared in ca. 90% of subplots from they had been removed at seeding. 

Nonetheless, initial removal caused a reduction of almost 78% of biomass in relation to 

subplots permanently invaded (45.19 ± 3.6 SE vs. 10.93 ± 0.9 SE grams; P<0.001 

comparing permanently invaded subplots vs. re-invaded). No difference was found 

between non-natives biomass of subplots with native seedlings and subplots without 

them at sites with re-invasion allowed. 

Non-native abundance 

Early in spring when emergence of target seedlings was recorded, non-natives were 

already present in 52 subplots (i.e. 37% of all subplots where non-natives re-appearance 

was allowed, mean cover =53%; ± 3.3 SE). Early in summer, there was evidence of non-

natives in 95% of sub plots with a mean cover of 63% (± 2.8 SE).  

In mid spring, subplots where non-natives appeared late had higher soil moisture 

contents than subplots permanently invaded.  Nevertheless, late appearance of non-

natives reduced soil moisture in comparison to subplots without them (Fig. 3.10). 



   
 

69 

 

Figure 3.8. Mean percentage of seedling survival of each target species from measurement of seedling 

emergence (day 0, ca. September 10th 2012) to harvest (day 175, March 2nd 2013). Treatments according 

to composition of subplots appear in columns. Woody species are ordered from top to bottom according to 

decreasing seed size. 
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Table 3.6.  Results of Generalized Linear Mixed Models testing the effect of re-growth of non-native species 

after initial eradication on the fraction of surviving seedlings. Only monoculture subplots were included. 

Subplots where non-natives were initially eradicated are the reference to compare subplots permanently 

covered by non-natives and sub-plots without non-natives. Significant differences are shown in bold.  

 

 

 

 

 

 

 

 

  

Model Parameter Estimate Std. Error z value Pr(>|z|)

Acacia acuminata (Intercept) 3.851 1.967 1.958 0.050

time -5.015 1.159 -4.326 <0.001

weed permanent -5.677 1.566 -3.624 <0.001

weed absent 2.962 0.996 2.974 0.003

Acacia pulchella (Intercept) -0.668 1.846 -0.362 0.718

time -5.379 1.248 -4.309 <0.001

weed permanent -7.178 1.915 -3.749 <0.001

weed absent 4.596 1.533 2.998 0.003

Eucalyptus accedens (Intercept) 1.538 0.728 2.114 0.035

time -2.281 0.313 -7.296 <0.001

weed permanent -3.256 1.139 -2.859 0.004

weed absent -1.098 0.505 -2.173 0.030

Eucalyptus astringens (Intercept) -0.853 0.459 -1.860 0.063

time -2.915 0.178 -16.350 <0.001

weed permanent -1.916 0.452 -4.243 <0.001

weed absent 1.524 0.241 6.312 <0.001

Eucalyptus loxophleba (Intercept) -0.892 0.468 -1.904 0.057

time -2.771 0.165 -16.816 <0.001

weed permanent -1.765 0.459 -3.847 <0.001

weed absent 1.105 0.232 4.762 <0.001

Rytidoma caespitosum (Intercept) -1.059 0.556 -1.906 0.057

time -2.988 0.159 -18.826 <0.001

weed permanent -2.237 0.619 -3.612 <0.001

weed absent 2.218 0.196 11.316 <0.001
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Table 3.7. Results of Generalized Linear Mixed Models testing the effect of re-growth of non-native species 

after initial eradication on the fraction of surviving seedlings. Only mixed subplots were included. Subplots 

where non-natives were initially eradicated are the reference to compare subplots without non-natives. 

Significant differences are shown in bold.  

 

  

Model Parameter Estimate Std. Error z value Pr(>|z|)

Acacia acuminata (Intercept) 0.372 1.455 0.256 0.798

time -2.233 1.561 -1.430 0.153

weed absent 20.357 4096.001 0.005 0.996

Acacia pulchella (Intercept) -1.741 1.733 -1.005 0.315

time -3.870 1.070 -3.618 <0.001

no weed 3.267 1.818 1.797 0.072

Eucalyptus accedens (Intercept) -3.854 1.767 -2.181 0.029

time -5.927 1.701 -3.484 <0.001

weed absent 4.279 1.682 2.544 0.011

Eucalyptus astringens (Intercept) -2.070 0.935 -2.214 0.027

time -3.078 0.276 -11.163 <0.001

weed absent 2.360 0.365 6.460 <0.001

Eucalyptus loxophleba (Intercept) -0.351 0.764 -0.459 0.646

time -1.836 0.153 -12.027 <0.001

weed absent 0.962 0.234 4.104 <0.001

Rytidoma caespitosum (Intercept) -0.595 0.389 -1.531 0.126

time -1.956 0.115 -16.986 <0.001

weed absent 1.414 0.183 7.717 <0.001
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Figure 3.9. Shoot biomass accumulation (mean ±1SE) for native species grouped by functional group. 

Treatments indicate the appearance of non-natives in relation to arrival of native species (“late”=non-natives 

removed at seeding but then re-invasion allowed; “absent”=without non-natives).  
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Table 3.8..  Results of the Linear Models testing the effect of re-growth of non-native species after initial 

eradication on the shoot biomass of individual seedlings, grouped according to functional/taxonomic identity. 

Subplots where non-natives were initially removed are the reference to compare subplots without non-

natives. Subplots with seeds of one target species and seeds of R. caespitosum were the reference to 

compare mono-specific subplots. Significant differences are shown in bold. 

 

 

 

 

Figure 3.10. Soil moisture measured in mid spring. Bars represent mean values ±1 SE at subplots. 

Treatments are related to non-natives appearance in relation to arrival of native species (“permanent”=non-

natives already present when natives arrived; “late”=non-natives eradicated at seeding but then re-invasion 

allowed; “absent”=without non-natives). Letters indicate differences between treatments after Tukey HSD 

tests.  

Model Parameter Value Std. Error d.f. t-value p-value

Acacia (Intercept) 0.537 0.204 6 2.640 0.039

weed absent 0.035 0.184 4 0.191 0.858

monoculture subplot 0.069 0.186 4 0.371 0.730

Eucalyptus (Intercept) 0.549 0.149 20 3.692 0.001

weed absent 0.292 0.131 20 2.222 0.038

monoculture subplot 0.085 0.129 20 0.663 0.515

Rytidosperma caespitosum (Intercept) 0.131 0.040 23 3.311 0.003

weed absent 0.091 0.031 23 2.952 0.007

monoculture subplot 0.037 0.028 23 1.322 0.199
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3.4 DISCUSSION 

Results from both the glasshouse and field experiments suggest that delaying 

emergence of invasive species can improve the establishment and survival of woody 

perennials in a Mediterranean ecosystem. Given that late appearance of the non-native 

annual community in the field had a negative effect on survival of target species anyway, 

successive controls after initial eradication would appear to be necessary. On the other 

hand, no single trait affected competitive response of target species when they grew with 

non-native grass Bromus diandrus in the glasshouse. Although emergence of Acacia 

species was less affected by presence of non-natives or their late appearance than 

Eucalyptus species and native grass Rytidosperma caespitosum, treatment effects on 

survival of the three groups were quite similar. Since all functional groups of native 

species seem to respond similarly to competition against non-natives, aiming for 

functional diversity during restoration of invaded ecosystems could be a useful approach.  

In the field, survival in plots where non-natives re-appeared following earlier removal was 

statistically higher than in the plots with continuous non-natives presence, where all the 

seedlings died. Nonetheless, survival in re-invaded plots was lower than survival in plots 

without non-natives. This difference is clearly linked with the level of re-invasion 

throughout different stages of the experiment. During the first ten weeks, non-natives 

had only re-appeared in 37% of sub plots and had a mean cover of 53%. However, 22 

weeks later, non-natives had re-invaded almost all subplots (95%), and mean cover 

reached 63%. The negative effect of non-natives on survival of native seedlings suggests 

that restoration of invaded sites in the wheatbelt is not only limited by earlier emergence 

of non-natives but also by other traits that confer competitive superiority (Seabloom et 

al., 2003). This likely relies on a set of characteristics of non-natives that include capacity 

to germinate in a broad range of temperatures, faster growth rate and larger size, among 

others (Van Kleunen et al., 2010b). Non-native species are likely to inhibit natives not 

only through earlier germination and other traits but also through soil legacies which 

operate once annual non-natives have died (Grman and Suding 2010). In our case, 

records in the middle of spring indicate that soil moisture at sites where non-natives were 

present was at some times lower than in sites without them. This outcome thus partially 

explains why no native seedlings survived in permanently invaded sites in spite of the 

fact that most non-natives had already died late in spring. 
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Unlike survival in the field, in the glasshouse experiment, shoot biomass of the majority 

of target species when Bromus emerged late was similar to biomass when Bromus was 

absent. In spite of being sown simultaneously, seedlings of Bromus emerged between 8 

and 30 days earlier than native species, as has been reported previously for non-native 

annuals (Wilsey et al. 2011, Chrobock et al. 2011, Wainwright et al. 2012). The poor 

response of native species in this situation is likely to be related with pre-emption of 

resources (Ross & Harper 1972, Goldberg 1990), particularly nutrients, probably as a 

consequence of the relatively high root length of the grass. Root systems of grasses are 

usually denser and thinner than these of woody species (D’Antonio & Vitousek 1992). In 

a given volume of soil, acquisition of nutrient supply is proportional to root length (Craine 

& Dybzinski 2013) and higher root length is considered to imply higher rates of nutrient 

and water uptake (Pérez et al., 2013). Native seedlings competing against younger 

individuals of Bromus performed better than seedlings competing against older 

individuals of the grass. Differences in size of target seedlings in relation to the 

competitor might have been the source of these different outcomes. Time since 

emergence is related with biomass of young plants (Miller 1987); therefore when 

seedlings of Bromus were planted along with native seedlings which were two weeks 

older; it is likely that native roots had reached enough volume of soil as to not to be 

severely affected by the grass, at least during the term of the experiment (ca. 12 

weeks).The reduction of competitive effect on natives as a consequence of delaying the 

emergence of non-native species has been previously reported for other glasshouse 

experiments (Abraham et al., 2009, Grman & Suding 2010, Stevens and Fehmi 2011, 

Dickson et al., 2012). 

