
i 
 

UNDERSTANDING INVASION PATTERNS AND PROCESSES ASSOCIATED WITH GARDEN 

ESCAPEES IN AN URBAN ENVIRONMENT 

 

A Thesis Submitted  

in Fulfillment of the Requirements 

for the Degree of Doctorate of Philosophy 

in the Institute for Applied Ecology, 

University of Canberra, 

     Canberra 

       

 

By 

                                                               RAKHI PALIT 

  September, 2020 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

 

 

 

 

 

This thesis is dedicated to the loving memory of my mother, Jajnaseni Palit, 
whom I miss every day! 

  



iii 
 

ABSTRACT 

Horticulture is a primary source of global weed introductions, especially in urban areas. 

Approximately, 75% of the world’s naturalized plants are garden escapees, while 66% of 

invasive plants in Australia are garden plants. Invasive plant species cause significant 

ecological and economic damage by affecting both managed and natural ecosystems. The most 

efficient way to alleviate such damage is to prevent the introduction of potentially invasive 

non-native species and to identify and eradicate any naturalized species before they can spread 

widely or become invasive. While pre-border weed risk assessment can screen for species with 

weedy potential, this does not address the issue of a large number of non-native plant species 

already present in gardens that could become invasive in the future. The primary objective of 

this thesis was to determine the key factors that influence the naturalization and invasion of 

woody, non-native, horticultural plants in an urban landscape. Factors that potentially influence 

naturalization and invasion success include propagule pressure, or planting effort, residence 

time, certain species traits, and climatic tolerances. I examined the importance of these 

variables on the naturalization of 1439 horticultural, woody, non-native species introduced to 

Canberra, Australia over 150 years. Canberra is a unique city for this purpose because it was a 

planned city with extensive horticultural plantings originating primarily from government 

nurseries, meaning there are records documenting planting effort from the time the city was 

established.  

I showed that the introduction and naturalization of introduced species increased with 

the rising urbanization and population growth, and species with greater planting effort, longer 

residence time, smaller seeds, and with obvious dispersal mechanisms were more likely to 

naturalize. Cold hardy and tall plants were also more likely to naturalize, but cold hardiness 

and height mostly affected naturalization success indirectly via planting effort. Introduced 

species tended to have a long lag-phase between introduction and naturalization (20-170 years). 
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Species planted in consistently higher numbers per year had a shorter lag-phase, while taller 

species had a more extended lag phase. In addition, there was a marked increase in 

naturalizations associated with increased plantings due to population growth and urban 

development in Canberra peaking in the 1970s. Hence, the long lag-phase of many species may 

reflect early introduction and low planting rates early on, with naturalization rates increasing 

as the planting effort increased as the population expanded. I used a model for naturalization 

developed using the Canberra data, along with other weed risk assessment approaches to try 

and predict naturalization outcomes at a specific location (Bendora Arboretum in the Australian 

Capital Territory), which was planted in the 1940s. The Canberra model failed to predict 

outcomes at Bendora Arboretum, perhaps because the model was applied to a very restricted 

set of species, which required a longer lag-phase to naturalize. Overall, the findings of this 

study will be useful in developing a predictive model to quantify the potential invasion risk of 

exotic woody horticultural species. 

 

Keywords: Bayesian framework; horticultural plants; invasion; introduction history; lag-

phase; naturalization; path analysis; population growth; propagule pressure; woody species; 

urban areas; species traits  
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CHAPTER 1  

INTRODUCTION 

1.1 Horticultural species as a primary source of invasive plants 

Invasions of non-native species, or biological invasions, cause significant ecological and 

economic impacts worldwide, affecting both managed and native ecosystems (Pimentel et al., 

2001) as well as human health (Stohlgren & Schnase, 2006). An estimated 480,000 non-native 

species including plants, animals, and microbes have been introduced into various ecosystems 

on earth (Pimentel et al., 2001). The threat posed by the invasion of non-native species is 

considered to be the second most significant factor contributing to the endangerment of native 

species after land clearing and habitat fragmentation (Coutts-Smith & Downey, 2006; Levine, 

Antonio, Dukes, Grigulis, & Lavorel, 2003; Wilcove et al., 1998). With the increasing number 

of invasive species, the risks associated with non-native plants are becoming widely recognized 

(Pimentel, 2002; Sohrabi, Downey, & Gherekhloo, & Hassanpour-bourkheili, 2020). There are 

few estimates of the financial cost of plant invasions in Australia;, although for 2001-2002, the 

total expenditure on weed management activities by all Australian state and territory authorities 

was about $81million (Sinden et al. 2004). This cost was largest in Queensland ($27 million) 

and New South Wales ($20 million).  

The ‘garden escape’ pathway has been recognized as the most important source of 

global invasive plant introductions; almost 56% of the world’s worst invasive plants are garden 

escapes (Combellack,1989), and about 75% of the world’s naturalized non-native plants 

originated from domestic gardens (van Kleunen et al., 2018). Approximately 27,000 plant 

species have been introduced to Australia since the European arrival in 1788, and a majority 

of species (99%) have been introduced as garden plants (Virtue, Bennett, & Randall, 2004; 

Randall, 2007). About 66% of the invasive plant species in Australia are garden escapes 

(Groves et al. 2005), many of which subsequently pose a significant risk to native species. For 
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example, nearly 35% of the non-native plant species that are garden escapes in NSW continue 

to threaten more than one native species (Groves et al. 2005). Lantana camara alone threatens 

96 listed plant species (e.g., as vulnerable or endangered) in NSW (Coutts-Smith & Downey, 

2006), and over 1300 plant species and approximately 160 animal species in Australia (Turner 

& Downey, 2010). Moreover, some susceptible species are threatened by more than one garden 

escapee; for example, Acacia pubescens is threatened by eight garden escape species (Coutts-

Smith & Downey, 2006).  

Recent rapid urbanization results in natural habitat destruction and loss of native 

species, and also introductions of non-native species (Aronson, Handel, & Clemants, 2007). 

Gardens in cities are enriched with diverse non-native species and thus serve as a major source 

of potentially invasive plants (Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012; 

Marco et al., 2008; Pimentel, Zuniga, & Morrison, 2005). Urban gardens also function as the 

primary source of secondary releases of non-native plants in the ecosystems surrounding 

metropolitan areas (Gaertner et al., 2017; Marco et al., 2008). 

1.2 Factors affecting stages of plant invasion 

The invasion of a non-native species in a new region can be divided into three stages; 

introduction, establishment or naturalization, and spread (Richardson et al., 2000; Theoharides 

& Dukes, 2007). First, an introduction is the transport of a species or any plant parts 

(propagules) to a new environment; second, naturalization/establishment is the successful 

survival and reproduction of the plant in the new environment and the formation of a self-

sustaining wild population; and third, invasion/spread is the population increase, establishment 

of offspring away from the introduction site and subsequent spread across the landscape 

(Bellingham, Duncan, Lee, & Buxton, 2004; Kolar & Lodge, 2001; Richardson & Rejmánek, 

2004; Richardson et al., 2000; Williamson & Fitter, 1996). A non-native species must pass 
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through all of these three stages to become an invasive species that successfully establishes in 

a region outside its native range and spreads (Figure 1.1).  

Several factors can play key roles in determining whether an introduced non-native 

plant species will successfully move to the next stage of invasion (Rejmánek & Richardson, 

1996; Williamson & Fitter,1996), and there appear to be some common factors that influence 

more than one stage (Dawson, Burslem, & Hulme, 2009; Diez et al., 2009; Duncan, Blackburn, 

& Sol, 2003; Gravuer, Sullivan, Williams, & Duncan, 2008; Theoharides & Dukes, 2007; 

Wilson, Dormontt, Prentis, Lowe, & Richardson, 2009).

 

 

 

 

 

 

 

 

 

Figure 1.1:  Schematic representation of the three main stages of plant invasion. 

Previous studies have identified anthropogenic factors such as propagule pressure 

(Lockwood, Cassey, & Blackburn, 2005; Theoharides & Dukes, 2007) and residence time 

(Feng et al., 2016; Py"ek, K#ivánek, & Jaro"ík, 2009) as primary parameters. Propagule 

pressure has been widely recognized as an important predictor of naturalization and invasion 
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success (Early et al., 2016; Lockwood, Cassey, & Blackburn, 2005; Pemberton & Liu, 2009). 

Propagule pressure is the composite number of individuals of a non-native species introduced 

to a new region in single or multiple events (Lockwood, Cassey, & Blackburn, 2005; 

Theoharides & Dukes, 2007). In the context of deliberate introductions of horticultural plants, 

the number of individuals introduced, and hence propagule pressure is largely determined by 

human preferences for particular species based on desired traits. Thus, in this study propagule 

pressure was treated as an anthropogenic factor rather than a species trait. Previous studies have 

reported a strong positive relationship between propagule pressure and successful 

naturalization and spread (Colautti, Grigorovich, & MacIsaac, 2006; Dawson, Burslem, & 

Hulme, 2009; Duncan, Blackburn, Rossinelli, & Bacher, 2014; Williamson & Fitter, 1996; 

Kolar & Lodge, 2001). The introduction of a large number of propagules of a non-native 

species in a new region increases its chance of overcoming the risk of extinction associated 

with small populations (Lockwood, Cassey, & Blackburn, 2009). By increasing the genetic 

variability of the introduced population, propagule pressure enhances the likelihood of adapting 

successfully to the selection pressures in the new location (Kolar & Lodge, 2001; Lockwood, 

Cassey, & Blackburn, 2005). Moreover, higher numbers of propagules enhance the chances of 

propagules dispersing to sites suitable for their establishment (Feng et al., 2016; Richardson & 

Pyšek, 2012) and spread. Residence time is the time since the first introduction of a non-native 

species in a new location; the likelihood of naturalization and invasion rises with longer 

residence time (Feng et al., 2016; Pyšek, Křivánek, & Jarošík, 2009). With increasing residence 

time, a species has more time to produce propagules, with greater propagule pressure associated 

with an increased probability of naturalization.   

A set of species traits associated with survival and reproduction, such as higher relative 

growth rate, faster reproduction, efficient pollination and dispersal, adaptation to a wide range 

of environments, and longevity can affect the probability a plant will transition through 
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invasion stages (Aronson, Handel, & Clemants, 2007; Kolar & Lodge, 2001; van Kleunen, 

Dawson, Schlaepfer, Jeschke, & Fischer, 2010). For example, fast growth rate, short life-form, 

high rate of reproduction, adaptability to a wide range of environments, and vegetative 

reproduction are considered important for the transition from introduction to naturalization 

(Gravuer et al., 2008; Pyšek & Richardson, 2007; Richardson et al., 2007), while traits 

associated with phenology and dispersal, along with life form, and growth are more important 

for the transition from naturalization to spread (Gravuer et al., 2008; Pyšek & Richardson, 

2007). Many of the species traits that enhance their potential for naturalization and invasion, 

including such features as easy propagation, rapid establishment, fast growth, and wide climatic 

tolerance are desired features for garden plants (Bigirimana, Bogaert, Cannière, Bigendako, & 

Parmentier, 2012; Prinzing, Durka, Klotz, & Brandl, 2002). Thus, the deliberate process of 

selection and introduction of horticultural species may also contribute to the selection of 

species with higher invasion risk (Bradley et al., 2012; Dehnen-Schmutz, Touza, Perrings, & 

Williamson, 2007a; Foxcroft, Richardson, & Wilson, 2008). 

Another important aspect of biological invasions is the climate/environment match 

between the native and the recipient range. Similar biogeographic and climatic conditions in 

the native and recipient ranges may mean introduced species are pre-adapted to the new 

environment, or may enhance the ability of species to adapt to a novel environment faster 

(Beaumont et al., 2009; Feng et al., 2016; Maurel, Hanspach, Kuhn, Pyšek, & van Kleunen, 

2016), and contribute to their successful naturalization and spread (Beaumont et al., 2009; 

Broennimann & Guisan, 2008). 

1.3 Lag-phases in plant invasion                                                                                                 

In the invasion process, there is often a time delay between successive stages, termed a lag-

phase or invasion lag (Aikio, Duncan, & Hulme, 2010; Kowarik, 1995; Larkin, 2012; Mack, 
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2000). Two kinds of lag-phases have been documented: first is the lag-phase between 

introduction and naturalization, and second is the lag-phase between the time of naturalization 

and spread (Caley, Groves, & Barker, 2008; Kowarik, 1995; Theoharides & Dukes, 2007). The 

lag-phase between the deliberate introduction of ornamental plants to a new region and their 

subsequent naturalization is often long (Crooks, 2005; Kowarik, 1995). For example, trees in 

Brandenburg, Germany, had an average lag-phase between introduction and naturalization of 

147 years, with the lag-phase for some species exceeding 350 years (Kowarik, 1995). Although 

considerable work has been done in trying to identify the potential biological and 

environmental factors explaining lag-phases, there are few conclusive results. 

Factors such as propagule pressure, species traits including height, seed mass, dispersal 

mode, and the climatic similarity between the native and introduced ranges may regulate the 

duration of lag-phases (Aikio, Duncan, & Hulme, 2010; Lockwood, Cassey, & Blackburn, 

2005; Pyšek & Richardson, 2007). Higher propagule pressure for exotic species may result in 

faster dispersal and spread from the introduced loci. Also, when an exotic species is introduced 

in greater numbers there is more chance that propagules will arrive at suitable sites earlier 

(Barney, 2006; Kowarik, 1995). Besides, repeated introductions of individuals to one location 

may accelerate the process of population growth, allowing it to overcome biotic barriers (i.e., 

small population size, population growth constraints, and reproductive output) (Kolar & Lodge, 

2001; Sakai et al., 2001). 

Species traits such as life span, height, features associated with reproduction and dispersal, 

such as seed characters, and age at reproductive maturity have been associated with the length 

of lag-phases (Castro, Figueroa, Muñoz-Schick, & Jaksic, 2005; Caley, Groves, & Barker, 

2008; Kowarik, 1995; Pyšek & Prach, 1993; Pyšek et al., 2004). Species with shorter 

reproductive maturity have faster population growth (Cole, 1954) and may be able to increase 

in population size and spread faster than species that take longer to reach reproductive maturity 
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(Kowarik, 1995; Pyšek & Prach, 1993). Annuals and monocarpic perennial species are 

therefore likely to have a shorter lag-phase than longer-lived perennials, such as woody shrubs 

and trees (Caley, Groves, & Barker, 2008; Kowarik, 1995; Rejmanek & Richardson, 1996). In 

general, species with lighter or smaller seeds produce a larger number of seeds, which in turn 

results in higher propagule pressure; this might result in shorter lag-phases (Moles & Westoby, 

2004; van Kleunen, 2007). Another important species trait that might affect the duration of lag-

phases is dispersal mode; often species that lack an efficient dispersal mechanism are 

associated with longer lag-phases (Castro, Figueroa, Muñoz-Schick, & Jaksic, 2005; Parendes 

& Jones, 2000). Greater dispersal ability may mean propagules are more likely to arrive at safe 

sites, shortening the time required for the establishment and accelerating range expansion 

(Clark, Macklin, & Wood, 1998; Coutts, Helmstedt, & Bennett, 2018; Crooks, 2005). 

Moreover, the similarity in the climatic/environmental conditions between the native and alien 

range could be another critical factor that regulates the lag-phase. Similar biogeographic and 

climate conditions of the native and introduced ranges may pre-adapt introduced species to the 

new environment or allow them to adapt faster to the new environment, and these species may 

require a shorter time to establish in the wild (Barney, 2006). Thus, under favourable 

environmental conditions, the lag-phase between introduction and naturalization is expected to 

be shorter. 

1.4 Research needs 

To achieve efficient and cost-effective management of non-native plants it is important to 

prioritize risks (Downey and Glanzing, 2006; Sohrabi, Downey, & Gherekhloo, & Hassanpour-

bourkheili, 2020). Weed risk assessment is as widely used and a well-recognized approach for 

prioritizing weed management, by a) identifying the potentially weedy species and preventing 

their introduction, and b) prioritizing the management of newly invaded species. Australia has 

a world-leading Weed Risk Assessment System (WRA) for pre-border quarantine and Weed 
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Risk Management (WEM) through control and eradication of new incursions (Pheloung, 

Williams, & Halloy, 1999). While a considerable amount of work has been done to try and 

identify potentially invasive plants entering the country, for example, through the development 

of the Weed Risk Assessment (WRA) system (Downey & Glanznig, 2006; Pheloung, Williams, 

& Halloy, 1999), less effort has been made towards understanding which of the introduced 

plants already present in Australia (e.g., garden plant species) pose a potential risk of becoming 

invasive (Downey & Glanznig, 2006). To limit the arrival of invasive plants in Australia, a 

formal Weed Risk Assessment system (WRA) was developed in 1999. The WRA system 

screens plant species to examine their ‘weedy potential’ before importation to prevent the 

introduction of non-native species with weedy potential (Pheloung 2001). WRA systems have 

been effective in identifying species that potentially could become invasive (Dawson, Burslem, 

& Hulme, 2009; Keller, Lodge, & Finnoff, 2007). 

Despite this, the number of naturalized plants in Australia has continued to increase in 

the last few decades; every year, approximately ten new naturalized species are being recorded 

in the wild (Dodd, Burgman, Mccarthy, & Ainsworth, 2015; Groves, 2006). Most of these 

newly naturalized species were already present in Australia and growing in domestic and public 

gardens for horticultural purposes (Groves, 2005). It is therefore essential to be able to identify 

non-native horticultural species that have already been introduced and are likely to become 

naturalized and invasive in the future. Horticultural species often exhibit prolonged lag-phases 

(Aikio, Duncan, & Hulme, 2010; Coutts, Helmstedt, & Bennett, 2018; Kowarik, 1995; Larkin, 

2012). Thus, there may be many garden plants with high naturalization and invasion risk that 

have not yet naturalized because of the long lag-phase. Understanding the factors that 

determine which species are likely to naturalize, and the length of the likely lag-phase is critical 

to assess future naturalization risk. 
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The need for comprehensive data on invasion history                                                        

Despite the significance of introduction history for naturalization success and the spread of 

non-native species, only a few studies (for example,  Dehnen-Schmutz, Touza, Perrings, & 

Williamson, 2007; Křivánek & Pyšek, 2006; Lockwood, Cassey, & Blackburn, 2005; 

Mulvaney 2001) have comprehensive data on propagule pressure and residence time, two 

factors known to be critical in understanding invasion patterns. Owing to the lack of data, 

studies that have investigated the role of propagule pressure in plant invasions frequently use 

quite crude measures, such as the magnitude of the usefulness of a species (for example, 

Thuiller et al., 2005) or the size of a species native range (for example, Forcella & Wood, 

1984). Similarly, due to a lack of data on the original introduction time or residence time, most 

previous studies (for example, Hamilton et al., 2005; Pyšek & Jarošík, 2005; Pyšek, Sádlo, 

Mandák, & Jarošik, 2003) have used the time of the first record of a non-native species in the 

wild of, instead of its first year of introduction (Bucharova & van Kleunen, 2009). 

Consequently, studies tend to focus more on the species that become naturalized rather than 

those that were introduced at the same time but did not naturalize (Bucharova & van Kleunen, 

2009). The lack of adequate data makes it difficult to confirm the role that propagule pressure 

and residence time play in determining the outcome of plant introductions.  

In this study, I examined the planting records of 1439 woody horticultural species 

introduced to Canberra between 1850 and 1990. In 1909, after Canberra was selected as a site 

for the capital of Australia, it was converted from a largely treeless landscape into a ‘garden 

city’ of approximately twelve million trees (Mulvaney, 1991). Government agencies undertook 

most of the planting activities in the Canberra region, and these planting activities were 

recorded and archived. This has allowed the history of horticultural introductions and 

naturalizations in Canberra to be documented, including quite comprehensive lists of the 

species that have been introduced, both those that naturalized and those that failed to naturalize. 
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In addition, the planting records provide data on the introduction dates and propagule pressure 

(i.e., a measure of total planting effort) for each introduced species. This study took advantage 

of the unique opportunity of using data on introduction history to investigate the factors that 

influence the naturalization and invasion success of woody horticultural species in an urban 

landscape. 

1.5 Thesis aim and structure 

The overall aim of this PhD project was to understand the naturalization and invasion trends of 

non-native species introduced for horticultural purposes. With this aim, the research questions 

were framed around each stage of the plant invasion process (Figure 1.2).  

 

Figure 1.2:  Schematic representation of the research questions in relation to the invasion 
stages of non-native horticultural species.  

In comparison to herbaceous plants, the introduction history of woody plants in Canberra has 

been more thoroughly recorded in nursery records and other historical documents (Mulvaney, 
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1991), so my thesis examines only woody horticultural species. I examined how different 

factors (anthropogenic factors and species traits) influenced naturalization and invasion success 

in the woody horticultural species introduced to Canberra over approximately 150 years, 

especially in relation to patterns of urbanization and population growth over time. 

 In Chapter 2, I examined how the pattern of woody plant introductions to Canberra has 

changed over time, including how the traits of species selected for planting and the origin of 

those species have changed. In Chapter 3, using univariate and multivariate models, I evaluated 

the influence of key factors, including propagule pressure, residence time, and species traits 

(height, seed mass, dispersal mode, and cold hardiness) on the probability that introduced 

woody horticultural species have naturalized and spread within Canberra. In Chapter 4, I 

explored the influence of propagule pressure and species traits on the duration of the lag-phase 

between the first introduction and naturalization for the non-native horticultural species that 

naturalized in Canberra. In Chapter 5, building on the results from previous chapters, I used 

several approaches to try and predict the naturalization and invasion success of non-native trees 

planted at a specific location: the Bendora Arboretum in the Australian Capital Territory. I used 

the model developed in Chapter 3, along with some other factors including Z-scores, WRA 

scores, and previous success at naturalizing elsewhere to try and predict which tree species 

would naturalize and spread at this location. Chapter 6 is a synthesis of the major findings of 

the previous chapters and recommendations for future studies. This thesis is written as a series 

of papers for publication in scientific journals, where each of the data chapters (Chapter 2, 3, 

4, and 5) has been written as a standalone paper.  
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CHPATER 2 

INTRODUCTION HISTORY OF WOODY HORTICULTURAL PLANTS IN AN 

URBAN LANDSCAPE 

2.1 Abstract 

Horticultural plants are the primary sources of deliberate non-native species introduction in 

urban areas. Many of them successfully establish in the wild and eventually become invasive. 

About 75% of the world’s naturalized plants are garden escapees, while 66% of invasive plants 

in Australia are garden plants. To predict the future invasion risk of garden plants in urban 

landscapes and develop effective management strategies, an understanding of introduction 

history and species traits is critical. In this study, I examined how introduction history including 

planting effort, residence time, height, cold hardiness, and the origin of non-native woody 

horticultural species changed over approximately 150 years in Canberra, Australia. Canberra 

was developed as a planned ‘garden city’, which involved extensive horticultural plantings, 

mainly conducted by government agencies. The records of these government agencies allow 

us to reconstruct the history of horticultural introductions and plantings in the city. The planting 

records showed that the rate at which non-native species were introduced increased with 

increasing urbanization and population growth. Small shrubs and vines were introduced in 

significantly greater numbers than tall trees. Canberra experiences sub-zero temperatures in 

winter and more cold-hardy and frost tolerant species were deliberately introduced. Early on, 

many introductions were of cold-hardy, tall trees originating from Asia, North America, and 

Europe. However, in the last few decades, a wide variety of species from around the world, 

including many garden origin species have been introduced. Understanding the introduction 

trends of non-native garden plants should help develop a predictive understanding of their 

naturalization and invasion success.  
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Keywords: horticultural plants, introduction history, native range, population growth, species 
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2.2 Introduction 

Horticultural species, especially ornamental plants, serve as the principal pathway of deliberate 

introductions of invasive plants (Burt et al., 2007; Maurel, Hanspach, Kuhn, Pyšek, & van 

Kleunen, 2016; Reichard & White, 2001; van Kleunen et al, 2018). While most introduced 

horticultural species are non-invasive, some have successfully escaped from gardens and 

caused considerable economic and environmental damage (Burt et al., 2007; Mack, 2000; 

Pimentel, Zuniga, & Morrison, 2005). Approximately 75% of the world’s naturalized non-

native plants are planted in domestic gardens (van Kleunen et al., 2018). Global trends show 

that naturalized species that are garden plants generally naturalize in more places than other 

species (van Kleunen et al., 2018). In Australia, about 66% of invasive plant species are garden 

plants (Groves, 2006) and many of these pose a significant threat to the native flora.  