Myrtaceae species had a stronger competitive effect on Bromus than Proteaceae 

species when the grass emerged at its normal time in the glasshouse. There was also a 

negative association between competitive effect on Bromus and number of days for 

seedling emergence. Seedlings of Myrtaceae species emerged just one week after 

seeding whereas seedlings of Proteaceae species emerged between three and four 

weeks later. On the other hand, we found no evidence for links between competitive 

response and functional identity or single traits. This outcome supports the idea that 

several traits, not only one, provide capacity to respond to competition (Keddy et al., 

1998). Acacia sessilis was the species with the highest competitive response to Bromus 

when the grass emerged normally, and was also the species whose seedlings emerged 

first among target species, only one week after sowing. Nevertheless, this species had 

the worst response to competition when Bromus emerged late. In contrast, Hakea 

lissocarpha was the species with the largest response when competing with younger 

seedlings of Bromus, but its seedlings emerged two weeks later than seedlings of A. 
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sessilis. Likely, its proteoid roots are particularly efficient at extracting Phosphorus even 

among Proteaceae species, allowing it to tolerate competition. Wang et al. (2010) found 

a clear relationship between traits and competitive effect as well as consistency between 

hierarchies of competitive effect under contrasting nutrient conditions. On the contrary, 

they found little evidence of association between single traits and competitive response 

and found no consistency between hierarchies of competitive response. Our findings 

suggest that competitive response does not rely on one or another trait but rather on 

different combinations of traits. The effects of combinations of traits would likely vary with 

type of competitor and abiotic conditions. 

In the field experiment, seedling emergence of Myrtaceae species and the native grass 

Rytidosperma caespitosum was reduced in plots with non-natives, but seedling 

emergence of Acacia was not. The same difference between Myrtaceae and Fabaceae 

was previously reported in a study evaluating the influence of soil conditions and non-

natives cover on seedling establishment in old fields of south-western Australia (Hallett 

et al., 2014). Likely, our outcome is related to the association between seed size and 

water stress. It has been observed that large-seeded species have lower inter-annual 

variability in the rates of establishment compared with small-seeded species (Metz et al., 

2010). In contrast, establishment of small-seeded species is better in years with frequent 

rainfall due to high production of seed, but is restricted to limited microsites in 

unfavourable years (Coomes et al., 2002), likely as a consequence of seeds remaining 

dormant in the seed bank (Venable & Brown 1988, Jurado & Westoby 1992). In our case, 

it is possible that small seeds such as these of Myrtaceae and R. caespitosum 

experienced intense water stress during the first ten weeks of the experiment due to 

infrequent rainfall (Bureau of Meteorology 2016) and consumption of water by non-

natives. As indicated above, soil moisture measured in the middle of spring was 

significantly lower in invaded sites than in sites without non-natives and sites where non-

natives were removed at seeding of native species. Although seed size might have 

influenced seedling emergence, this trait seems not to have a clear association with 

seedling survival. Unlike other target species, the small-seeded E. accedens had higher 

survival at re-invaded sites than in sites without non-natives. It is unclear which traits 

conferred E. accedens this relative advantage but these results reinforce the idea that 

no particular individual trait, but rather combinations of traits, provide tolerance to 

competition.  

3.4.1 Conclusion 

Our results suggest that delaying emergence of non-natives enhances the response of 

native competitors. Nevertheless, late emergence of the non-native community in the 
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field reduced survival of native seedlings, confirming that early emergence is only one 

trait, amongst others, that provides competitive superiority to non-natives. This outcome 

suggests that follow-up control is required along with initial removal. 

No single trait was associated with competitive response of native species when they 

competed against Bromus in the glasshouse. Likewise, no particular functional group of 

native species seemed to perform better in the field when competing against the non-

native community. These outcomes thus support the notion that capacity to tolerate 

competition would not rely on a single trait but instead on sets of traits that might even 

change depending on the competitors and abiotic conditions. This might then indicate 

that aiming for functional diversity of native species is useful when restoring invaded 

ecosystems, rather than using one or a few functional types. 
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4 SEEDLING INTERACTIONS BETWEEN NATIVE BANKSIA 
WOODLAND SPECIES AND THE INVASIVE GRASS Ehrharta 
calycina: EFFECTS OF NUTRIENT AVAILABILITY, INVASIVE 
SPECIES DENSITY AND NATIVE SPECIES TRAITS 

ABSTRACT 

Plant invasions are among the major threats to the Banksia woodlands located in the 

diverse south-western Australia. Through a series of experiments, we tested the effect 

of several factors on the outcome of the competition between woody native species and 

the non-native grass Ehrharta calycina, one of the main invaders of the region. These 

factors were nutrient availability, seedling density of E. calycina, functional traits of target 

species and time of emergence of E. calycina.  

A moderate increase in nutrient availability shifted effect of E. calycina on target species 

from innocuous to negative, both in the glasshouse and the field. At richer soils, E. 

calycina inhibited the shoot growth of competitors regardless of the density of its 

seedlings. In soils with the smaller nutrient addition, competitiveness of target species 

varied positively with seed mass and leaf size. Delaying seedling emergence of E. 

calycina enhanced competitiveness of target species. High mortality in the field due to 

high temperatures and irradiance confirms that restoration of invaded sites in this 

ecosystem should include techniques to ameliorate microclimate. 

Our results suggest that manipulation of factors like nutrient availability, time of 

emergence and traits of target species can favour establishment of native seedlings that 

compete with E. calycina. Hence, our results point to opportunities to improve restoration 

of heavily invaded Banksia woodlands 

Key-words: Ehrharta calycina, competition, restoration, seedling establishment, south-

western Australia 
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4.1 INTRODUCTION 

One of the major threats to the highly diverse south-western Australian Floristic Region 

is invasion by non-native plants (Hopper and Goia 2004). Competitive effects of non-

natives on native species result from physiological features that include higher rates of 

nutrient acquisition (e.g. Rejmanek 2000; Pyšek & Richardson 2007, Matzek 2012) and 

the ability to respond to nutrient enrichment (Daehler 2003, Leishman & Thomson 2005). 

The traits that provide this competitive superiority at the individual level include, among 

others, photosynthetic rate, growth rate, biomass allocation, size, and fecundity (van 

Kleunen et al., 2010). Phenological differences in terms of earlier seedling emergence 

or longer persistence to avoid resource competition have also been suggested to confer 

high competitiveness to non-native species (Gioria & Osborne 2014). Through a series 

of experiments, we assessed the interaction between the non-native grass Ehrharta 

calycina and woody native species of Banksia woodland located in south-western 

Australia.  We considered the following factors: nutrient availability, morphological traits 

of native species, density, and time of emergence of seedlings of E. calycina.  

E. calycina is native to South Africa and is dominant in degraded Banksia woodland 

where it initiates a feedback cycle with fire (Baird 1977). Its dominance increases 

because of its capacity for fast colonization and recovery following fire (sensu D’Antonio 

& Vitousek 1992). E. calycina forms large seed banks that can spread even beyond 

invaded sites. Occurrence of different types of disturbances, even in woodlands in good 

condition, give E. calycina the chance to become dominant because native seeds may 

be less abundant and their germination fire-dependent (Fisher et al., 2009). 

Although addition of resources has been broadly documented as a major factor 

increasing the competitive effect of invasive species (Daehler 2003), this factor has not 

been tested in isolation from other factors that also favour invasion by E. calycina in 

Banksia woodland, such as disturbances regime and size and age of fragments of native 

vegetation (Fisher at al., 2009b; Ramalho et al., 2014). To understand the underlying 

mechanisms mediating interaction between native and non-native species in a context 

of nutrient enrichment, it is important to establish how species respond to this enrichment 

growing in isolation. This is particularly relevant in the Banksia woodland where soils are 

nutrient poor (Lambers et al., 2014). Some species of the Proteaceae can tolerate 

increasing levels of phosphorus but others are sensitive to its addition (Shane & Lambers 

2005). On the other hand, species of other families rely heavily on microorganisms (i.e. 

mycorrhizal fungal associations to obtain P and /or nitrogen fixers) and hence it is 

necessary to establish how they would react to high nutrient availability without these 

microorganisms, such as might occur in invaded stands. 
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Plant traits are also likely to influence the outcome of plant competition (e.g. Goldberg & 

Fleetwood 1987, Keddy et al., 2002). The identification of traits that might confer 

competitiveness has been proposed as a strategy to mitigate plant invasions (Leishman 

et al., 2007; Van Kleunen et al., 2010). Nevertheless, its application is challenging since 

the importance of a particular trait is context dependent (Gurevitch et al., 1990) and may 

vary with the type of competitive response (Wang et al., 2010). Although diversity has 

been linked to resistance to invasion (Levine & D’ Antonio 1999), there is also evidence 

that suggests that species identity may be more important (Crawley et al., 1999; Lyons 

& Schwartz 2001), in which case it might be useful to be able to identify the 

characteristics of potentially better competitors. 

Production of a large number of viable propagules has been identified as one of the traits 

that confer competitiveness to invasive species (Colautti et al., 2006). A consequence of 

this is that, in natural conditions or in a restoration context, native seedlings might end 

up competing with a high number of non-native seedlings. For this reason, depletion of 

seed banks of E. calycina has been proposed as a strategy to manage this species in 

Banksia woodlands (Fisher et al., 2009). However, the impact of this approach would be 

uncertain since there is no information on how contrasting densities of this non-native 

species can affect the establishment of native seedlings.  

Priority effects or the influence of one species on another that emerged later also can 

influence the outcome of competition and hence community composition (Stavens & 

Fehmi 2011; Körner et al., 2008). It is likely that some invaders avoid competition and 

deplete stocks of limiting resources through earlier emergence (Ross & Harper 1972, 

Goldberg 1990). The species that emerges faster may affect establishment, growth or 

reproduction of another species that emerges later (Grman & Suding 2010) potentially 

affecting species composition (Corbin & D´Antonio 2004, Ejrnaes et al., 2006). Effects of 

earlier emergence have been broadly documented in Mediterranean ecosystems (see 

Verdú & Traveset 2005) but not often in woodlands within this climate zone. 