Factors related to the introduction and successful establishment of non-native species 

in urban areas include land use, the extent of impermeable surfaces, human population size, 

density, and economic status of the residents (Gaertner et al., 2017; Kuhman, Pearson, & 

Turner, 2010; Pyšek,1998a). With growing global urbanization and population increase, the 

protection of biodiversity and ecosystems is becoming crucial in urban regions (Bigirimana, 

Bogaert, Cannière, Bigendako, & Parmentier, 2012). The rapid expansion of city areas leads 

to the loss of natural habitats and native species, and often introductions of non-native species 

(Aronson, Handel, & Clemants, 2007). Gardens in metropolitan areas contain a high diversity 

of non-native species and thus serve as hubs of species that can potentially become invasive  

(Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012; Marco et al., 2008; Pimentel, 

Zuniga, & Morrison, 2005). In South Africa, for example, many non-native species were 
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introduced as garden plants in small towns, and yet half of these non-native species have 

successfully naturalized outside urban regions (Gaertner et al., 2017; McLean, Gallien, Wilson, 

Gaertner, & Richardson, 2017). Thus, gardens not only work as the primary source of non-

native plant introductions in urban ecosystems, but they also function as a pathway for the 

secondary release of non-native species in the surrounding landscapes (Gaertner et al., 2017; 

Marco et al., 2008). 

The ability of a species to establish and invade in a new area is often considered to be 

related to characteristics associated with reproduction and survival (Aronson, Handel, & 

Clemants, 2007; Myers, Lindars, Bazely, & Myers, 2003). Successful invaders are often 

considered to have traits that facilitate fast population growth, pollination, reproduction, 

dispersal, and physiological performance including growth rate, size, and fitness (Aronson, 

Handel, & Clemants, 2007; van Kleunen, Weber, & Fischer, 2010). In addition, many of the 

traits that people look for in garden plants may enhance their potential for naturalization and 

invasion, including such things as easy propagation, rapid establishment, fast growth, and wide 

climatic tolerance (Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012;  Prinzing, 

Durka, Klotz, & Brandl, 2002). Fruit types (related to dispersal), life form, and geographic 

origin may also be important determinants of invasion; non-native woody species including 

deciduous trees, shrubs, and vines with fleshy fruits are highly successful in range-expansion 

in urban environments (Aronson, Handel, & Clemants, 2007; Reichard & Hamilton, 1997). 

Thus, the process by which people deliberately select plants for introduction as horticultural 

species may also select for species having traits that increase the risk of plant invasion (Bradley 

et al., 2012; Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007a; Foxcroft, Richardson, 

& Wilson, 2008).  

Previous studies have shown that naturalized and invasive species are over-represented 

in the families Leguminosae, Poaceae, Asteraceae, Rosaceae, Araceae, Moraceae, Oleaceae, 
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Euphorbiaceae, Verbenaceae (Daehler, 1998; Pemberton & Liu, 2009; Pyšek, 1998b; Pyšek et 

al., 2004). These families are also highly traded plant families in horticulture (Humair, Humair, 

Kuhn, & Kueffer, 2015). Small woody non-tree species, such as shrubs or vines are also more 

popular as ornamental plants compared to large tree species (Bucharova & van Kleunen, 2009). 

Small woody non-tree species usually have a shorter juvenile period compared to the tall tree 

species and so achieve reproductive maturity earlier than tree species (Rejmánek & 

Richardson,1996; Bucharova & van Kleunen, 2009). Tree species require considerably longer 

to grow than non-tree species, which means smaller species may be favoured as garden plants.  

 The horticultural industry benefits from producing novel and diverse garden plants 

with varied traits (Burt et al., 2007), leading to continuous product improvement. Recent 

developments in plant breeding and tissue culture often produce hybrids and cultivars with 

different features (Dehnen-Schmutz, Holdenrieder, Jeger, & Pautasso, 2010). These garden-

origin plants could have higher naturalization and invasion potential if breeding favoured traits, 

such as hardiness or cold tolerance, that increased the chances of species establishing in new 

regions (Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007a; Kowarik, 2003; Mack & 

Lonsdale, 2001). 

 In general, non-native species are more likely to grow well in areas with climatic 

conditions similar to their place of origin, and thus, the climatic similarity between native and 

introduced ranges is an important factor in people’s choices of horticultural species (Aronson, 

Handel, & Clemants, 2007; Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012; 

Prinzing, Durka, Klotz, & Brandl, 2002). The similarity between the climate of origin and 

introduction location is also a factor that increases the chances of introduced species 

naturalizing (Bradley et al., 2012; Thuiller et al., 2005). In cold areas, for example, species that 

can endure lower minimum temperatures are often popular in the horticultural trade, but this 

also enhances their naturalization success in these regions (Dehnen-Schmutz, Touza, Perrings, 
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& Williamson, 2007b). Horticulturalists have identified hardiness zones, which are regions 

defined by the average annual minimum temperature, and which are used by horticulturalists 

as a guide as to which plants are likely to grow successfully (Bradley et al., 2012), but may 

also be indicative of naturalization potential. 

Besides climatic resemblance of native and invaded ranges, a range of other factors 

influence which non-native species are introduced as garden plants, and may influence the 

probability of naturalization and spread (Bigirimana, Bogaert, Cannière, Bigendako, & 

Parmentier, 2012). The size of a species native range is often thought to indirectly reflect the 

degree of environmental tolerance of a species (Bucharova & van Kleunen, 2009; Prinzing, 

Durka, Klotz, & Brandl, 2002). Widely distributed species may also have a higher chance of 

being noticed by horticulturalists and being introduced to other places relative to less widely 

distributed species (Bucharova & van Kleunen, 2009; Pyšek et al., 2004). For example, the 

probability of the introduction of South African Iridaceae for horticultural purposes was 

positively correlated with the native range size (Bucharova & van Kleunen, 2009; van Kleunen 

& Johnson, 2007). Gardening trends such as garden layouts and floral design are constantly 

changing and are a major influence on the choice of horticultural plants and their introduction 

patterns (Müller & Sukopp, 2016; van Kleunen et al., 2018). This may be strongly influenced 

by the availability of horticultural plants from different regions of the world, which is a 

significant factor affecting global plant introduction trends (van Kleunen et al., 2018). For 

example, in the 16th Century, several garden plants were introduced to Europe from the newly 

discovered ‘New World’, along with many species from Asia. During the 18th and 19th 

centuries, with the development of arboreta and landscaped gardens, a large number of tree 

species were imported to Europe from North America (van Kleunen et al., 2018).   

Horticultural species constitute the fundamental flora of urban ecosystems and serve as 

a primary pathway of invasive species introduction; garden plants also reflect human 
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preferences in species selection (Burt et al., 2007; Marco et al., 2008; Maurel, Hanspach, Kuhn, 

Pyšek, & van Kleunen, 2016). However, introduction trends and biological traits of garden 

plants are poorly studied (Marco et al., 2008). Introduction histories, including propagule 

pressure and residence time, are key determinants of naturalization and invasion patterns in 

non-native species (Groves, 2006; Lockwood, Cassey, & Blackburn, 2005; van Kleunen et al., 

2018). Ornamental plants are usually introduced in large numbers, which increases their 

propagule pressure (Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012). The 

early stages of the invasion process, such as the transport and introduction of non-native 

species, are less well studied than naturalization and spread (Chapman, Purse, Roy, & Bullock, 

2017). Furthermore, the management of an invasive species is most effective in the early stages 

(Chapman, Purse, Roy, & Bullock, 2017; Chapman et al., 2016). To understand gardening 

trends and to forecast the future progress of horticultural trends, it is essential to investigate the 

extent and diversity of introduced non-native species. Moreover, it is important to compile 

information about the introduction history and the species traits that are important for both 

horticultural purposes and in promoting invasion success (van Kleunen et al., 2018). Most 

previous studies have lacked accurate data on the introduction history of a large number of 

non-native species (Bucharova & van Kleunen, 2009).  

The aim of the present study was to understand the introduction patterns of non-native, 

woody horticultural plants over time in an urban landscape, especially in the context of 

population growth and urbanization. Canberra is an ideal place to study trends in urban 

horticultural plantings. In 1909, Canberra was selected as a site for the capital of Australia. 

Subsequently, Canberra was transformed from predominantly grassland into a ‘garden city’ 

with approximately twelve million trees (Mulvaney, 1991). Government agencies undertook 

most of the plantings in the Canberra region, and the involvement of government agencies in 

this process resulted in the activities being recorded and archived, something that appears 
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unique globally. Therefore, the horticultural planting records in and around Canberra provide 

a comprehensive account of the timing and extent of plantings of introduced species in an urban 

area. I examined the planting records for 1439 woody horticultural non-native species 

introduced to the Canberra region from 1850 until 1990 to understand the introduction history 

of non-native horticultural species, primarily using data collated in Mulvaney (1991). I also 

examined the trends over time for some key species traits, especially those likely to be selected 

for or to vary over time, in horticultural plants, such as plant height, cold tolerance, and 

geographical origin. In addition, I wanted to examine whether there was a pattern or shift in 

the preference of using native or non-native species over time in Canberra. I used a recent 

census of Canberra street tree plantings to investigate the extent of native and non-native 

horticultural plantings, and to understand how plantings of native and non-native species have 

changed with the development of the city.  

2.3 Materials and methods 

2.3.1 Study location 

The study was carried out in Canberra (latitude: 35.27°S, longitude: 149.12°E, and elevation: 

564 m), Australia’s capital city, which has a mean annual maximum temperature, mean annual 

minimum temperature, and mean annual rainfall of 20.0oC, 7.1oC, and 636.2 mm, respectively 

(Australian Government-Bureau of Meteorology, 2018). The average minimum temperatures 

of the three winter months, June, July, and August in Canberra are 1.4oC, 0.0oC, and 1.3oC, 

respectively. However, the minimum temperature drops below 0oC during winter; the average 

number of frost days in the winter months in Canberra is around 15.   

2.3.2 Horticultural introduction of woody non-native species in Canberra over 150 years  

In this study, I primarily used two datasets: 1) Mulvaney’s dataset (1991) and 2) Canberra street 

planting data provided by the ACT Government (Urban forest audit analysis- Tree logic Pty. 

Ltd, 2012). Mulvaney’s dataset (1991) provided information on the woody, non-native species 
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introduced for planting to Canberra over approximately 150 years (before 1851 until 1990). 

This dataset had information on when a species was known to be planted for the first time 

(introduction period), and an index of the total number of individuals planted for each species. 

The Canberra street planting data was a census of the trees planted in every street in Canberra 

that was carried out in 2010. The planting and management of street trees in Canberra are 

carried out by local government agencies. Trees are planted when new streets are constructed, 

meaning that the date streets are gazetted in Canberra provides the approximate year in which 

the trees in each street were planted. These data thus provide insight into planting trends 

through time for both native and non-native species in street tree plantings in Canberra over 82 

years (1928, when the first streets were gazetted, to 2010). In addition to these two datasets, I 

used plant trait data and native range data for the non-native species, collected from various 

sources, to examine planting trends in non-native plants.  

2.3.2.1 Mulvaney’s (1991) database of historical plantings for the Canberra region 

A database of the historical planting records for non-native woody species in the Canberra 

region was collected by Mulvaney (1991) using four data sources: (1) information on plantings 

prior to the formation of Canberra, spanning the period 1830 to 1911; (2) records from the 

Yarralumla Nursery, a government-run nursery initially established for the purpose of growing 

plants for the development of Canberra, spanning the period 1912 to 1990; (3) records from a 

local private nursery ‘Willow Park’, spanning the period (1932-1990); and, (4) information 

contained in several editions of the book The Canberra Gardner (Anon 1982) covering the 

period 1948 to 1982. This dataset of planting records of non-native woody plant species in the 

Canberra region covers a 150-year period (around 1840 until 1990).  

Mulvaney (1991) collected data on woody horticultural species planted in Canberra as these 

were the primary focus of nursery and other historical documents, and herbaceous plant species 

were poorly and inconsistently documented. Woody plant species encompassed trees, tree-
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ferns, palms, shrubs, sub-shrubs, perennial vines/climbing creepers, and other terrestrial 

perennial plants over 2 m in height (Mulvaney, 1991). Mulvaney’s (1991) dataset included 

information on the species name and plant family, the period of first recorded planting, an index 

of the number of individuals planted per species, where the data was derived from (being one 

of the four data sources described above and below), along with data on several traits of the 

plant species.  

Introduction time (period introduced) for each species was taken as the year when it 

first appeared in any of the above mentioned four data sources. Introduction time was divided 

into eight periods (Table 2.1) with each period comprising approximately 20 years. 

 
Table 2.1: Year of first recorded planting in the Canberra region grouped into eight 
introduction periods from Mulvaney (1991) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The specific methods relating to the data compilation from each of the four data sources are 

summarised below. 

Planting records prior to the establishment of Canberra (1830-1911) 

Before the establishment of the city of Canberra, the area was farmland with numerous 

homesteads. There are records, dating back to the 1830s, of non-native woody plant species 

being planted around these homesteads and as shelterbelts (Mulvaney, 1991). The primary 

Year Period of introduction 

<1851 1 
 

1851-1870 2 
 

1871-1890 3 

1891-1910 4 

1911-1930 5 

1931-1950 6 

1951-1970 7 

1971-1990 8 
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purpose of these non-native woody plantings was for shelter and for edible fruits and nuts, 

although some garden species were also planted. Although direct evidence of which species of 

trees and shrubs were planted in the region is scarce, information on the likely plants grown in 

the region were extracted from several archived and historically documented sources by 

Mulvaney (1991), specifically: (a) the nursery catalogues of MacArthur, who was Australia's 

main nurseryman during that period, and who was known to supply plants to the Canberra 

region, and, (b) archived newspapers, specifically, the area’s first newspaper ‘The Golden Age’ 

(later ‘The Queanbeyan Age’) which was first published in the 1860s. The newspaper 

contained gardening advertisements that listed species available for sale at that time in the 

region. The most frequent nursery advertisements were from four nurseries (Goulburn Seed 

and Nursery Company, A. Landsdowne & Sons, Seedsman, and Plant Merchants). The 

Goulburn Seed and Nursery Company provided the primary guide to the plants sold in the 

Canberra region during this period ( Mulvaney, 1991). Once Mulvaney had identified the 

principal and most plausible sources of non-native plant species in the region, he compiled a 

dataset of the woody plant species listed (i.e., in newspaper advertisements and nursery 

catalogues) for the Canberra region covering the period 1830 to 1911 (85 years). Despite being 

from a range of data sources, these early planting records are essential as they provide an 

extended timeframe for examining naturalization and invasion rates. 

Planting records from the establishment of Canberra – the Yarralumla nursery (1912-1990) 

The establishment of Canberra as the nation’s capital, led to the creation of the Yarralumla 

Nursery in 1911, exclusively to grow plants for the new capital city during its development 

(Coltheart, 2011). Charles Weston, the founder of Yarralumla Nursery, established the nursery 

and an experimental site on which many plant species were tested for suitability in Canberra's 

climate. For this, in addition to Goulburn nursery, large numbers of plants were imported from 

different nurseries in Sydney, the countryside of NSW, Melbourne, and New Zealand. The 
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Yarralumla Nursery was a government-run nursery, and detailed annual records were kept by 

the nursery and associated government agencies of what was grown, trialled and planted 

(Coltheart, 2011). Mulvaney (1991) used these archived records to compile a detailed record 

of deliberate plantings in the Canberra urban region. Due to time constraints, Mulvaney sub-

sampled the records by only examining records from three random years per decade (1912-

1984). The years Mulvaney sampled were 1912, 1915, 1918, 1923, 1924, 1928, 1930, 1934, 

1936, 1946, 1948, 1949, 1952, 1953, 1960, 1963, 1966, 1969, 1972, 1975, 1978, 1981, and 

1984. For each of these years, Mulvaney examined the records and recorded the number of 

individuals recorded as planted by species. I assumed that the years Mulvaney chose are 

representative and provide a good relative measure of planting effort for each species over this 

period. 

For the period between 1912 and 1924, detailed information including lists of the 

imported plant species, how successful they were, and how widely they were planted was well 

documented. These records were contained in nursery files of inwards and outwards 

correspondence for the Yarralumla Nursery, and in the personal diaries and notes of Charles 

Weston; these documents are held in the Australian Archives in Canberra. During this period 

(1912-1924), approximately forty thousand plants were distributed to landholders in the 

territory, in addition to the 15,000 plants that were planted around the growing city.  

Nursery activities increased substantially in the post-war period (i.e., after 1945). By 1950, a 

total of 40,000 individual trees and shrubs were established in public areas, and street trees had 

been planted in many suburbs using plants from the Yarralumla Nursery. Additionally, 20,000 

plants were given to householders for planting in residential blocks (Mulvaney 1991, 

Unpublished manuscripts A431 \ 1273 and 1274 file number in ACT archives). During the 

1950s, there were approximately 4500 residential and garden plots in Canberra. Yarralumla 

Tree planting activities between 1940 and 1966 were summarised from the correspondence 
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files held at the Parks and Gardens archive, the Department of Capital Territories archive, and 

at the Australian. Since 1966, the government nursery had considerably lower stocks of plants; 

those records were available from Yarralumla nursery and the Parks and Garden archive 

repositories.   

Additional sources of planting records for the Canberra region: Willow Park Nursery and The 

Canberra Gardener (1932-1990) 

Of the seven major private nurseries in Canberra in the late 1980s approached by Mulvaney 

(1991), only Willow Park allowed him to examine their ordering records. These records were 

used to supplement the Yarralumla Nursery data (see above). Willow Park Nursery is 

Canberra’s oldest non-government nursery (established in 1932), which is still in business and 

is the source of some of the oldest horticultural plantings in Canberra. The records of Willow 

Park and Yarralumla nurseries provided data on the number of individuals of each species 

planted for each year surveyed, while information from ‘The Canberra Gardener’ and the 

nursery catalogues helped determine the probable period when a species was first introduced 

to Canberra (introduction period). 

Between 1948 and 1982, the Canberra Horticultural Society published seven editions 

of ‘The Canberra Gardener’ (Hutton & Shakespeare, 1948; Hutton & Shakespeare, 1951), a 

guide to the plant species that grow in and around Canberra (including non-native plants). The 

list of plant species contained in ‘The Canberra Gardener’ identifies the plant species most 

likely sold in the private nurseries around Canberra. Although the inclusion of species listed in 

‘The Canberra Gardener’ expanded the list of species planted in the Canberra region, it needed 

some means of indexing to get an estimate of the number of plants introduced for each species. 

To address this issue, Mulvaney (1991) used a multiplier for ‘The Canberra Gardner’ records 

to estimate the relative planting number for each species, such that mention of a species per 

edition was equivalent to a nursery record of fifty individuals being planted. The value of 50 
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was arbitrary but distinguished frequently listed plants from those not listed or irregularly 

listed. To confirm whether the choice of 50 is an appropriate value, I ran all my analyses with 

and without records from ‘The Canberra Gardener’, and I also ran my analyses assuming each 

record in ‘The Canberra Gardner’ was equivalent to 1, 25, 100, and 200 individuals being 

planted. None of these changes altered my key findings. In total, Mulvaney (1991) found 

planting records for 2,517,377 individual plants comprising 2,147 species. 

Cleaning the dataset – resolving nomenclatural issues and removing native species 

While collating the database, Mulvaney (1991) encountered many nomenclatural issues (e.g., 

typographical errors and synonyms), which he rectified by firstly comparing the species with 

those on Hortorium’s (1976) list of ornamental plants. For those plants which were not on 

Hortorium’s list, Mulvaney (1991) used several other nomenclatures/taxonomic sources such 

as Loudon (1840), Johnson (1860), Nicholson (1889), Jackson (1895), Durand and Jackson 

(1902), Guilfoyle (1912), Hill (1926, 1929, 1933, 1938), Kelsey and Dayton (1942), Hill and 

Salisbury (1947), Rehder (1947), Taylor (1959, 1966), Jacobsen (1974), Flora of Australia 

(1981-1986), Graf (1982), Anon (1986), and Bodkin (1986). In order to use Mulvaney’s (1991) 

database of historical plantings for the Canberra region as the basis for the current study on 

naturalization and invasions patterns, I needed to: (1) check and update the 

nomenclature/taxonomy of all species to ensure current names are applied; (2) remove any 

native species, as Mulvaney included native plantings in his study; and (3) remove any 

herbaceous species as these were poorly represented in Mulvaney’s dataset compared to woody 

trees and shrubs. 

I checked the list of species in Mulvaney’s (1991) database to ensure there were no 

nomenclatural issues (e.g., synonyms and spelling errors), given the list was last updated in 

1991, to ensure all species had the most recent accepted name. To resolve any nomenclatural 

issues I compared the species names (including family) with those listed on ‘The Plant 
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List’(2017), using the R Package ‘Taxonstand’ (Cayuela, Granzow-de la Cerda, Albuquerque, 

& Golicher, 2012) in R (R Development Core Team, 2011). Taxonstand compared Mulvaney’s 

list of plant names (including family) with those contained in The Plant List database and 

returned the value for each of Mulvaney’s species as either a currently accepted name, a 

synonym or unresolved; the family name of all resolved species was also extracted from The 

Plant List. Any species not on The Plant List were initially assigned a value of NA. If the 

species name on Mulvaney’s list was a synonym, Taxonstand exported the currently accepted 

name for that species from The Plant List. For all instances where Taxonstand identified a 

species as ‘unresolved’ or ‘NA’ relative to The Plant List, I used other sources/databases to 

resolve the nomenclature, such as the Atlas of Living Australia (2017) and CABI (2017). 

The updating of species names in Mulvaney’s database resulted in a few additional 

issues which needed resolving, in that for some accepted species names there was more than 

one synonym of that species on Mulvaney’s list (i.e., resulting in multiple entries for the one 

accepted species name). In such instances, the data were pooled across the synonyms, as 

follows: (a) earliest date of any of the synonyms was used as the introduction period, and (b) 

the planting effort was the cumulative number of individuals planted for all synonyms of a 

given species. 

As outlined above, Mulvaney included native plants in his database, which needed to 

be removed for the purposes of my study. All native plants were identified in the database by 

comparing the list of updated scientific names listed on Australian Plant Name Index site 

(APNI, 2014). I updated APNI list using Taxonstand and The Plant List as outlined above. 

Native species identified through this process were removed from Mulvaney’s database. I also 

removed all herbaceous species except grasses having woody stems, such as bamboos. The 

original data set of Mulvaney (1991) had 2,147 species with 2,517,377 individuals in total. 

However, after addressing the nomenclature (synonyms and incorrect spelling) issues and 
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removing the native and non-woody species, the dataset was reduced to 1,618,435 individuals 

comprising 1439 species. 

2.3.2.2 Datasets on plant traits  

To understand whether patterns of non-native species introduction through time were related 

to plant height and cold tolerance, I collected data on these traits for the 1439 non-native 

species. Average heights were collected from several different sources, including Pryor (1991), 

Duncan et al., (2011), Cullen, Knees, Cubey, & Shaw, (2011), Plant Finder-Missouri Botanical 

Garden (2017), Plant Database-USDA (2017), The Gymnosperm Database (2017),  Silvics of 

North America (2018). I grouped the heights into five classes, <1 m, 1-5 m, 5-10 m, 10-20 m, 

and >20 m tall.  

Mulvaney (1991) did not include information on the suitability of the climate in the 

native range relative to the climate in Canberra, despite Weston explicitly trialling species from 

similar climates early on. I used hardiness zone data to account for this. Hardiness zones are 

areas geographically defined by the minimum temperatures of those areas, and plants can be 

characterized by the hardiness zone they are able to survive in. Hardiness zones were first 

developed by the United States Department of Agriculture (USDA) and eventually adopted by 

other countries. Different countries use slightly different scales (Figure 2.1). For this study, I 

collected hardiness zone data for each plant species from Cullen, Knees, Cubey, & Shaw 

(2011), which uses the EGF Zone in Figure 2.1. For example, if a species had hardiness zone 

H4, it should be able to withstand a minimum temperature of -10○C. For species not present in 

Cullen, Knees, Cubey, & Shaw (2011), the hardiness zone information was collected from 

other sources, such as the websites of CABI (2017), Dave’s Garden (2017), Gardens Online 

(2017), Missouri Botanical Garden (2017), National Gardening Association (2017). Apart from 

Gardens Online, all these other sources used USDA zones: Gardens Online used the Australian 
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zones. To ensure consistency, hardiness zones were standardized to the EGF zone based on 

Figure 2.1.  