The current condition of invaded Banksia woodlands is such that their natural 

regeneration is very unlikely. Abundance of invaders and recurrence of different 

disturbances that reinforce their dominance (Ramalho et al., 2014) suggest that addition 

of native propagules alone does not ensure recovery of this ecosystem. Therefore, it is 

necessary to identify complementary strategies that may contribute to its restoration 

(Ruthrof et al., 2013a). The threat to the highly diverse woodlands of south-western 

Australia makes a more detailed investigation of the mechanisms leading to invasive 

species dominance very pertinent. With a set of glasshouse and field experiments, we 

predict that the outcome of competition between E. calycina and native species is 
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influenced by: (1) changes in nutrient availability; (2) density of seedlings of E. calycina; 

(3) morphological traits of native species; (4) the time of emergence of E. calycina.  We 

chose these factors because of their likely importance in determining competitive 

outcomes and also because they can be manipulated relatively easily and hence may 

be relevant to restoration. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Experimental species 

Selection of target species for all trials was based on common occurrence in Banksia 

woodlands of south-western Australia, known high germination rates, and species 

reflecting a diversity of nutrient acquisition strategies. As traits of nutrient acquisition, we 

included species with arbuscular and ectomycorrhizal fungal associations, nitrogen 

fixation capacity and those that form cluster roots. We chose three species with 

arbuscular mycorrhizal and ectomycorrhizal fungal associations (Corymbia calophylla, 

Eucalyptus gomphocephala, Kunzea glabrescens), two nitrogen fixing species (Acacia 

pulchella, Allocasuarina humilis), and four species with cluster roots (Banksia attenuata, 

Hakea incrassata, Hakea lissocarpha, Hakea trifurcata). Care was taken to choose 

species with a range of different seed masses, as early seedling growth and possibly 

competitive ability may be seed size dependent (see Table 4.1). We used non-native-

grass Ehrharta calycina Sm, (hereafter E. calycina) as the phytometer species to 

measure the competitive abilities of native species. 

4.2.2 Experimental design 

We conducted several small experiments which together build an understanding of the 

interaction between seedlings of native species and the non-native invading grass E. 

calycina in the Banksia woodland. The experiment to assess the influence of nutrient 

availability and morphological traits of native species (i.e. Experiment 3 in Table 4.1) 

required that we defined in advance certain conditions to promote competition, such as 

the actual levels of nutrients and number of seedlings of E. calycina per pot. To do that, 

we assessed the influence of nutrient availability on growth of native species and E. 

calycina (Experiment 1) and the influence of density of E. calycina (Experiment 2). In 

both cases the response variable was dry biomass of shoots.  We also established an 

experiment to assess influence of time of emergence of E. calycina (Experiment 4) and 

finally, a field experiment that aimed to complement the results about nutrient availability 

(Experiment 5). 
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Table 4.1. Nutrient acquisition strategy and seed weight of native Banksia woodland species that were used 

to test the influence of the non-native invading grass E. calycina.  

 

 

All native seedlings were grown from seeds obtained through local suppliers (Tranen 

Pty., Perth, Western Australia) with the exception of Allocasuarina humilis in Experiment 

1 for which small seedlings were obtained in a local nursery because purchased seeds 

had a very low germination percentage. Seedlings of E. calycina were obtained from 

seeds collected in the bushland of Kings Park 2.4 km W of Perth CBD during spring in 

2004 and 2009. The older seeds were used for the experiment assessing effects of the 

density of E. calycina and nutrient availability, whereas the younger seeds were used for 

all other experiments. All glasshouse trials were conducted at the Plant Growth Facility 

of The University of Western Australia. 

Experiment 1: Influence of nutrient availability on the shoot biomass of three 

native species and E. calycina 

The nutrient levels were achieved by mixing the substrate with a locally available native 

species fertilizer (Osmocote® Exact® Min Scotts Australia Pty Ltd; N: P: 

K=16:3.5:9.1:%). Three levels of fertilizer addition were used: 0, 1 and 10 g l -1. These 

levels were chosen not only to examine the response of experimental species but also 

to guide the selection of nutrient levels for subsequent competition experiments. The 

experiment was set up following order of germination: B. attenuata, A. pulchella, E. 

calycina, and A. humilis. Three seedlings were planted in each pot with approximately 4 

cm distance between them. Temperatures in the glasshouse during the experimental 

period ranged between 14-37 °C. Seedlings were watered daily and harvested 10-12 

weeks after planting when treatment effects were apparent. Plant material was harvested 

Species Family
seed weight 

(mg)
Experiment 

P acquisition 

strategy

N acquisition 

strategy
References

Allocasuarina humilis Casuarinaceae 2.7 1,2 AM inferred
N-fixing 

actinomycete
Lambers et al., 2014

Acacia pulchella Fabaceae 8.6 1,2 AM
N-fixing 

bacteria
Jasper et al., 1989

Corymbia calophylla 78.5 3,4 Brundrett et al., 1996

Eucalyptus gomphocephala 20.1 3,4 Scott et al., 2013

Kunzea glabrescens 0.16 3 Brundrett et al., 1996

Banksia attenuata 92 1, 2, 3, 5

Hakea incrassata 31 3

Hakea lissocarpha 23.9 3

Hakea trifurcata 13.6 3, 5

AM/ECM 

Inferred
none

Cluster roots none Lambers et al., 2014

Myrtaceae

Proteaceae
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and separated into above- and below-ground biomass. Roots were thoroughly washed 

prior to drying. 
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Experiment 2: Influence of density of E. calycina 

We used four densities of E. calycina (i.e. 0, 1, 3, 9 individuals per pot) to investigate 

how density of this species affects seedling growth of the selected native species. 

Specific experiments were set up in the following order: A. pulchella, A. humilis and B. 

attenuata. Three native seedlings were planted in each pot at ca. 7.0 cm apart. With this 

positioning, we intended to minimize intraspecific competition and maximize interspecific 

competition by placing E. calycina seedlings within gaps left by native individuals. Native 

and E. calycina plants were transferred to pots simultaneously but seeds of the grass 

were germinated two weeks later to reduce the competitive advantage due to a larger 

initial size. Based on experiment 1, we established that native species are tolerant or 

respond positively to a 1 g l-1 concentration of fertilizer. Thus we used this concentration 

assuming that it would induce strong competition. Pots were watered daily and shoots 

were harvested 11 weeks after planting. Seeds were germinated at 20°C on filter paper 

in Petri dishes in a growth room with controlled temperature under a light/dark regime of 

12/12 hours. Seedlings of A. humilis had to be purchased in a local nursery because 

seeds had a very low percentage of germination. Shoot length of these seedlings varied 

between 5 and 10 cm. Seeds of A. pulchella were immersed in boiling water for one 

minute to break dormancy. Germinated seeds were transferred to germination trays with 

thoroughly rinsed river sand and kept under uniform conditions. When cotyledons 

emerged, seedlings were transferred to the glasshouse and planted in pots (8 x 8 x 18 

cm, length, width and height) in washed river sand. As there was large variation in time 

to germination and in initial survival rates of seedlings between target species, it was not 

possible to conduct the trials for all species simultaneously. Pots were laid out in five 

blocks, with each block stratified either by nutrient level or E. calycina density (n = 5 reps 

x 3 nutrient levels = 15 pots per species for the nutrient experiment and n = 5 reps x 4 

densities = 20 pots per species for the density experiment). All glasshouse work, 

including set up and final harvest was carried out between 11 January and 17 May 2010. 

We used linear models in the R software package (R Development Core Team 2008) to 

establish effects of fertilizer addition and of E. calycina density on shoot biomass of 

species. Data were ln-transformed prior to analyses to achieve normality and 

homoscedasticity 
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Experiment 3: Competitive ability of seven native species interacting with E. 

calycina and its correlation with plant traits 

For this experiment we used Corymbia calophylla, Eucalyptus gomphocephala, Kunzea 

glabrescens, Banksia attenuata, Hakea incrassata, Hakea lissocarpha and Hakea 

trifurcata as target species. We established a randomized complete block design with 

five replicates to evaluate competitive abilities of target species as dependent on two 

factors: 1) the presence/absence of E. calycina, 2) the concentration of slow release 

fertilizer (0.5 and 5 g l-1). Unfortunately the rate of 5 g l-1 caused high mortality, so this 

treatment was abandoned. 

On 11th July 2010 native seeds were scattered on germination trays filled with river sand. 

Once sown, seeds were covered with 1-7 mm of sand depending on seed size. Three 

seedlings were transferred to river sand filled pots (8 x 8 x 18 cm, length, width and 

height) when cotyledons emerged. Transplanting took place during three weeks from the 

21st day after seeding. Table 4.2 contains the number of days in which the main pulse of 

emergence of each target species occurred. 

 

Table 4.2. Approximate number of days to emerge of target species after seeding in germination trays in the 

glasshouse 

 

 

Seeds of E. calycina were germinated in the controlled temperature room at 20°C under 

a regime of 12 hours light /12 hours darkness. These seeds were germinated two weeks 

after seeds of target species to minimize the effect of earlier emergence of the grass in 

relation to most of the native species. Four to five seeds of E. calycina with radicles 

already emerging were transferred to each pot between 18 and 35 days after native 

seedlings were planted, ensuring that native seedlings in all pots had a similar number 

of days under competition. After coleoptile emergence, the number of seedlings of grass 

was thinned to three in each pot. Dead seedlings were replaced during the first four 

Species

approximate 

days to 

emerge

Kunzea glabrescens 21

Eucalyptus gomphocephala 22

Corymbia calophylla 23

Hakea incrassata 34

Hakea trifurcata 36

Hakea lissocarpha 38

Banksia attenuata 41



   
 

87 

weeks after planting. Pots with three native seedlings without E. calycina were set up as 

a no interspecific competition control treatment  

Pot soil was enriched with slow release fertilizer (0.5 g l-1) (Osmocote® Exact® Min 

Scotts Australia Pty Ltd.) (N: P: K=16:3.5:9.1:%). We chose this concentration for two 

reasons. First, it resembles the concentration of total P found in Banksia woodlands in 

good condition (Fisher et al., 2006). Second, we assumed that if the 1 g l-1 concentration 

benefited both native species and E. calycina, the 0.5 g l-1 concentration might induce 

competition to some degree. 