 

Figure 2.1: Definitions of hardiness zones from different countries adapted from 
http://www.edible-landscape-design.com/planting-zone.html. 
RHS= Royal Horticultural Society, EGF=European Garden Flora,  
USDA=U.S. Department of Agriculture 
 
  In Canberra, daily minimum temperatures in the winter months (June, July, August) 

can fall to around -5oC (Australian Government- Bureau of Meteorology, 2018) and 

occasionally lower. Using this as a threshold, I combined the seven EGF hardiness zones into 

two classes; hardiness zones H1, H2, H3, and H4 were combined into one class comprising 

species able to tolerate temperatures below-5○C, and hardiness zones H5, G1, and G2 were 

combined into one class comprising species that cannot cope with temperatures below -5○C.  

2.3.2.3 Geographical origin  

I gathered data on the geographical origin of all 1439 species. Initially, I recorded the 

geographical regions species were native to, including places and countries. After that I 

grouped them into eight classes, comprising five continents- Asia, Africa, Europe, North 

America, and South America, and two geographical regions - Mediterranean region and 

Oceania. All hybrids and cultivars were included in an additional class ‘garden origin’. When 
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a species’ native range included more than one of the above regions, I included the species 

under all of the regions it was native to. For example, Cupressus sempervirens is native to Asia, 

Mediterranean, and North America; Salix purpurea is native to Asia, Europe, and North 

America. The primary sources of native range data were Cullen, Knees, Cubey, & Shaw, 

(2011), Pryor (1991), The Gymnosperm Database (2017), Silvics of North America (2018).   

2.3.2.4 Canberra street tree planting records (Urban forest audit analysis- Canberra, ACT 
2012) 

Data on street tree plantings were obtained from the report “Urban forest audit analysis” (Tree 

Logic, 2012), with the raw data provided by the ACT Government. The purpose of this audit 

was to survey all of the streets in Canberra and record the number of trees of each species 

planted in each street, along with information on their size, age and health to assess the risk, 

maintenance needs, and renewal priority of street trees across Canberra. Audit inspections were 

conducted between April and June 2010.  

Each street was surveyed by auditors traversing the street and recording the dominant, 

secondary, and tertiary tree species, and the number of individuals planted of each of those 

species, along with an assessment of the size, age, and overall health of the trees. Dominant 

species were those with the highest number of planted individuals in the street, secondary 

species had the next highest number, and tertiary species the third highest number. If more than 

three species were planted in a street they were often recorded as ‘Mixed’. For this study, I 

excluded the mixed-species where they were not identified to species, along with records where 

trees were recorded only to genus. To resolve nomenclature issues, I followed the same 

methods used to update Mulvaney’s species names. The final updated dataset had 240 native 

and non-native species. I also obtained data on the year that each street was gazetted in 

Canberra, which corresponds approximately to the year in which the street was constructed, 

and street plantings were established. I used the street gazette date as the year of planting for 

trees in each street. The gazette dates of streets also provided information on the level of 
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development and urbanization that occurred in Canberra during the period 1928-2010, with 

greater development occurring in years where more streets had been gazetted. To further 

understand development in the Canberra region, I collected population growth data for the 

period 1921 to 2011(the period for which data were available) from the Australian Bureau of 

Statistics (2015).   

2.3.3 Exploring non-native species introduction patterns 

I examined Mulvaney's dataset and the Canberra street planting dataset to understand the extent 

of woody horticultural non-native species introductions and how this varied through time in 

Canberra. Although the Canberra street planting data comprised only a subset of the total 

introduced plants (those used for street planting), this dataset helped to understand changes 

through time in the patterns of both native and non-native species planting. This dataset, along 

with the population growth data, provided insight into horticultural plantings in Canberra in 

the context of urbanization and population growth.  

Mulvaney’s dataset only recorded the time of the first introduction of each non-native 

species and the aggregated number of individuals planted. However, Mulvaney's dataset was 

more comprehensive as it included both the residential plantings and plantings in public places, 

including the street plantings, over a substantially longer period. I used the data on plant height, 

cold hardiness (hardiness zones), and the native ranges of species to investigate how the 

patterns of non-native species plantings had changed in relation to these factors.  

2.4 Results 

Mulvaney’s dataset contained 1,439 woody non-native horticultural species comprising 

1,618,435 individuals. The Canberra street planting dataset comprised 162,663 individuals 

belonging to 240 Australian native and non-native horticultural species.                                                                                                          
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2.4.1 Native and non-native species in the context of urbanization and population growth 
(Canberra street planting data (1920-2010)  

The rate at which Canberra’s population was increasing began to rise substantially around the 

1950s, and it reached a peak of population increase in the decade 1971 and 1980, after which 

the rate of increase has declined gradually (Figure 2.2-A). With increasing population growth, 

many suburbs and streets were built in Canberra after 1950 (Figure 2.2-B), with the number 

of new streets gazetted being highest in the 1970s. Consistent with the trends in population 

growth and city development, as reflected in street gazetting, the number of street trees planted 

in each decade also peaked in the 1970s (Figure 2.2-C).  

 
 

Figure 2.2: Extent of street planting between 1920 and 2010 in Canberra as a function of 
urbanization and population growth. (A)-Population growth: the number of additional people 
residing in Canberra for each decade, (B)- the number of new streets gazetted in each decade, 
and (C) the total number of street trees planted in Canberra in each decade over 90 years (1921-
2010). (Canberra street planting data) 
 

Out of the 240 species used for street planting, 163 species were non-native (approximately 

74%) and 77 (36%) species were native (Figure 2.3-A). Among the non-native species, the 
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dominant genus was Quercus. A total of 21 species of Quercus were used for street planting in 

Canberra. Other significant genera of non-native street plants were Prunus (13 species), Acer 

(12 species), Fraxinus (8 species), Crataegus (7 species), Cupressus (7 species), and Pinus (6 

species). The non-native species with the most individuals planted was Pyrus calleryana (7065 

individuals), followed by Quercus palustris (5737 individuals), Ulmus parvifolia (4636), Pinus 

radiata (4511 individuals), and Prunus cerasifera (3881). Eucalyptus was the dominant native 

genus used in street plantings; out of the 77 native species, 43 species belonged to this genus.  

 

Figure 2.3: (A) Total species and (B) Total number of individuals belonging to native and non-
native street trees planted in Canberra (Canberra street planting data) over 90 years (1921-
2010), Total number of species = 240.  

 

Another dominant native genus was Acacia, with eight planted species on Canberra streets. 

The highest number of individuals of native species belonged to Eucalyptus mannifera (39360), 

followed by Eucalyptus polyanthemos (9829), Eucalyptus melliodora (8212), and Casuarina 

cunninghamiana (7529). The number of non-native species was significantly higher than the 
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number of native species, although in total more native than non-native trees were planted 

(Figure 2.3-B): a total of 87046 native plants were planted in Canberra streets whereas the 

number of non-native species was 75617.  

The number of non-native species planted in each decade was typically higher than the 

number of native species throughout the planting period (Figure 2.4). During the 1970s, the 

greatest number of both native and non-native species were planted in the streets of Canberra. 

Moreover, this was the period when the extent of street plantings was the highest (Figure 2.2-

C), and it decreased steadily afterward. In the 1930s there was no record of Canberra street 

plantings (Figure 2.2-C) because the first set of streets were gazetted in 1928 and no more 

streets were gazetted until several years later in the 1940s. Consequently, there were no street 

plantings between 1928 and late 1940. Thus, I combined the decades 1920 and 1930 into 

<1940. 

  

Figure 2.4: Numbers of native and non-native species planted in Canberra streets in each 
decade over 90 years (1921-2010). 
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A greater proportion of non-native species relative to native species were planted throughout 

the introduction period (Figure 2.5-A), although between 1950 and 1990 the proportion of 

native species was comparatively high. Interestingly, during the period 1960 to 1980, there was 

a much higher proportion of native trees planted than non-native trees (Figure 2.5-B). At the 

beginning of street plantings, about 80% of the total street trees were non-native species.  After 

1950, native plantings increased sharply relative to non-native plantings. However, in recent 

decades (1990, 2000) non-native plantings have again become popular in the streets; in the 

decade starting in 2000 about 75% of plants were non-native plants. 

 

Figure 2.5:  Proportions of the numbers of native and non-native species (A), and 
proportions of native and non-native total plantings (B) used in Canberra street plantings
(Canberra street planting data) in each decade over 90 years (1921-2010). 
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2.4.2 Non-native woody horticultural species introduced to Canberra over 150 years 
(Mulvaney’s data) 

2.4.2.1 Non-native species introduction and planting effort 

Mulvaney’s data shows that, early on, a large number of non-native horticultural species were 

introduced to the Canberra region: 290 species before 1850 (Figure 2.6), with a steady decrease 

in the number of new species introduced after this until recently. The number of new 

introductions was lowest during 1911-1930; only 54 new non-native species were introduced. 

Although the number of introduced species increased slightly in the years between 1931-1950 

and 1951-1970, the highest number of new species (298 species) was introduced most recently, 

between 1971 and 1990.  

 

Figure 2.6: Number of woody non-native horticultural species introduced to Canberra for the 
first time in eight introduction periods, n=1439 (Mulvaney’s data).   

 

2.4.2.2 Non-native species from different plant families 

The frequency distribution of species across the 130 plant families exhibited a wide range and 

a clear power law distribution (Figure 2.7). The highest frequency was 140 species in a 
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family and the lowest was one species in a family. Only four families (13%) comprised more 

than 50 species; nearly 70% of the families had less than ten species, and 37 families had 

only one species.  

 
 
Figure 2.7: Frequency distribution of the number of non-native species per family, arranged 
in rank order, for the130 plant families of non-native woody species introduced to Canberra, 
n=1439 (Mulvaney’s data). 
 
 

The prevalent families were Ericaceae and Rosaceae both with 140 species. Other major 

families were Leguminosae (83 species), Pinaceae (57 species), and Cupressaceae (46 species). 

Species belonging to the five predominant families were introduced at the beginning of records 

(Figure 2.8), with the proportion of new species of Cupressaceae, Pinaceae, and Leguminosae 

declining over the time. In contrast, new introductions of species in the family Rosaceae 

increased up to a peak in 1931-1950 but have subsequently declined. Species in this family, 

such as in the genera Prunus, Malus and Crataegus, are favoured for their fruits and as 

ornamental plants for their flowers. New introductions of species in the family Ericaceae have 
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peaked in more recent years (Figure 2.8). Most species in the Ericaceae were garden-origin 

species, including hybrids and cultivars, of which Rhododendron was the most prevalent genus. 

Most of the Rhododendron species were introduced to Canberra after 1970, suggesting 

Ericaceae became popular in contemporary gardening. 

 

Figure 2.8: Proportion of total of number of non-native species (%) belonging to the five 
dominant families introduced to Canberra (Mulvaney’s data) in eight introduction periods, 
total number of species = 466. 

 

2.4.2.3 Non-native species and height classes  

About half of the species (47%) planted in Canberra were in the height class 1-5 m (Figure 

2.9), which were primarily shrubs, with a few small trees or other life forms including tree-

ferns, palms, perennial vines/climbing creepers, and other terrestrial perennial plants. There 

were few small (<1 m) species and, after 1-5 m, progressively fewer species in each of the 

larger height classes, with less than 10% of species >20 m tall. 
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Figure 2.9: Total number of non-native woody horticultural species belonging to different 
height classes introduced to Canberra (Mulvaney’s data), missing represents species whose 
height class could not be determined. 

 

Plants belonging to the height class 1-5 m have been consistently introduced since the 

beginning of records and, although there was a decline in their introduction in early 1900, the 

introduction of these species rose sharply in recent years (Figure 2.10). The taller tree species 

were popular mainly in the beginning until mid-1900. On the other hand, small species (<1 

m), which mostly consisted of vines, climbers, and palms, were introduced in a consistently 

low proportion from the beginning of records but displayed a sharp rise lately. 
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Figure 2.10: Proportion of total of number of non-native species (%) belonging to different 
height classes introduced to Canberra in different introduction periods (Mulvaney’s data), 
n=1439 species. 