To measure traits of target species, we planted single individuals of each species in the 

same type of pots used for competition. The experiment thus consisted of 105 pots (7 

target species x 3 densities of individuals x 5 replicates). Plants were watered once or 

twice per day, as required to maintain good plant water status. Fortnightly, pots within 

each block were randomly shifted to minimize potential influence of local environmental 

conditions. Blocks were harvested 78-81 days after E. calycina was sown, when 

competitive effects were clearly visible. All plant material was dried in an oven at 60°C 

for 72 hours. 

Several traits were measured to establish correlations between their values and 

competitive hierarchy of native species. Average seed mass was determined using 

batches of 30-100 seeds. Depending on leaf size, two to fifteen healthy leaves were 

selected from each individual growing alone to calculate specific leaf area (SLA) and the 

mean area of a leaf (hereafter “leaf size”). Images of fresh leaves were scanned and 

analysed with WinRhizo software (v4.1, Regent Instruments Inc, Chemin Sainte-Foy, 

Quebec, Qc). Above and below ground portions were separated to allow estimation of 

root: shoot ratios of dry biomass.  

Competition indices were calculated following (Keddy et al., 1994) 

CRN = wNE / wN 

CEV = 1- (wEN /wE) 

CRN represents the competitive effect of E. calycina on a native species (N). wNE 

represents native species biomass when grown with E. calycina and wN is native species 

biomass with no interspecific competition. If there is some level of suppression, values 

of the index are between 0 and below 1. Higher values represent a better response. CEE 

represents the competitive effect of any native species (N) on E. calycina (V). wEN is the 

E. calycina biomass when in competition with any native and wE is E. calycina biomass 
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when growing alone. Values close to 0 represent a weak effect on the grass. Values 

close to 1 represent a strong effect. 

We used linear mixed effect models to establish the influence of E. calycina on the shoot 

biomass of each target species. Pot was used as random factor to account for possible 

differences in substrate. The same approach was also used to identify interactions 

between species identity and effect on E. calycina. Shoot biomass of individual seedlings 

was used as response variable and to calculate tolerance to competition of target 

species. Total shoot biomass of one pot was used as the response variable of E. calycina 

and to calculate effect of target species on the grass.  . Only surviving individuals were 

taken into account. Correlations between competitive abilities and between competitive 

abilities and morphological traits of target species were established from ln transformed 

data. 

Experiment 4: Influence of late emergence E. calycina on its competition against 

two Myrtaceous native species 

The influence of emergence timing on the competitive ability of two native species and 

E. calycina, was determined using a phytometer method as described above. The native 

species chosen for this experiment were the eucalypts Eucalyptus gomphocephala and 

Corymbia calophylla. These species were selected because of their phylogenetic 

relatedness and their contrasting seed mass which is considered a primary trait 

influencing patterns of plant establishment (Weiher et al., 1999) and thus it might 

influence competition outcome at the seedling stage. This experiment was carried out 

simultaneously with Experiment 3 under exactly the same conditions and in the same 

glasshouse. For the treatment with natural time of emergence, we used native seedlings 

and seedlings of E. calycina of the same age (i.e. seedlings coming from seeds that were 

put to germinate simultaneously). For the treatment with late emergence of E. calycina, 

seedlings of the grass were transferred to pots once native seedlings had their first pair 

of leaves. It was on average 26 days after native seedlings were planted. In this case, 

we used seedlings of E. calycina with only their coleoptile emerging.  For the no 

interspecific competition control treatment, each pot contained only three native 

seedlings. Each set of 8 pots formed by combinations of species (2), germination timing 

(2) and fertilizer concentrations (2), was replicated five times in a fully randomized block 

design. Blocks were placed randomly amongst blocks of the other experiment. 

Fortnightly, pots were randomly relocated within blocks to reduce possible effects of local 

environmental conditions. Blocks were harvested 68 days after the planting of native 

seedlings when treatments effects were clearly visible. Harvest procedures were similar 

to the previous experiment. 
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Linear models were used to explore possible interactions between identity of target 

species and time of emergence as well as to establish possible effect of time of 

emergence on shoot biomass of E. calycina. We added pot as random term to account 

for possible differences in substrate. Biomass values of E. calycina were adjusted to 

account for the varying periods in which seedlings of the grass were in the experiment. 

We report the mean shoot biomass accumulated per day, i.e. a mean growth rate. 
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Experiment 5: Effect of E. calycina and fertilizer application on biomass of two 

Proteaceous species at a natural woodland reserve in Perth 

A field experiment to assess the influence of E. calycina and application of fertilizer on a 

natural site was carried out at the Shenton Park bushland, a 67 ha field station owned 

by the UWA, 6.3 km NW of Perth CBD. Part of this bushland consists of a Banksia 

woodland community dominated by 6-8 m tall Banksia attenuata R.Br. and Banksia 

menziesii R.Br. (Proteaceae) with occasional emergent Eucalyptus gomphocephala DC. 

and a diverse sclerophyllous shrub understorey. In the site where the experiment was 

carried out, E. calycina dominated the understorey and was interspersed with scattered 

individuals and thickets of the native plant community. As target species we used 

Banksia attenuata R.Br. and Hakea trifurcata (Smith) R.Br., both Proteaceae and 

common in Banksia woodlands on the coastal plain (Pate and Bell 1999).  

The effect of the presence of E. calycina and fertilizer application on the establishment 

of seedlings of both target species was determined using a random block design. Each 

block contained eight 1 m² plots comprising all possible combinations among the two 

levels (absence/presence) of the two factors (E. calycina and fertilizer) for both species. 

Each block was replicated five times. For each species we planted 9 seedlings per plot, 

placing each seedling at least 30 cm from each other, and approximately 10 cm away 

from any of the E. calycina plants in each plot. . The grass-free areas were created before 

planting by removing shoot biomass of E. calycina individuals with secateurs. 

Subsequently, we applied herbicide on the grass crown with a cloth to avoid soil 

contamination. Seedlings used for this experiment were grown simultaneously with those 

used for glasshouse experiments performed from July 2010. Individuals for both species 

were between 6 and 8 cm tall at the time of planting on the 18th of October 2010. Each 

plot received 5 L of water on a daily basis. Rainfall in the preceding winter and during 

the lapse we kept the experiment was 45% below average (466 mm average vs. 306 

mm in 2010) (Bureau of Meteorology 2016). Dead seedlings were replaced until the 8th 

of November but not thereafter. Survival of seedlings and above-ground biomass of 

survivors was recorded 55 days after planting. Above-ground biomass was determined 

after drying at 60°C for 72 hours.  

We randomly spread 212.5 g slow release fertilizer pellets for native species in each plot 

(Osmocote® Plus® Scotts Australia Pty Ltd.; N: P: K= 17: 1.6 : 8.7 %). Use of this 

concentration approximates the concentration of total P found in heavily invaded Banksia 

woodlands (Fisher et al., 2006). 

We used linear mixed models to test for possible interaction between fixed factors. Block 

was included as random factor. Linear models were used to test the influence of 
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treatments of a single factor. We used ln transformation to analyse shoot biomass of 

single seedlings and square root transformation to analyse mortality. 

 

4.3 RESULTS 

4.3.1 Experiment 1: Influence of nutrient availability 

With the exception of Banksia attenuata, the small increment in nutrient concentration (1 

g l-1) had a positive effect on the production of biomass of experimental species.  Only 

E. calycina and Allocasuarina humilis tolerated the high concentration of nutrients (10 g 

l -1), but they did not respond similarly (Fig. 4.1, Table 4.3). Root growth of E. calycina 

was inhibited at the higher concentration. In general, all species differed in their response 

to nutrient addition (Table 4.3). The species which benefited the most of the 1 g l-1 

addition of fertilizer were A. pulchella and E. calycina.  
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Figure 4.1. Response of native species to increasing nutrient availability measured between 10 – 12 weeks 

after planting. Bars represent mean dry mass for shoots of individual surviving seedlings (left column) and 

represent mean dry mass of whole seedlings (right column) (±1 SE). Letters indicate differences between 

treatments after Tukey HSD test (P ≤ 0.05). Native species are ordered from top to bottom according to 

decreasing seed size. 

  



   
 

93 

Table 4.3. P – values of a model assessing the interaction between species and nutrient addition rates. 

Shoot dry mass was the tested variable. Soil with no addition of fertilizer (control) is the reference to compare 

effect of the 1 g l-1 concentration. Significant values appear in bold characters. First column compares 

individuals shoot biomass and second column compares biomass of whole seedlings. Significant P values 

in bold characters. 

compared species shoot  whole seedling 

B. attenuata  vs.  A. pulchella  <0.001 <0.001 

B. attenuata  vs.  E. calycina <0.001 <0.001 

B. attenuata  vs.  A. humilis   0.013   0.010 

A. pulchella   vs.  E. calycina   0.582   0.999 

A. pulchella   vs.  A. humilis   0.003   0.007 

E. calycina    vs.  A. humilis   0.013   0.007 

 

 

4.3.2 Experiment 2: Influence of density of E. calycina 

The presence of E. calycina had a negative effect on the production of shoot biomass of 

all target species but this effect did not change with density of seedlings of the non-native 

grass (Fig. 4.2). The analysis including all three target species indicated that identity of 

target species influenced shoot biomass of E. calycina (P< 0.001). A. pulchella had an 

effect similar to the effect of B. attenuata and A. humilis. However, B. attenuata had a 

bigger negative effect than A. humilis. Density of E. calycina also affected its total shoot 

biomass (P< 0.001). Shoot biomass per pot for B. attenuata was similar with three or 

nine seedlings, but considerably lower with only one seedling (Fig. 4.2). 
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Figure 4.2. Response of native species to increasing density of E. calycina 11 weeks after planting in the 

glasshouse. Concentration of fertilizer was 1 g l-1. The top line in each plot represents E. calycina. Values 

represent mean shoot biomass in one pot (±1 SE). Letters indicate differences between densities for each 

target species after Tukey HSD test (P ≤ 0.05). Species are ordered from left to right according to decreasing 

seed size 

 

4.3.3 Experiment 3: Competitive ability of seven native species interacting with 

E. calycina and its correlation with plant traits 

Contrary to expectations, E. calycina only significantly affected the shoot biomass of 

seedlings of the species with the smallest seed among target species, Kunzea 

glabrescens (Fig. 4.3). When the response to competition was assessed between pairs 

of species, only K. glabrescens was found to be different compared to all other species 

(all P values ≤ 0.05). Likewise, the response of Banksia attenuata was different 

compared to Hakea lissocarpha (P=0.046). Only Corymbia calophylla and H. lissocarpha 

had a significant effect on shoot biomass of E. calycina (Fig. 4.4). 

 



   
 

95 

 

Figure 4.3. Response of native species to competition with E. calycina 11 weeks after planting in the 

glasshouse. Concentration of fertilizer was 0.5 g l-1. Values represent mean shoot biomass of surviving 

individual seedlings (±1 SE). Letters indicate differences between treatments for each target species after 

Tukey HSD test (P ≤ 0.05). Species in each row are ordered from left to right according to decreasing seed 

size.  

 

 

Figure 4.4. Response of E. calycina to competition with native species 11 weeks after planting in the 

glasshouse. Concentration of fertilizer was 0.5 g l-1. Values represent mean shoot biomass of all surviving 

seedlings in one pot (±1 SE). Letters indicate differences between pots with target species and pots without 

competition after Tukey HSD test (P ≤ 0.05). Species are ordered from left to right according to decreasing 

seed size. 
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Seed mass and leaf size correlated positively with competitive response of target species 

(r=0.84, P= 0.017 for seed mass; r= 0.83, P=0.021 for leaf size). Competitive response 

of target species and competitive effect on E. calycina were also positively correlated 

(r=0.81, P=0.027). Seed mass was positively associated with competitive effect when 

analysed used ranks (ρ=0.89, P=0.016). No significant correlation was found between 

seed mass and leaf size. Neither specific leaf area nor traits related with biomass or 

biomass allocation correlated with competitiveness. Table 4.4 contains values and ranks 

of competitive abilities as well as values of traits associated with them. 

 

Table 4.4. Traits with significant correlations with competitive abilities of target species when competition 

was assessed at 0.5 g l-1. Competitive response represents the ratio between dry biomass of native species 

in the presence of E. calycina and dry biomass growing alone. Competitive effect is equal to 1 - (wEN /wE) 

where wEN is the dry weight of E. calycina when planted with a target seedlings and wE is the dry weight of 

the grass growing alone. Indexes were calculated from shoot biomass of individual seedlings.  

 

 

4.3.4 Experiment 4: Influence of late emergence of E. calycina on its 

competition against two Myrtaceous native species 

Species responded differently to competition and late emergence of E. calycina (P< 

0.001). Late emergence of E. calycina only slightly decreased the competitive effect of 

E. calycina on the shoot biomass of E gomphocephala. In contrast, presence of E. 

calycina did not affect shoot biomass of the big seeded C. calophylla, regardless of the 

time of emergence of the grass (Fig. 4.5). Effect on E. calycina also differed with identity 

of target species (P<0.001). Effect from C. calophylla when the grass emerged late was 

much stronger than the effect exerted by E. gomphocephala. When E. calycina emerged 

at its natural time, none of the target species had a significant effect on the grass (Fig. 

4.6) 

 

species

seed 

mass 

(mg)

leaf size 

(cm²)

competitive 

response 

rank of c. 

response

competitive 

effect

rank of c. 

effect

Corymbia calophylla 153.3 31.7 1.1 2 0.9 1

Banksia attenuata 80.3 9.4 1.2 1 0.5 3

Hakea incrassata 47.5 13.9 0.8 4 0.5 4

Hakea lissocarpha 17.3 2.4 0.7 6 0.9 2

Hakea trifurcata 14.2 3.6 0.9 3 0.5 5

Eucalyptus gomphocephala 1.2 21.9 0.7 5 0.4 6

Kunzea glabrescens 0.1 0.3 0.2 7 -0.3 7
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Figure 4.5. Response of two Myrtaceae species with contrasting seed mass to competition against E. 

calycina when the grass emerged at different times. Native and E. calycina seedlings had the same age at 

the “natural” treatment. Native species were ca. 26 days older in the “late” treatment. Response is the mean 

accumulation of shoot biomass per day (±1 SE) Letters indicate differences between treatments for each 

target species after Tukey HSD test (P ≤ 0.05). Seed size of C. calophylla is ca. 4 times that of E. 

gomphocephala. 

 

 

Figure 4.6. Effect of two Myrtaceae species on E. calycina when the grass emerged at its natural time 

(simultaneously with native species) and when the grass emerged later than native species (newly emerged 

seedlings of E. calycina planted when native species had produced their first pair of leaves). Response of 

E. calycina is the mean accumulation of shoot biomass per day (±1 SE). Letters indicate differences between 

treatments after Tukey HSD test (P ≤ 0.05). Seed size of C. calophylla is ca. 4 times that of E. 

gomphocephala. 

 

4.3.5 Experiment 5: Effect of E. calycina and fertilizer application on biomass of 

two Proteaceous species at a natural woodland reserve in Perth 

Production of shoot biomass of B. attenuata was influenced by the interaction between 

the application of fertilizer and the presence of E. calycina (P=0.043). E. calycina did not 

affect shoot biomass of B. attenuata when fertilizer was not added, but the grass did 

inhibit the biomass production of this species at plots with added fertilizer (P=0.012). 

None of the treatments had an effect on shoot biomass of H. trifurcata (Fig. 4.7). Mortality 
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was above 85% in all treatments for both target species No interaction was found 

between identity of species and the other two factors for either shoot biomass or 

mortality. 

 

Figure 4.7. Response of two Proteaceae species to competition with E. calycina and addition of fertilizer in 

a field trial (±1 SE). Letters in each grid indicate differences between seedlings competing against E. calycina 

and seedlings growing alone (Tukey HSD test, P ≤ 0.05). 

 

4.4 DISCUSSION 

The results described in this chapter contribute to the understanding of the effects of 

invasion by E. calycina in Banksia woodlands in south-western Australia. They also feed 

into possible guidelines as to how to restore invaded areas in this ecosystem. Results 

suggest that the competitive effect of E. calycina on native species is small under soil 

conditions that resemble those of Banksia woodlands in relatively good condition. 

However, this effect became significant when natives and E. calycina competed under 

soil conditions that are comparable to those of heavily invaded areas, regardless of the 

density of the non-native grass. In soils with lower concentrations of nutrients, seed size 

and leaf area seem to be related to better competitive response of native species. 

Delaying emergence of E. calycina by approximately three weeks reduces its competitive 

response under the same soil conditions. 

There is abundant evidence in the global context that the competitive effect of non-native 

species increases with nutrient availability (e.g. Huenneke et al., 1990; Burke & Grime 

1990; Daehler 2003; Gross et al., 2005). Locally, soil nutrient status has also been linked 

with the abundance of non-native species (Fisher et al., 2006; Prober & Wiehl 2011; 
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Ramalho et al., 2014), although these studies do not provide a causal effect. Also, these 

studies did not discriminate between effects of nutrient status and that of other possibly 

confounding factors (e.g. fire frequency, faster development and higher fecundity of non-

native species, disturbance regimes). Local studies that assessed the effect of nutrient 

status on the outcome of competition between native and non-native species (Standish 

et al., 2008; Daws et al., 2013) have also been undertaken for ecosystems with higher 

productivity (i.e. the jarrah [Eucalyptus marginata] forest and the wheatbelt region). 

These studies also called for a further exploration of the actual mechanisms that 

associate increased competitiveness of non-native species with increased nutrient 

concentrations (see Cale & Hobbs 1991). Our results suggest that the addition of a 

moderate amount of nutrients is enough to shift the competitive effect of E. calycina from 

innocuous to significant in an ecosystem with very impoverished soils. This shift is clearly 

not related with a detrimental effect of nutrient addition on performance of native species. 

When native species grew alone, addition of fertilizer increased their biomass or had a 

neutral effect. The biomass of triplets of E. calycina which grew without native species 

at the 1 g l-1 concentration was more than four times their biomass when the grass grew 

alone at the 0.5 g l-1 concentration (5.7 ±0.47 SE vs. 1.3 ±0.36 SE g pot-1), without a shift 

in shoot to root ratio. This is in sharp contrast to responses of native B. attenuata 

seedlings with did not show any additional growth when nutrient addition rates increased 

from 0 to 1 g l-1. This strongly suggests that the competitive superiority that E. calycina 

acquired with nutrient addition is related to its fast growth response to increased nutrient 

supply. Larger root systems would enable E. calycina to compete for below-ground 

resources more effectively at the expense of native species. High rates of nutrient 

acquisition have been linked mainly to high-resource ecosystems (Chapin 1980; Craine 

2009),  

The ability of native species to compete with E. calycina at increased nutrient addition 

rates was correlated with several morphological traits. Species with a large seed mass 

and/or leaf size had stronger competitive abilities. This supports the general hypothesis 

that species with large seeds are good competitors, which allows them to compensate 

for the low number of seeds they produce. This would enable large seeded species to 

coexist with species with small seeds that are not good competitors but are good 

colonizers (Geritz 1995; Rees & Westoby 1997). In spite of its popularity, this hypothesis 

has been challenged recently, especially by results obtained at the community level and 

by a recent study using a large number of species (Ben-Hur & Kadmon 2015). However, 

other studies are in general agreement with the hypothesis (Gurevitch et al., 1990; 

Goldberg & Fleetwood 1987; Goldberg & Landa 1991). We posit that such discrepancy 

may be due to the variety of traits that can provide competitive ability in different contexts 
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and thus with the unlikeliness of a single trait such as seed mass explaining competitive 

ability in all possible situations (Tilman 1987). Even at a small scale, the outcome of 

competition is dependent on multiple factors including available space, neighbour 

identity, measured response variable, or fertility (Gurevitch et al. 1990). In terms of 

ecological restoration, our results may be promising not only because of the link between 

competitive abilities and traits but also because of the consistency between hierarchies 

of competitive abilities. There might be certain species that are likely to perform better 

for certain restoration purposes. Nevertheless, further research involving field 

experiments and a higher number of species is necessary to gain insight into the 

correlation between traits and competitive abilities in Banksia woodland.  