 

2.4.2.4 Non-native species and hardiness zones  

Overall, the number of cold-hardy species introduced to Canberra, species whose hardiness 

zones were below -5oC, was substantially higher than the species whose hardiness zones were 

above -5oC. Nearly 61% percent of the non-native species were cold-hardy. The major cold-

hardy genera introduced to Canberra were Rhododendron (60 species), Pinus (27 species), 

Prunus (25 species), Cotoneaster (18 species), Acer (19 species), Quercus (18 species) and 

Juniperus (14 species). The dominant genera belonging to the hardiness zones above -5oC were 

Passiflora (12 species), Ficus (9 species), Hebe (8 species) and Citrus (7 species).The 

introduction of new cold-hardy species (hardiness zones> -5oC) was consistently higher than 
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less cold-hardy species throughout all the introduction periods (Figure 2.11) but particularly 

from 1911 to 1950.  

 

Figure 2.11: Proportion of total of number of non-native species (%) belonging to different 
hardiness zones introduced to Canberra in different introduction periods (Mulvaney’s data), 
n=1439. 

 

2.4.2.5 Native ranges of woody horticultural species 

The highest number of non-native species originated from Asia (about 35%) (Figure 2.12-A), 

followed by North America. Rosaceae was the dominant family from Asia, Europe, and North 

America. Other significant families from Asia were Oleaceae, Caprifoliaceae, and Theaceae. 

Besides Rosaceae, major families from North America were Pinaceae and Cupressaceae; 

Ericaceae, Leguminosae, and Pinaceae were the important families from Europe. Nearly half 

(49%) of the garden origin species (hybrids and cultivars) belonged to the genus Rhododendron 

(Ericaceae). The predominant families introduced from South America were Solanaceae, 
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Leguminosae, and Malvaceae. Lamiaceae, and Leguminosae and Cupressaceae were the 

dominant families from the Mediterranean region.  

 

Figure 2.12: (A) Total number of non-native species from different geographical origins 
(geographical regions and garden origin), and (B) Total number of planted individuals from 
different geographical origins (geographical regions and garden origin) introduced to Canberra 
in different introduction periods (Mulvaney’s data), n=1573 (note, this number is greater than 
1439 because some species were native to more than one region). 

 

Similar to the frequency of non-native species belonging to different native ranges, the highest 

number of introduced plants had their native range in Asia, followed by North America (Figure 

2.12-B). Although a comparatively smaller number of species came from Europe, the total 

number of individuals having their native range in Europe was considerably higher than the 
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number of plants from other native ranges (including the geographical regions and the garden 

origins). The lowest number of introduced plants belonged to South America.  

Overall, the proportion of new species originating from Asia and North America was 

consistently high throughout the introduction periods (Figure 2.13), with species originating 

from the Mediterranean region and Oceania less popular. European species were introduced 

steadily throughout, although their introduction declined recently. Similarly, the introduction 

of new species from Africa and South America declined since 1930. However, the use of 

garden origin species increased gradually since the beginning of records, with a sharp increase 

since 1970. For example, while only 11 non-native garden origin species were introduced to 

Canberra between 1951 and 1970, 103 species were introduced after 1970.   

    

   

Figure 2.13: Proportion of total of number of non-native species (%) belonging to different 
native ranges introduced to Canberra in different introduction periods (Mulvaney’s data), 
n=1439. 
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2.5 Discussion 

The current study examined the extent and pattern of native and non-native woody horticultural 

species introduced to Canberra. It revealed a clear positive association between horticultural 

plant introductions and population growth and urbanization in Canberra. Shrubs were more 

widely planted than trees throughout introduction. Cold-tolerant non-native species that could 

endure sub-zero temperatures were planted in higher numbers in Canberra, as were species 

originating from Asia, followed by North America and Europe.  

2.5.1 Plant introduction linked to urbanization and population growth 

2.5.2 Trends of non-native species introduction over time  

Population growth in Canberra steadily increased from the 1950s, peaking in the 1970s. With 

the increasing population, more suburbs and streets were developed and more woody species 

were introduced and planted in public places and private gardens (Mulvaney, 1991). For 

example, during the 1950s, approximately 40,000 trees and shrubs were planted in public areas, 

and 20,000 were distributed among householders (Mulvaney, 1991). Thus, with increasing 

urbanization, deliberate plantings in urban areas tend to increase rapidly, a feature common to 

many parts of the world (Marco et al., 2008). This rapid urbanization often results in habitat 

destruction and the introduction of potentially invasive plant species (Marco et al., 2008; 

Robinson,Yurlina, & Handel, 1994), making urban areas a primary source of invasive plants 

for surrounding regions (Aronson, Handel, & Clemants, 2007; Pyšek, 1998a). As reflected in 

the Canberra street gazettal records, the highest numbers of streets were developed in the 

1970s. The highest number of species, including both native and non-native species, was used 

for street plantings in the same period. Thus, population growth and the development of the 

city contributed to increased horticultural plant introductions in Canberra around 1970s. In the 

last few decades, the demand for ornamental plants has risen rapidly with increasing global 
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population growth. Greater free-market policies and trading agreements have reduced trading 

blockades, which have considerably increased the availability of horticultural plants from 

around the world (Dehnen-Schmutz, Holdenrieder, Jeger, & Pautasso, 2010). This is evident 

in the much greater diversity of plant introductions to Canberra in the decades from 1970-1990 

an outcome that is likely to have continued. 

2.5.2.1 Extent of native and non-native species 

With rapid urbanization, a considerable rise in gardening as a hobby has occurred in many 

places, especially in Australasia, North America, and Europe (Soga, Gaston, & Yamaura, 2017; 

van Kleunen et al., 2018). In cities, public green spaces including parks and street plantings, 

and private gardens act as a hub of diverse floras (Bigirimana, Bogaert, Cannière, Bigendako, 

& Parmentier, 2012; Goddard, Dougill, & Benton, 2010; Loram, Tratalos, Warren, & Gaston, 

2007). The high plant diversity in urban areas is often well explained by the occurrence of 

various habitats and the introduction of non-native flora; the number of non-native species is 

usually higher than native species (Kowarik, 1995; Pyšek, 1998a). Canberra’s street planting 

data also showed this trend. The sharp increase in native plants for street planting after the 

1950s perhaps was due to growing public awareness and interest in native tree plantings around 

the same time.  

 The ornamental plant trade is generally inclined to a continuous introduction of new 

non-native species in urban areas (Gaertner et al., 2017). Nevertheless, the number of newly 

introduced species was significantly higher at the beginning of records (<1851). The present 

study also showed that new horticultural species were introduced to Canberra in all introduction 

periods. During the European settlement of the Canberra region, beginning around 1823, a 

large number of tree and shrub species were introduced around farm homesteads (Pryor, 1991). 

Many of the species were introduced with the idea of recreating English homeland style 



45 
 

gardens in the Southern hemisphere. Thus, a large collection of non-native flora was 

established in Canberra by 1913, the year Canberra city was officially established. A similar 

pattern of horticultural planting is also seen in the United States (Mack, 1991; Mack & 

Lonsdale, 2001). After colonists settle themselves in a new environment, they start introducing 

ornamental plants from their native lands to provide familiar plants in their new environment. 

This may be why the early plantings in Canberra focussed on non-native species, although a 

few native species including Eucalyptus, Acacia, Brachyton, Casuarina, Grevillea, and 

Callistemon were also planted in considerable number (Pryor, 1991). The establishment of 

Yarralumla nursery to test the suitability of non-native species in Canberra conditions resulted 

in the introduction of many non-native species between 1911 and 1926 (Pryor, 1991). 

However, the number of introduced non-native species was highest after 1970. Despite the 

significant use of non-native species, native Australian plants have been used consistently in 

gardens. In 1982, an extremely cold winter damaged many plants in public areas, especially 

non-native species planted in newly developed suburbs. To compensate for this loss, a large 

number of native species were replanted in those areas. However, the use of non-native plants 

in home gardens as well as in street planting has significantly increased in recent years (Pryor, 

1991). 

2.5.2.2   Taxonomic patterns, species traits and native ranges  

In general, most of the naturalized and invasive plant species in the world belong to the families 

Leguminosae, Rosaceae, Araceae, Moraceae, and Oleaceae (Daehler, 1998; Groves, 1986;  

Williamson & Brown, 1986), Furthermore, globally a higher proportion of invasive species 

belong to more heavily traded horticultural families than to less traded families (Humair, 

Humair, Kuhn, & Kueffer, 2015). The present study also found that the highest number of non-

native horticultural species introduced to Canberra belonged to the families Ericaceae and 

Rosaceae; other abundant families were Leguminosae, Pinaceae, and Cupressaceae; hybrids 
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and cultivars in the family Ericacaceae were introduced more recently, while tall tree species 

in the families Pinaceae and Cupressaceae tended to be introduced early on. 

Non-tree species belonging to the height class 1-5 m were planted consistently in 

Canberra throughout the study period. Usually, non-tree species (shrubs, vines, etc.) have a 

shorter short juvenile period, which is a desired trait in horticulture (Aronson, Handel, & 

Clemants, 2007; Bigirimana, Bogaert, Cannière, Bigendako, & Parmentier, 2012). Previous 

studies have found that the naturalization success of tree species in Europe and North America 

was lower than for non-tree species (Bucharova & van Kleunen, 2009; Herron, Martine, 

Latimer, & Leicht-Young, 2007).  

Overall, a higher number of cold hardy and frost tolerant non-native species that could 

endure temperatures as low as -5oC were introduced to Canberra throughout the study period. 

As the minimum daily temperature in winter months (May, June, July, and August) in Canberra 

can drop to -5oC and occasionally lower, the climate of Canberra is often too cold for the 

survival of many non-native species (Pryor, 1991). Such cold and freezing temperatures often 

result in winter injuries that could affect the successful survival, longevity, and distribution of 

woody species (Daly, Widrlechner, Halbleib, Smith, & Gibson, 2012). Thus, a higher number 

of cold-hardy species might have been deliberately introduced for horticultural purposes in 

Canberra. Naturalization success is often higher in species introduced to regions with similar 

climatic conditions to their native ranges. For example, in the United States, naturalization 

success was higher in non-native species introduced to regions with hardiness zones similar to 

their native ranges (Early et al., 2016; Thuiller et al., 2005). Non-native species able to tolerate 

lower minimum temperatures also had a higher chance of naturalization in Britain (Dehnen-

Schmutz, Touza, Perrings, & Williamson, 2007b ). The introduction of species from warmer 

regions, that are not able to tolerate the temperatures lower than -5oC, was lower throughout 

the records, but more of these species have been introduced lately.  
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During the 18th and 19th centuries, the highest numbers of non-native woody 

horticultural species, as well as the highest number of plants were introduced to Canberra from 

Asia; other major source continents were Europe and North America. Experiments with 

plantings also became popular worldwide around this time (van Kleunen et al., 2018). During 

the second half of the 19th Century, plants with diverse ecological and biographical features 

were introduced to Europe from around the globe (van Kleunen et al., 2018). Between the 18th 

and 20th Centuries, several new ornamental species introduced to North America originated 

from Eastern and Central Asia, North Africa, and the Middle East (Stoner & Hummer, 2007; 

van Kleunen et al., 2018). Similar trends were also observed in Europe. North America always 

played a major role in the horticultural industry with a large number of horticultural and 

ornamental plants consistently being exported from North American countries (Dehnen-

Schmutz, Holdenrieder, Jeger, & Pautasso, 2010; Timmons & Press, 1970). Nonetheless, 

horticultural exports from South America are also increasing lately (Dehnen-Schmutz, 

Holdenrieder, Jeger, & Pautasso, 2010; Lawson, 1996). The number of garden origin species, 

including hybrids and cultivars, was limited at first have had a sharp rise after 1970. Recent 

progress in breeding technologies has aided the advancement of the horticultural industry by 

developing hybrids and cultivars with desired characteristics (Drew et al., 2010). This 

development of species traits through plant breeding and propagation has the potential to 

increase the chances of naturalization for garden origin species outside of their native ranges 

(Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007a; Kowarik, 2003; Mack, 2000).  