Apart from seed mass and/or leaf size, the time of emergence of E. calycina seedlings 

also had a significant effect on the competitiveness of some native species. Although 

biomass accumulation of C. calophylla, a large seeded species (i.e. seed mass = 78.5 

mg), did not change with the presence or time of emergence of E. calycina, biomass of 

E. gomphocephala, a species with much smaller seeds (i.e. seed mass = 20.1 mg), 

depended both on the presence and the time of emergence of E. calycina. This 

difference in response between the two native species is also likely to be associated with 

differences in seed mass and the consequences of these for root growth and 

development. Over small periods of time (i.e. ca. eight weeks) seedling root biomass and 

root length are positively associated with seed mass (Hallett et al., 2011). Also, over the 

experimental period, C. calophylla accumulated 64% of its total biomass in roots, 

whereas E. gomphocephala only accumulated 41%. As larger seeds often produce 

larger seedlings (Jurado & Westoby 1992), it is possible that roots of C. calophylla 

seedlings soon after the start of the experiment had already occupied a large pot volume 

whereas the much smaller seedlings of E. gomphocephala had only occupied a relatively 

small volume. This advantage of C. calophylla may have been particularly important 

during the first weeks, given that faster growth rates of small seeded species can 

compensate for their small seedling size over time (Gross 1984; Maranon & Grubb 1993; 

Ben-Hur & Kadmon 2015). Thus, assuming that competition occurred mainly below-

ground, it is possible that competitive ability of target species was dependent on the 

volume of soil occupied. Seedlings of E. gomphocephala with late emerging E. calycina 

would have had more time to explore pot volume, likely increasing their competitive 

ability.  

Seedling growth response to moderate amounts of fertilizer (1 gr l-1) varied considerably 

between species. Banksia attenuata was the only species that did not show a growth 

response to the added fertilizer. This may be due to its nutrient acquisition strategy. It is 

possible that the 1 gr l-1 addition of fertilizer suppressed the formation of cluster roots 
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and/or or led to a down regulation of P uptake, such as has been reported for some 

species in the Proteaceae family (Shane & Lambers 2005). The growth response to 

nutrient addition also varied among the other species with a range of different nutrient 

acquisition strategies. The N fixing Acacia pulchella showed a stronger growth response 

than the mycorrhizal species A. humilis. We explored variations in morphological traits 

that might coincide with these responses but, apart from an apparent influence of seed 

mass on benefits obtained by nutrient addition, we did not find any other trends. Further 

research with a higher number of species might deliver a clear association between the 

capacity to respond to nutrient addition and plant traits. 

The results presented in this study point to some opportunities on how to improve 

restoration outcomes in Banksia woodlands that are heavily invaded by E. calycina. The 

increase in soil nutrient concentrations in these woodlands is the consequence of a wide 

array of disturbances that range from extensive fires to trampling or soil turnover by 

rabbits (Fisher et al., 2006; Fisher et al., 2009b; Ramalho et al., 2014). The chance of 

re-establishment of native propagules under these conditions without active restoration 

management seems low. Control of E. calycina through mowing and harvesting 

(Standish et al., 2008), would reduce further input of nutrients through decomposition of 

grass litter and could enhance the chance of establishment of native propagules by 

delaying the re-appearance of E. calycina. Thereafter an array of functionally diverse 

native species could be planted. Although our results suggest that large seed mass and 

large leaf size provide tolerance to competition, the inclusion of functional diversity in 

restoration species mixes is desirable since it has been shown to provide resistance to 

re-invasion (Funk et al., 2008). These management actions will be essential as the 

chance of re-invasion is high due to the overwhelming abundance of E. calycina in the 

seed bank of invaded woodlands and adjacent areas (Fisher et al., 2009b). Mortality of 

young seedlings in our field experiment was very high and was not associated with our 

treatments or with herbivory. This suggests that the main filter to seedling establishment 

was climate and thus the strategies we propose should be complemented with use of 

tree guards that may promote microclimate amelioration, and watering, such as Ruthrof 

et al. (2013a) proposed. Addition of fertilizer would need further research given the 

sensitivity of Proteaceae species to P and possible enrichment of nutrient by 

decomposition of E. calycina (Fisher et al., 2006). Our findings suggest that manipulation 

of nutrient availability, time of emergence and plant traits can favour seedling 

establishment of native species that compete with a non-native grass in an ecosystem 

with very impoverished soils. Nonetheless, with a Mediterranean climate, it is very 

possible that strategies associated with these factors should be complemented with 
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techniques to mitigate water and heat stress. It seems a necessary decision if one wants 

to speed up rates of ecosystem recovery and thus prevent re-invasion. 
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5 GENERAL DISCUSSION 

Invasion of non-native species and abiotic factors hinder the establishment of native 

seedlings in south-western Australia. In this thesis I examined whether native tree 

saplings, time of emergence of non-natives species, and soil nutrient status affect the 

establishment of native seedlings and their interactions with non-native species. In most 

experiments, competitive abilities of native species were associated with some of their 

functional traits. Results presented in this thesis provide further insight into the 

optimization of ecological restoration in general and also contribute to our understanding 

of ecological concepts pertaining to plant invasion and natural regeneration. 

 

5.1 KEY RESULTS 

5.1.1 Effect of tree saplings on seedling establishment of woody perennials in 

degraded eucalypt woodlands in the wheatbelt region 

Based on evidence for facilitation in ecosystems with a similar climate, I aimed to identify 

the influence of tree saplings on (1) the establishment of native seedlings and (2) the 

interaction between native seedlings and seedlings of the non-native grass Bromus 

diandrus. To elucidate the mechanisms underlying these interactions, I used alternative 

treatments with either artificial shade (and hence no below-ground competition) or with 

no sapling canopy (and hence no above-ground competition). I also assessed the effect 

of all canopy treatments on the cover and biomass of Bromus. I used common local 

Acacia and Eucalyptus species (Acacia microbotrya and Eucalyptus loxophleba) as 

‘nurse’ saplings and three common Acacia and Eucalyptus species as target species.  

Seedling emergence and cover of Bromus were negatively affected by nurse saplings, 

especially by saplings of E. loxophleba. However, emergence of Bromus had no effect 

on emergence of native seedlings. Also, emergence under artificial shade did not differ 

from that in the open canopy treatment for either native seedlings or Bromus, although 

the shade treatment likely resulted in a slightly higher soil water content compared to 

other treatments. Based on this assumption, I posit that inhibitory effect of saplings on 

seedling emergence is the outcome of a combined effect of shading and competition for 

water. If shading had a neutral effect, the higher soil moisture would likely have 

stimulated seedling emergence, as has been reported elsewhere (Schütz et al., 2002). 

For five out of six target species, the detrimental effect of nurse saplings on seedling 

emergence in spring shifted to a positive or neutral effect on seedling survival throughout 

summer. The presence of Bromus had a negative effect on survival of native seedlings 
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in summer.  The facilitative effect of canopies on seedling survival was more frequent in 

plots with the grass as competitor. Effects from canopies on survival of seedlings growing 

without Bromus suggest the occurrence of three different patterns of response. First, 

species which responded positively to either species of saplings and also artificial shade 

(A. microbotrya and E. astringens). Second, species whose response was only facilitated 

by artificial shade (A. acuminata and E. loxophleba); and third, species whose survival 

was inhibited by canopies, particularly saplings (A. pulchella). The difference between 

the first two might be related to their susceptibility to water stress imposed by saplings. 

Nevertheless, both types would benefit from climate amelioration produced by canopies. 

The third group would be susceptible to both competition for water with nurse plants and 

light interception caused by all canopies, including artificial shade. Competition for 

nutrients between nurse saplings and target seedlings would be unlikely considering the 

agricultural legacy of the experimental site.  Of particular interest was the response of E. 

accedens, whose survival was favoured by saplings of A. microbotrya but not by artificial 

shade. This type of interaction requires further consideration. 

My results are concurrent with the idea of facilitation and competition operating 

simultaneously in the relationship between nurse plants and potential beneficiary plants 

(Padilla & Pugnaire 2006). They also corroborate evidence on the factors determining 

the net outcome of this relationship: life form, assessed response and degree of 

environmental stress (Gómez-Aparicio 2009; Bertness & Callaway 1994, Metz & 

Tielbörger 2015) 

No interaction was detected between presence/absence of Bromus and 

presence/absence of canopies when seedling emergence was assessed. However, for 

seedling survival, the negative effect of Bromus in the open was neutralized beneath 

saplings for Acacia species in four out of six possible cases. It is likely that the inhibiting 

effect of saplings on Bromus is responsible for this indirect beneficial effect, as has been 

reported in other Mediterranean ecosystems (Cuesta et al. 2010, Caldeira et al., 2014). 

5.1.2 Late emergence of non-native species reduces their competitive effect on 

native seedlings of degraded eucalypt woodlands 

The exact timing of seedling emergence can influence the outcome of competition with 

its neighbours. I assessed the effect of late emergence of the non-native grass Bromus 

diandrus on the biomass of nine native species in a glasshouse experiment and also 

assessed possible associations between competitive abilities of native species and their 

traits. I also evaluated the effect of late appearance of the non-native community on the 

fitness of seven native species under more realistic field conditions. Late appearance of 
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non-native species was achieved through their provisional eradication prior to seeding 

of native species.  

Late emergence of Bromus reduced its competitive effect on all native species. Indeed, 

final biomass of five native species with Bromus emerging late was similar to their 

biomass when they grew without competition. However, there was no correlation 

between morphological traits of native species and their competitive abilities. Only the 

number of days to emerge had a negative association with the ability to supress Bromus 

(i.e. “competitive effect”), although the magnitude of such effect was fairly small in all 

cases. I also assessed competitive abilities of groups of target species categorised 

according to their nutrient acquisition strategy, but no difference in these groups’ ability 

to tolerate competition (i.e. “competitive response”) was found. However, Myrtaceae 

species had a stronger effect on Bromus, compared to the group of Proteaceae species. 

Earlier emergence of most Myrtaceous species seems to be related with this difference. 

Low colonization by non-natives by early spring, as a result of low rainfall in winter, likely 

resulted in similar emergence of target species in sites without non-natives and sites 

where non-natives were initially eradicated.  

Emergence of eucalypt species and the native grass Rytidosperma caespitosum was 

lower in sites where non-natives were not eradicated. Emergence of Acacia species was 

not affected at these plots. The small seed size of Myrtaceous species and the native 

grass may have made them more susceptible to the lower soil moisture in permanently 

invaded sites. Late appearance of the non-native community favoured the survival of 

target species with regards to sites that were permanently invaded in which no seedlings 

survived. Nonetheless, late appearance of non-natives reduced seedling survival in 

comparison to sites with no non-natives.  

5.1.3 Seedling interactions between native Banksia woodland species and the 

invasive grass Ehrharta calycina 

Apart from functional traits, many other factors have been proposed to facilitate plant 

invasions at the ecosystem level. Among these are factor such as increased resource 

availability, large numbers of viable propagules and early seedling emergence of 

invaders. I assessed these factors in the context of local Banksia woodlands by setting 

up several experiments in the glasshouse and in the field. Resource availability was 

varied by supplying different nutrient application rates.  

The invasive grass E. calycina did not have a significant effect on shoot biomass of six 

out of seven native Banksia woodland species at low fertilizer application rates (0.5 g l-

1), but did have significant inhibiting effects at a higher application rate (1 g l-1). This effect 
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was independent of seedling density of E. calycina and identity of the native competitor. 

When native species were grown by themselves the high nutrient application rate 

stimulated growth in all but one species (Banksia attenuata). The response of both native 

species and E. calycina to nutrient addition suggests that competitive superiority of the 

invasive grass is partially due to its disproportionate growth response to the higher 

nutrient addition rate. The presence and late emergence of E. calycina did not affect 

shoot growth of the large seeded eucalypt species Corymbia calophylla but did reduce 

growth in the much smaller seeded Eucalyptus gomphocephala. Late emergence of E. 

calycina negatively affected its own shoot growth regardless of identity of native 

competitor. Assessment of possible associations between competitive abilities and 

morphological traits based on the low concentration of nutrients that was used in the 

latter experiment, suggests that seed and leaf size are correlated with tolerance of native 

species to competition. Seed size also correlated with the competitive effect that native 

species had on E. calycina.  

When Banksia attenuata was planted in a field site invaded by E. calycina, addition of 

fertilizer caused a relative reduction in its shoot growth, whereas no such effect was 

detected without nutrient addition. Biomass of another Proteaceous species, Hakea 

trifurcata, was not affected by fertilizer addition, the presence of E. calycina or the 

interaction between these two factors. 

 

5.2 MAIN CONCLUSIONS AND FUTURE DIRECTIONS 

5.2.1 Effect of tree saplings on seedling establishment of woody perennials in a 

degraded Eucalypt woodland 

Tree saplings inhibited emergence and benefited survival of native seedlings in several 

cases. Likewise, saplings neutralized the negative effect of the non-native grass Bromus 

on the survival of Acacia species in four out of six cases. These results indicate that 

nurse plants can potentially contribute to restoration of native vegetation in degraded 

eucalypt woodlands but also suggest that their use as a restoration tool might be limited 

to planting but not seeding of beneficiary propagules given the mostly negative effects 

of saplings on seedling emergence. 

It is possible that the size of saplings was a key factor in both enhancing competition and 

reducing facilitation. The facilitative effect of trees and shrubs in other Mediterranean 

ecosystems often refers to adult individuals (e.g. Castro et al. 2004; Gomez-Aparicio et 

al., 2005). Although tree saplings significantly changed abiotic conditions such as 

irradiance and soil moisture it is possible that canopy cover (i.e. 1.3 m2) was not large 
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enough to elicit the full facilitative benefit of shading and thus reduce thermal stress and 

water loss of target seedlings. Based on the demonstrated role of shrubs and trees in 

facilitating seedling establishment in ecosystems with similar climates, future research in 

south-western Australia could also consider adult trees and shrubs, or bigger saplings 

that may provide deeper and more permanent shading. 

As this facilitation experiment only lasted one growing season, results can only be 

considered for this relatively short timeframe. Rainfall in winter during the experiment 

matched the current declining trend in south-western Australia (Timbal 2004) but spring 

was relatively wet. To gain insight into possible facilitative plant interactions in south-

western Australia, it will be necessary to repeat experiments at least in two different 

years, assuming that they will have different rainfall patterns or alternatively incorporate 

different watering treatments. This approach will be useful for defining the true scope of 

potential facilitative interactions as a restoration tool in south-western Australia and it 

also will yield key information on the influence that water stress may have on plant 

interactions in these dryland ecosystems. Predictions on the outcome of plant 

interactions in future scenarios of aridification are contradictory (Metz & Tielbörger 2015) 

and hence further research is needed. In order to improve predictions, future studies 

should examine not only the relationship between water stress and the outcome of 

species interactions, but also the effects of nurse plants on soil moisture (Butterfield et 

al., 2015).  

The results of the facilitation experiment show that the identity of species can influence 

the outcome of the sapling-seedling interaction. Saplings of Eucalyptus loxophleba had 

a stronger negative effect on emergence compared to saplings of Acacia microbotrya, 

and target species responded differentially to canopies in terms of their survival. Future 

studies assessing effects of nurse plants could use larger individuals (as mentioned 

before), and could include evaluation of possible allelopathic effects of eucalypt trees 

and local soil nitrogen enrichment under Acacia, as found in previous studies in Australia 

(e.g., Yates et al., 2000; Facelli & Brock 2000) that found such effects associated with 

species of these genera. Future approaches could also assess the influence of nurse 

plants on the interaction of native and non-native species, since the growth of non-native 

invading species may be suppressed by adult nurse plants, as was the case for Bromus 

in the current experiment. Other factors that I did not consider in this study are related to 

the different response of target species to shading. Ecological theory postulates that 

trade-offs restrict seedling and juvenile growth and survival to a specific range of abiotic 

conditions (Pacala et al., 1996; Kobe & Coates 1997; Baraloto et al., 2005). Future 

studies could incorporate determining aspects of native species’ regeneration niches in 

projects involving nurse plants (sensu Sánchez et al., 2006). Response of target 
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beneficiary species could be assessed with and without nurse plants and using an array 

of functional traits that might account for trade-offs determining successful seedling 

establishment. This would generate insights into the mechanisms underlying vegetation 

dynamics and potential responses of plant communities under future climate change 

scenarios (Sánchez et al., 2006). 

5.2.2 Late emergence of non-native species reduces their competitive effect on 

native seedlings in degraded Eucalypt woodland  

I showed that delaying emergence of non-native species can improve the establishment 

of native seedlings. However, in spite of their late appearance, non-natives in the field 

still had a strong negative effect on survival of native seedlings in comparison to sites 

that were not invaded. This outcome suggests that early emergence is not the primary 

factor underlying competitive superiority of non-native species in invaded eucalypt 

woodlands of south-western Australia.  

The low seedling survival in the field is in agreement with analyses assessing 

effectiveness of ecological restoration in invaded ecosystems. Initial eradication of non-

native species and native propagule introduction might not be sufficient to restore natural 

vegetation (Kettenring & Adams 2011; Gaertner et al., 2012). Therefore, along with 

follow-up controls, use of other techniques is necessary. Soil ripping along with planting 

might be cost-effective strategy which reduces soil compaction, increases water 

infiltration and therefore promotes root growth and potential rooting depth (Ruthrof et al., 

2013b). This may reduce drought stress but may also shift the outcome of competition 

in favour of native species. Deeper rooting would mitigate belowground competition 

given that root systems of non-native grasses often remain dense and superficial 

whereas root architecture of woody species is usually deeper and less dense (D’Antonio 

& Vitousek 1992). On the other hand, planting of natives just after ripping, could also 

increase native species competitive advantage, as weeds would have been partly 

removed and their re-appearance would take some time. In the studies referred to, 

herbicide was applied before (Ruthrof et al., 2013b) or after ripping (Yates et al., 2000; 

Perring et al., 2012) but herbicide application itself was not evaluated. This could be 

useful considering the costs of applying herbicides, their potential toxic effects (Rokich 

& Dixon 2007) and the scale of plant invasions in old fields of the wheatbelt.  

As mentioned before, the very dry winter followed by a wet spring may have affected the 

field experiments. Likely, these conditions had a strong influence on re-colonization by 

non-native species. A more complete insight of the effect of time of emergence on the 

competition between native species and the non-native community thus should consider 

replicated experiments at least during two years (Vaughn & Young 2010) , and/or should 
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potentially include watering treatments or rain out experiments to be able to mitigate the 

effects of unusually dry or wet conditions. As for potential facilitative interactions, this 

approach is relevant to understanding the relationship between water stress and the 

outcome of the competition between native seedlings and non-native species. 

Apart from unusual weather conditions the relatively late seeding (four or five weeks after 

the onset of winter) may have affected the results. Likely, this reduction of the period with 

relatively mild climate conditions might have had a negative effect on percentages of 

seedlings emerging and their subsequent survival. Research in south-western Australia 

indicates that planting or sowing early in winter generally benefits the establishment of 

native seedlings (Turner et al., 2006; Ruthrof et al., 2013b). However, early introduction 

of seedlings may be risky if soil moisture levels are still inadequate, whereas planting in 

mid-winter would guarantee adequate soil moisture levels and thus potentially a greater 

likelihood of successful establishment (Palacios et al., 2009). 

 

5.2.3 Seedling interactions between native Banksia woodland species and the 

invasive grass Ehrharta calycina 

E. calycina had a strong competitive effect on native species when a higher nutrient 

addition rate was used both in the glasshouse and the field. However, E. calycina had a 

minor competitive effect when a lower rate was used in the glasshouse or when no 

fertilizer was added in an invaded area in the field. These results not only confirm current 

theory on plant invasion (i.e. increasing resource availability makes non-native species 

more competitive [Daehler 2003, Leishman & Thomson 2005]), but, more importantly, 

suggest that regeneration of native vegetation based on introduction of propagules is 

feasible in invaded Banksia woodlands. The following evidence supports this contention. 