This study highlights trends in the introduction of woody horticultural non-native 

species in Canberra over approximately 150 years, with an emphasis on factors linked to the 

invasiveness of non-native plants, including urbanization, population increase, and species 

traits. The present study provided a comprehensive insight into the trends of horticultural 

species introduction in an urban area in Australia, which exhibits similar trends to those seen 
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in a global context. These findings would be useful in understanding how introduction history 

impacts naturalization and invasion patterns of garden plants in urban areas, and also in their 

management strategies. 
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CHAPTER 3 
 

FACTORS INFLUENCING NATURALIZATION AND INVASION SUCCESS IN 
WOODY HORTICULTURAL SPECIES 

 

3.1 Abstract 

Worldwide many invasive plant species are garden escapees. While weed risk assessment can 

identify new plant introductions with weedy potential, this does not address the issue of the 

large number of non-native plant species already present in many regions, the majority of which 

are horticultural species. Variables that might influence whether an introduced species 

successfully naturalizes and becomes invasive include planting effort, residence time, species 

traits, and taxonomic attributes. I evaluated the importance of these variables on plant 

naturalization and invasion using data on the horticultural woody species introduced to 

Canberra, Australia. Canberra provides a unique opportunity for this evaluation because it was 

a planned city with extensive horticultural plantings originating from government nurseries, 

meaning there are excellent records documenting planting effort from the time the city was 

established. I examined the direct effects of variables on naturalization and invasion success 

by fitting univariate and multivariate models, and their indirect effects using path analysis in a 

Bayesian framework. Species more likely to naturalize were those with greater planting effort, 

longer residence time, small seeds, and those with dispersal mechanisms linked to wind and 

animal dispersal. Cold-hardy and tall plants were also more likely to naturalize, but cold 

hardiness and height mostly affected naturalization success indirectly via planting effort. 

Species belonging to the families Poaceae, Leguminosae, Apocynaceae, and Rosaceae had a 

higher probability of naturalization than other families. Among the above-mentioned factors, 

only planting effort and plant family were significantly associated with naturalized plants 

spreading to become invasive. These findings can be used to build a quantitative risk 
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assessment model that will allow us to predict woody garden species that pose the greatest risk 

of becoming invasive in the future. 

 Keywords: Bayesian framework, garden escapees, invasion, naturalization, path analysis, 

planting effort, residence time, species traits, woody species  

3.2 Introduction 

A common pathway for the invasion of non-native plants is the escape of plants introduced 

through horticulture into gardens (van Kleunen et al., 2018). This ‘garden escapes’ pathway 

has been identified as the most important source of invasive plant species introductions. For 

example, almost 56% of the world’s worst invasive plants are garden escapes (Combellack, 

1989) and approximately 66% of all invasive plant species in Australia are garden escapes  

(Groves, Boden, & Lonsdale, 2005). Many of these invasive species pose a significant threat 

to native species (Coutts-Smith & Downey, 2006). To address the increasing problem of non-

native (or alien) plant invasions in Australia, a formal Weed Risk Assessment (WRA) system 

was developed to screen new plant species prior to their introduction (i.e., before their 

importation for horticultural purposes) and thereby prevent the deliberate introduction of 

potentially invasive plants (Pheloung, 2001). While the WRA system has reduced the number 

of new plant introductions with ‘weedy’ potential, the WRA process does not address the 

legacy of a large number of non-native plant species already present in Australia that have not 

become invasive. Thus, the number of non-native plant species that escape into the wild has 

been steadily increasing in Australia over the last several decades; on average ten new 

naturalized non-native plant species per year are recorded (Dodd, Burgman, Mccarthy, & 

Ainsworth, 2015; Groves, Boden, & Lonsdale, 2005), the vast majority of which were already 

present as horticultural species growing in people’s gardens.  

Given the increasing global trade in plant commerce and the large number of species 

already in cultivation it is crucial to develop ways to predict which horticultural species are 
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likely to become invasive. Thus, it is crucial to develop ways to predict which horticultural 

species are likely to become invasive (Pemberton & Liu, 2009). Research in this area will aid 

in developing horticultural plant risk assessment programs that can be applied to new plant 

introductions and to plants which have already been introduced but have not yet become 

invasive (Caley, Groves, & Barker, 2008; Kowarik, 1995; Mack & Lonsdale, 2001; Pemberton 

& Liu, 2009; Reichard & White, 2001). 

Invasion by a plant species in a new region can be divided into three stages; 

introduction, establishment/ naturalization, and spread (Richardson et al., 2000; Blackburn, & 

Duncan, 2001; Theoharides & Dukes, 2007). An invasive species that successfully establishes 

and spreads must pass through all of these stages. At each stage of invasion, certain factors can 

play a pivotal role in determining whether an introduced plant species will be successful in 

moving from one stage to the next (Kolar & Lodge, 2001; Rejmánek & Richardson, 1996; 

Williamson & Fitter, 1996). Moreover, some factors are likely to affect more than one stage 

(Dawson, Burslem, & Hulme, 2009; Diez et al., 2009; Duncan & Tim, 2003; Gravuer, Sullivan, 

Williams, & Duncan, 2008; Theoharides & Dukes, 2007). Key factors previously identified as 

influencing the probability of an introduced species becoming naturalized are: human-mediated 

or anthropogenic factors such as propagule pressure, residence time, and factors including the 

climactic match between the native ranges of  the introduced species with their new regions, 

species traits, and taxonomic attributes (Lavoie, Joly, Bergeron, Guay, & Groeneveld, 2016; 

Pyšek, Krivanek, & Jarosık, 2009).  

Propagule pressure is the total number of individuals arriving at a new area in a single 

release event or multiple release events (Lockwood, Cassey, & Blackburn, 2005; Theoharides 

& Dukes, 2007). Previous studies have shown a strong positive correlation between propagule 

pressure and successful naturalization of invaders (Colautti, Grigorovich, & MacIsaac, 2006; 

Dawson, Burslem, & Hulme, 2009; Duncan, Blackburn, Rossinelli, & Bacher, 2014; 
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Williamson & Fitter,1996; Kolar & Lodge, 2001). These studies have consistently found 

human-mediated propagule pressure to be an important factor explaining, and therefore 

predicting the establishment, naturalization and the long-distance spread of intentionally 

introduced alien species (Lockwood, Cassey, & Blackburn, 2005; Pemberton & Liu, 2009). 

The release of a considerable number of individuals enables the introduced species to overcome 

the risk of extinction associated with small populations (Lockwood, Cassey, & Blackburn, 

2009). Propagule pressure may also improve the chances of establishment by increasing the 

amount of genetic variation in the introduced population, improving the chances of adapting 

successfully to new selection pressures in the recipient location (Kolar & Lodge, 2001; 

Lockwood, Cassey, & Blackburn, 2005). Residence time, which is the time since first 

introduction of an exotic species to a new location, influences the chances of naturalization 

(Feng et al., 2016; Pyšek, Krivanek, & Jarosık, 2009) because with increasing residence time, 

a species has more time to produce propagules, which increases the chances of propagules 

dispersing to sites suitable for their establishment (Feng et al., 2016; Richardson & Pyšek, 

2012). Owing to the difficulty of obtaining data on the numbers of plants in cultivation, only a 

few studies have used actual planting history to examine the role of propagule pressure and 

residence time on plant invasions (Bucharova & van Kleunen, 2009; Feng et al., 2016; Pyšek, 

Krivanek, & Jarosık, 2009). 

Most studies focus on functional traits of plant species related to growth, biomass 

allocation, reproduction, and dispersal, which are often considered to be related to 

naturalization and spread (Kolar & Lodge, 2001; van Kleunen, Dawson, Schlaepfer, Jeschke, 

& Fischer, 2010). Different sets of traits may be critical at different stages of the invasion 

process (Gravuer, Sullivan, Williams, & Duncan, 2008; Theoharides & Dukes, 2007). Traits 

associated with fast growth rate, short life-form, high rate of reproduction, adaptation to a wide 

range of environments, and ability to reproduce vegetatively have been identified as important 
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to the transition from introduction to naturalization (Gravuer, Sullivan, Williams, & Duncan, 

2008; Theoharides & Dukes, 2007; Pyšek & Richardson, 2007;  Richardson et al., 2007). For 

the transition from naturalization to spread, traits associated with phenology and dispersal, 

along with life form and growth are more important (Gravuer, Sullivan, Williams, & Duncan, 

2008; Theoharides & Dukes, 2007); Pyšek & Richardson, 2007).  Some families of plants are 

more prone to invasion. In a global quantitative analyses of taxonomic patterns of invasive 

plants, both Daehler (1998) and Pyšek (1998) found three plant families, Fabaceae, Poaceae, 

and Asteraceae, to have the highest naturalization proportions. Studies also indicated Araceae, 

Apocynaceae, Moraceae, Oleaceae, Euphorbiaceae, and Verbenaceae as highly invasive 

families (Pemberton & Liu, 2009; Pyšek et al., 2004). 

 Invasive species may come from environments similar to those into which they are 

being introduced (Beaumont et al., 2009; Broennimann & Guisan, 2008), and similarities 

between the origin and target areas may contribute to their successful invasion. Similar 

biogeographic and climate conditions of the native and target areas may also help introduced 

species adapt to the novel environment (Beaumont et al., 2009; Feng et al., 2016; Maurel, 

Hanspach, Kuhn, Pyšek, & van Kleunen, 2016). The daily minimum temperatures in the winter 

months in Canberra (May, June, July, August) can drop below freezing temperature, often 

around -5oC (Australian Government- Bureau of Meteorology, 2017). Thus, I wanted to test 

whether species originating from colder places would have a higher probability of naturalizing 

and invading in Canberra. 

A common drawback of many studies has been to disregard one or more of the above 

factors, or to study them in isolation. There are very few studies that have assessed how these 

factors interact to determine invasion outcomes (Feng et al., 2016; Pyšek et al., 2015). Another 

drawback of plant invasion research is a bias towards the study of invasive species only, 

without considering those introductions that have failed to naturalize or become invasive (Diez 



64 
 

et al., 2009; Williamson & Fitter, 1996). Unless the attributes of successful invaders are 

compared with that of unsuccessful ones, it is not possible to determine the causes of invasion 

success. Although previous studies have demonstrated that the above factors are likely to affect 

the naturalization and invasion of non-native plants, such information is rarely based on actual 

records of deliberate plantings of non-native plants over time.  

Most previous studies have observed a direct effect of the above-mentioned factors on 

naturalization and invasion success (Carboni, Calderon-Sanou, Pollock, Violle, C& Thuiller, 

2018; Peoples & Goforth, 2017). Nonetheless, species traits may also have indirect effects via 

anthropogenic factors such as propagule pressure and residence time. The selection of plant 

species for horticulture is not random because species with desired traits are more preferred 

over others (Hui, Richardson, Visser, & Wilson, 2014; Peoples & Goforth, 2017). Frequent 

introduction of such species in larger numbers results in higher propagule pressure. Also, in 

many instances, these species are introduced earlier. This selective introduction of plant species 

plays a significant role in the establishment stage of the invasion process, which remains 

unrecognized in many cases (Capellini, Baker, Allen, Street, & Venditti, 2015; Peoples & 

Goforth, 2017; Zeng, Chong, Grey, Lodge, & Yeo, 2015).  

Path analysis is an efficient statistical method to analyze direct and indirect associations 

between variables (Maurel, Hanspach, Kuhn, Pyšek, & van Kleunen, 2016; Pyšek, 2016; Pyšek 

et al., 2015). In invasion studies, path models have been used to evaluate the indirect influences 

of species traits on the naturalization or invasion success through their association with other 

factors including propagule pressure and residence time (Maurel, Hanspach, Kuhn, Pyšek, & 

van Kleunen, 2016; Peoples & Goforth, 2017). For example, species traits indirectly affected 

naturalization success of Pinus spp. through their association with introduction effort and 

native range size (Peoples & Goforth, 2017). In another study, winter hardiness and plant height 

positively influenced naturalization success by affecting both propagule pressure and residence 
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time (Maurel, Hanspach, Kuhn, Pyšek, & van Kleunen, 2016). Winter hardiness and plant 

height are often preferred traits in woody ornamental species, thus cold tolerant and taller 

species were planted more frequently and brought to the continent earlier than other species. 

Based on these previous studies, in this study I used path analysis to disentangle whether 

species traits directly influenced the probability of naturalization or they had an indirect effect 

through the anthropogenic factors such as propagule pressure and introduction period (Figure 

3.2). 