The highest levels of P found by Ramalho et al. (2014) in degraded Banksia woodlands 

were similar to the substrate P concentrations I used in the glasshouse before adding 

fertilizer (2.75 mg kg-1 of Colwell P in fragments of Banksia woodlands [Ramalho et al., 

2014] versus 2.5 in the glasshouse ). Moreover, Ramalho et al. (2104) did not find a 

positive correlation between soil P concentration and abundance of non-native plants. 

Therefore, if concentrations of soil P that confer E. calycina competitive superiority are 

not frequent in Banksia woodlands, invasiveness of this species would not be directly 

related with a permanent and high level of P. Instead, episodic increases in nutrients, or 

P specifically, caused by interacting disturbances could be a primary cause, as has been 

suggested by other studies (Fisher et al., 2009, Ramalho et al., 2014). This P increase 

does not have to be necessarily drastic. In the glasshouse, E. calycina became highly 

competitive after a doubling of fertilizer addition rates. Likewise, E. calycina inhibited 
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Banksia attenuata in the field only after fertilizer was added but at half of the amount 

prescribed for development of native species. These findings are concurrent with the 

idea that the spread of non-native species is enhanced by disturbances that might not 

involve a high nutrient input  - for instance,  soil turnover caused by rabbit digging 

(Ramalho et al., 2014).  

My results assessing the interaction between E. calycina and native species contribute 

to the understanding of the invasion process by this non-native grass in the Banksia 

woodland. They also point to possible strategies to optimize restoration of invaded areas 

of this ecosystem, but these need to be tested further through field experiments and by 

using a greater diversity of native species. On the other hand, field research on the 

restoration of this ecosystem has yielded some clear guidelines that would improve 

establishment of planted seedlings and that should be taken into account for future 

research and restoration practice. These guidelines specially refer to the permanent use 

of techniques to mitigate drought, soil nutrient levels and high irradiance and 

temperatures (Rokich & Dixon 2007; Ruthrof et al., 2013a). Among these techniques, 

special care should be taken with fertiliser application, given the contrasting effect of 

elevated nutrient levels on native species (i.e. negative on Proteaceae, positive on 

Acacia and Myrtaceae [Ruthrof et al., 2013a]) and its positive effects on the 

competitiveness of E. calycina. A mechanistic approach is desirable to establish how 

these different effects influence the competition between natives and non-natives. 

Dosage of fertilizer might be included as a factor, considering that moderate additions of 

fertilizer did not affect Proteaceae species in my field and glasshouse experiments, 

unlike the results from Ruthrof et al. (2013a). 

The outcome of my experiment delaying emergence of E. calycina confirms the 

importance of its initial eradication in order to give native seedlings a head start and be 

more competitive once individuals of E. calycina have reached adult size. However, adult 

individuals of E. calycina did not affect survival and shoot biomass of the Proteaceae 

seedlings planted in unfertilized plots. It is unclear whether this was due to the reduced 

growth of E. calycina when compared with fertilized plots or whether the Proteaceae 

species are better competitors at low nutrient levels. It is also possible that the relatively 

late planting time (i.e. in the middle of spring) had a favourable effect on native seedlings 

by avoiding strong competition earlier in winter. If late appearance of E. calycina indeed 

reduces its competitive effect and if native seedlings are able to survive in invaded areas 

as long as there has not been any local nutrient increase, then is possible that mowing 

and harvesting of E. calycina in late autumn can be an alternative at least in small scales. 

This option would replace the frequent use of herbicide treatments since application of 
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the selective herbicide Fusilade® has been proven to adversely affect seedling 

emergence of many Banksia woodland species (Rokich & Dixon 2007).  

5.2.4 Relationship between plant traits and competitive abilities 

The target species with the largest seeds were those that showed the greatest 

competitive abilities in the experiments carried out in an old-field in the wheatbelt. 

Likewise, I found a positive association between seed mass and competitive abilities of 

target species in two glasshouse experiments using river sand soil and E. calycina as 

the phytometer species. These findings are in agreement with evidence indicating that 

species with relatively large seed size are better competitors (Goldberg & Fleetwood 

1987; Goldberg & Landa 1991; Gurevitch et al., 1990). Unlike these results, no 

association was found between this trait and competitiveness in another glasshouse 

experiment in which I used old-field soil, Bromus diandrus was the phytometer species 

and seedlings were not under water stress. For this experiment, no morphological traits 

correlated with competitive ability. These contrasting results support the argument that 

association between trait and competitive ability is context-specific (Tilman 1987). The 

big seeded eucalypt Corymbia calophylla was the species most able to suppress E. 

calycina and at the second most able to tolerate competition with the grass, when 

seedlings grew in river sand (with the first being the proteaceous Banksia attenuata, also 

large seeded). On the other hand, C. calophylla was at an intermediate position within 

the rankings of the two competitive abilities (effect and response), when competition was 

in old-field soil in the glasshouse. The absence of association between competitive ability 

and seed mass in relatively enriched soils and without water stress has previously been 

reported by Ben-Hur & Kadmon (2015) for 25 annuals from sandy habitats in 

Mediterranean ecosystems of Israel. The possibility that greater seed mass confers 

capacity to respond to competition when abiotic conditions are limiting fits with the idea 

that equates tolerance to competition with tolerance to abiotic stress (Wang et al., 2010). 

Indeed, previous research has shown that greater seed mass can favour establishment 

under drought (Leishman & Westoby 1994; Hallett et al., 2011). If tolerance to abiotic 

stress is a good proxy for tolerance to competition, it might be possible to predict which 

target species would perform better during restoration of invaded areas of Mediterranean 

ecosystems in Australia. However, testing this idea would require comparing hierarchies 

of target species with and without competition under stressful conditions, and the 

inclusion of limiting resources as factors (i.e. water deficit and nutrient deficit as 

treatments). Such an approach would be necessary considering that mechanisms of 

tolerance are likely to vary according to which below-ground resource is limiting (Craine 

& Dybzinski 2013). 
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My results suggest that, during the first months after seeding and under stressful 

conditions, species with relatively large seed respond better to competition against non-

native species. This finding confirms the importance of selecting species with certain 

sets of characteristics that facilitate establishment and survival during restoration. 

Following this approach not only would improve rates of establishment but also would 

increase adaptability to changing environmental conditions (Laughlin 2014). Other traits 

like timely germination and high growth rate have also been demonstrated to favour 

seedling establishment at early stages of restoration on post-agricultural lands (Pywell 

et al., 2003). Likewise, evidence from very different ecosystems indicates that both the 

identity of species or combinations of traits influence survival and growth of propagules 

in different restoration contexts (e.g. Parrotta & Knowles 1999; Roberts et al., 2010; 

Hallett et al., 2014). The trait approach is being used as a tool to facilitate achievement 

of functional goals in ecological restoration (e.g. delivery of ecosystem services, 

reinstatement of trophic networks) (Perring et al., 2015). However, the challenge is to 

balance the inclusion of traits relating to contribution to ecosystem functioning with traits 

leading to successful establishment. The inclusion of complementary techniques to 

restore invaded sites alluded to earlier (e.g. ripping, nurse plants) might ameliorate local 

conditions to the extent that a functionally diverse pool of species can be reintroduced 

simultaneously. The other option is introducing the more competitive and adaptable 

species before introduction of less versatile species with the subsequent risk of 

promoting dominance of the former. In either case further research is needed to provide 

a more comprehensive understanding of the mechanisms of plant interaction and 

adaptation. 

5.2.5 Is restoration of invaded areas more difficult in the heavily modified 

inland wheatbelt landscape than in the coastal Banksia woodland? 

My results in Banksia woodland suggest that successful introduction of native propagules 

in invaded sites is feasible as long as there has not been an increase in nutrient 

availability. This contrasts with results in the wheatbelt where non-native species had a 

strong inhibiting effect on native species in almost all scenarios. These results 

corroborate findings by Standish et al. (2008) who found that the non-native grass Avena 

barbata in this region outcompetes native species in enriched soils but also in soils 

without agricultural legacy. Possible differences in the effort to restore degraded Banksia 

woodlands versus degraded Eucalypt woodlands may be related to the well-known effect 

that fertility has on increasing competitiveness of non-native species, as natural soils of 

Eucalypt woodlands are generally richer than natural soils of Banksia woodlands. 

However, additional important differences between my experimental sites exist. The 

region in which I established my experiments in the inland wheatbelt receives 39% less 
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annual rainfall and is several degrees warmer than the area of degraded Banksia 

woodlands that I investigated (445 vs. 728 mm of annual rainfall). Thus, evaluation of 

the causes of apparently increased invasibility of the inland Eucalypt woodlands needs 

to take these additional factors into account. As the influence of water stress on plant 

interactions in dry ecosystems remains in debate this is an important avenue of future 

research. Moreover, it is relevant in the context of climate change and aridification of 

Mediterranean ecosystems. Therefore, a systematic comparison of techniques like the 

ones I tested in this study (use of nurse plants, manipulation of emergence timing) 

between Banksia woodlands and Eucalypt woodlands, might be fruitful for the purpose 

of establishing the effects of the interactions among a range of limiting factors. 

 

5.2.6 Conclusion 

With this thesis I have demonstrated that there is plenty of scope for management 

interventions that can positively affect the competitive balance between non-native and 

native species in two different Mediterranean ecosystems of south-western Australia. 

The thesis also contributes to insights into the interaction between native and non-native 

species in the context of plant invasions. I identified positive effects of nurse plants that 

might be enhanced by using bigger saplings and watering; further research on these 

relationships is required. I also demonstrated that removal of the non-native community 

before introduction of native propagules can improve seedling establishment. On the 

other hand, the finding that certain traits like seed size and earliness of emergence can 

favour competitiveness of native species presents both opportunities and challenges: it 

is desirable to guarantee restoration outcomes by introducing competitive species but it 

is also necessary to form diverse and resilient plant communities. My results should be 

regarded as indicative, given that field experiments were subject to rainfalls that 

significantly differ from historic averages. Although they should be further tested under a 

different rainfall patterns, these results contribute to understanding plant interactions in 

drylands in a context of climate change. My thesis confirms that plant interactions are 

highly complex and that restoration of invaded areas is a challenging task, but also 

shows that restoration ecology can be used to test and generate valuable hypotheses in 

the field of ecology. 
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