In this present study, the planting records for 1439 woody horticultural species 

introduced to the Canberra region from 1851 to the present day were examined. Canberra is 

unique in that it was a planned city, which included extensive landscape plantings. In 1909, 

Canberra was selected as a site for the capital of Australia. After that, Canberra was converted 

from a mostly treeless landscape into a ‘garden city’ of approximately twelve million trees 

(Throsby 1820 in Cambage 1921, Anon 1980, Mulvaney 1991). Most of these plantings in the 

Canberra region were undertaken by government agencies. The involvement of government 

agencies resulted in the activities being recorded, and these records being kept and archived, 

something that may be unique globally. Consequently, the horticultural planting records in 

Canberra are extremely comprehensive and provide an accurate account of the timing of 

introduction and the number of individuals introduced for each species planted. My study 

aimed to unravel the factors that affect naturalization and invasion success in the introduced 

woody horticultural species in Canberra. Specifically, I tested whether the anthropogenic 

factors (propagule pressure and residence time), and species traits including plant height, seed 

mass, and cold hardiness influenced the probabilities of naturalization and invasion. The direct 

effects of factors on naturalization and invasion success were assessed by fitting univariate and 

multivariate models, and potential direct and indirect interactions among factors were 

evaluated using path analysis in a Bayesian framework. 
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3.3 Materials and methods 

3.3.1 Study location 

In 1909 a region of south-east NSW was selected as the location of the new capital city of 

Australia. The construction of the city of Canberra started in 1913 and included extensive 

deliberate plantings of non-native trees and shrubs. Before the foundation of Canberra, the 

region was farmland that was first settled by Europeans in the 1830s. The mean annual 

maximum temperature, the mean annual minimum temperature, and the mean annual rainfall 

of Canberra city (Latitude: 35.27 °S, Longitude: 149.12 °E, and Elevation: 564 m) are 20.0oC, 

7.1oC, and 636.2 mm respectively (Australian Government- Bureau of Meteorology, 2018). 

However, during winter the minimum temperature drops below 0oC; the average minimum 

temperatures of June, July, and August in Canberra are 1.4oC, 0.0oC, and 1.3oC respectively.  

3.3.2 Data collection and compilation 

3.3.2.1 Mulvaney’s (1991) database of historical plantings for the Canberra region 

In this study, I used a dataset of historical planting records of woody, non-native, 

horticultural species introduced to Canberra over 150 years (before 1851 until 1990) collected 

by Mulvaney (1991). I obtained the species names, plant family, the period of first recorded 

planting (introduction period), an index of the number of individuals planted per species 

(planting effort) from Mulvaney's dataset. A detailed description of the data collection for 

historical plantings in Canberra is given in Chapter 2; here, I provide a brief summary. 

Mulvaney collected planting data from four sources: a) records of deliberate plantings 

from nurseries, newspapers and government documents before Canberra was established 

(between 1830 and 1911), b) records from the Yarralumla nursery (between 1912 and 1990), 

which is the government nursery of Canberra and the primary source of government plantings, 

c) records from Willow Park Nursery (between 1930 and 1990), and d) information from the 
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gardening  book ‘The Canberra Gardner’ published annually by The Horticultural Society of 

Canberra (between 1948 and 1982).  

Canberra was converted to a ‘garden city’ of around twelve million trees from the 

mostly open landscape that European settlers encountered (Throsby 1820, Anon 1980, 

Mulvaney 1991). Most of Canberra's planting was performed by government bodies who kept 

records of their activities, allowing us to reconstruct the history of woody plant introductions 

in Canberra. These records make Canberra a highly suitable place to conduct studies on the 

legacy of human-mediated plant introductions. The records of Willow Park Nursery and the 

Government nurseries provided information on the extent of plantings of particular species. 

Information from ‘The Canberra Gardener’ and nursery catalogues were used to determine the 

probable popularity of species during later periods of planting in the Canberra area when plants 

are likely to have originated from private nurseries in addition to government plantings.  

Before the foundation of Canberra city in 1913, the area was mainly farmland with 

homesteads. Mulvaney (1991) collected the planting records of non-native woody species 

around those homesteads and shelterbelts beginning in 1830. While the exact account of the 

woody species planted in that period was limited, the available information was essential to 

understand which species were popular around those early years.  Mulvaney extracted the 

planting records from the early nursery catalogues of Macarthur, archived newspapers, 

specifically the area’s first newspaper ‘The Golden Age’ (later ‘The Queanbeyan Age’), which 

contained gardening advertisements that listed species available for sale at that time in the 

region. These early records of woody non-native species planted between 1830 and 1911 are 

important as they offer an opportunity to examine the influence of introduction history over a 

substantially long period. While Canberra started out as the capital city in 1913, some woody 

species had been planted in the Canberra region as long as ninety years before this date, though 

the extent of planting before 1920 was insignificant in comparison to that which followed. It is 
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likely that species that have been planted over a long time period, even in small numbers, will 

have had greater opportunities to spread, than more recent plantings. Therefore, it was 

necessary to examine the planting activity that occurred before Canberra became a Government 

town. 

In 1911, the Yarralumla Nursery was established as the government nursery, mainly to 

grow plants for the new capital city. Being a government-run nursery detailed records of the 

plants grown and planted in the nursery were documented and archived. Mulvaney sampled 

these records by collecting data from a random three years of records from each decade (1912-

1984), since the commencement of the first Government nursery in 1912. These years were 

1912, 1915, 1918, 1923, 1924, 1928, 1930, 1934, 1936, 1946, 1948, 1949, 1952, 1953, 1960, 

1963, 1966, 1969, 1972, 1975, 1978, 1981, and 1984. For each of these years, Mulvaney 

collected the number of individuals planted for each species. However, as Mulvaney sub-

sampled the years, I only have an index of the total number of plants introduced for each 

species. I assumed that the years Mulvaney selected for planting data collection were 

representative of woody horticultural plant introductions across all years in Canberra given a 

random sampling of three years in each decade. Mulvaney (1991) also examined the records 

of Willow Park Nursery (established in 1932), which is the oldest non-government nursery in 

Canberra and still functional. These records were used to supplement the Yarralumla Nursery 

records.  

The Canberra Horticultural Society published seven editions of ‘The Canberra 

Gardener’ between 1948 and 1982. ‘The Canberra Gardener’ provided a basis for the likely 

plant species sold in private nurseries in and around Canberra. However, the records from The 

Canberra Gardener’ needed some means of indexing to get the number of plants introduced for 

each species. It was considered that each mention in an edition of The Canberra Gardener was 
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equivalent to a nursery record of fifty individuals of that species being planted (see Chapter 2 

for an assessment of this assumption).  

Mulvaney’s (1991) dataset had three fields/variables; plant name, relative planting 

number, and introduction period. The records of Willow Park Nursery, Yarralumla and other 

nurseries provided the primary data on the number of individuals of each species planted for 

each year surveyed, while information from ‘The Canberra Gardener’ and the nursery 

catalogues helped to determine the probable period when a species was first introduced to 

Canberra (introduction period). The overall introduction time (<1851-1990) was divided into 

eight periods each of approximately 20 years (Chapter 2, Table 2.1). These introduction 

periods were <1851(period of introduction-1), 1851-1870 (period of introduction-2), 1871-

1890 (period of introduction-3), 1891-1910 (period of introduction-4), 1911-1930 (period of 

introduction-5), 1931-1950 (period of introduction-6), 1951-1970 (period of introduction-7), 

>1970 (period of introduction-8). 

Due to recent name changes, Mulvaney’s dataset had a considerable number of 

synonyms and a few instances of incorrect spelling. To ensure consistent nomenclature, I 

updated all the species names in Mulvaney’s list using ‘The Plant List’ 

(http://www.theplantlist.org) and the R Package ‘taxonstand’ (Cayuela, Granzow-de la Cerda, 

Albuquerque, & Golicher, 2012). The original data set of Mulvaney (1991) had 2147 species 

with 2517377 individuals in total. However, after removing the native and non-woody grass 

species and addressing the nomenclature (synonyms and incorrect spelling) issues, the dataset 

was reduced to 16188422 individuals comprising 1439 species (refer to Chapter 2 for details 

on cleaning dataset and updating species names). 

3.3.2.2 Creating a list of the naturalized woody plant species in the Canberra region 

While Mulvaney (1991) created a database of the historical planting records of non-native 

woody plants for the Canberra region dating back to the 1830s (see above), information on 



70 
 

which of these species have naturalized had not been compiled. I therefore created a new 

database of the woody plant species reported as having naturalized in the Canberra urban 

region. I first extracted a list of the non-native species for the ACT region from the Australian 

Virtual Herbarium (AVH, 2017); noting that this list is based on herbarium collections and thus 

contains only those naturalized species verified through herbarium specimens. Each record 

from AVH contained the following data fields: the species name, the collector’s name, 

establishment means (not cultivated, not native, cultivated, and native), year of collection, 

month of collection, location (name of the place from where the specimen was collected), and 

latitude-longitude coordinates. To ensure that all records represented naturalized species, I 

removed any record which contained the words “native” or “cultivated” in the “establishment 

means” data field. 

To limit the possibility that a naturalized plant record in the AVH might have originated 

from a source outside the Canberra region, I confined the AVH records of naturalized plants to 

those found in an area that covered the urban parts of Canberra  

(Figure 3.1), on the basis that records of naturalized plants in this area were most likely to have 

originated from local plantings. I used a rectangle to define the urban areas of Canberra 

corresponding to the latitude range of 35°.09’53”S to 35°.33’14”S and longitude of 

148°.54’20”E to 149°.26’17”E, ensuring that all the urban areas (i.e., Canberra suburbs) were 

encompassed (Figure 3.1).  
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Figure 3.1: Map showing the urban areas in Canberra, and the rectangle (in red) used to 
define the area in which naturalization records from the AVH were confined to (see text for 
details).  
 

The names of non-native species extracted from the virtual herbarium were then updated using 

‘taxonstand’ and comparison to the ‘The Plant List’ 2017 to ensure they were compatible with 

names in the planting data.  

To determine which of the species listed in Mulvaney’s database of historical planting 

records of non-native woody plants for the Canberra region have naturalized within the 

Canberra area, I compared Mulvaney’s list with the list of naturalized plants I created from the 

AVH (see above). Any plant species that occurred on both lists was coded as naturalized and 

any species on Mulvaney’s list that was not on the AVH list as not naturalized. All species on 

the AVH list that were not on Mulvaney’s list were assumed to have arrived from sources other 

than the plantings identified in Mulvaney (1991) and were excluded from further analysis here. 
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3.3.2.3 Defining invasive species in Canberra 

To determine those non-native plant species deliberately introduced into the Canberra region 

that had become invasive, Mulvaney (1991) undertook a series of dedicated surveys of the 

bushlands in and around Canberra between September 1986 and February 1988. These 

dedicated surveys were aimed at identifying those non-native species which had both 

naturalized and become invasive. Mulvaney (1991) selected bushlands to ensure all native 

vegetation types in Canberra were examined; the vegetation types examined were based on the 

zones outlined by the Land Conservation Council (1973). Once a non-native species was 

detected and identified during these surveys, Mulvaney (1991) scored its invasive status based 

on the relative frequency of individuals of the species within 2000 m transects; 30-35 transects 

were surveyed, transects were divided in 20 x 20 meters quadrats. Those exotic horticultural 

woody species, which were dominant (based on the frequency) in the transects were considered 

invasive species.  

To determine whether any additional species had become invasive since Mulvaney’s (1991) 

study (i.e., in the past 25 years), I compared Mulvaney’s dataset with the list of weeds in ACT 

public land for the years 2009 to 2015 (ACT Government, Environment, Planning and 

Sustainable Development, 2017). This comparison revealed three additional woody species: 

Berberis aquifolium, Buddleja davidii, and Rubus vestitus, which were considered invasive and 

subject to weed control in the ACT region. I added these to the list of naturalized and invasive 

woody plants in Canberra, although it was not possible to obtain information on the planting 

effort and introduction period for these species. 

3.3.2.4 Datasets on plant traits  

A range of plant traits that were previously linked with naturalization and invasion success 

were investigated to determine their influence on the probability of naturalization and invasion, 

which were: average plant height (in meters), seed mass (in milligrams), dispersal modes and 
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cold hardiness (hardiness zones). The plant traits data were collected and compiled from 

several different sources: Mulvaney (1991), Duncan et al., (2011) and ‘The European Garden 

Flora’ (2011). Duncan et al., (2011) collected plant traits data including seed mass, plant height, 

and dispersal modes from different published floras, traits databases and expert’s knowledge 

and some other published studies on plant traits.  Mulvaney (1991) used dispersal mode data 

from Ridley (1930) and Piji (1982). The dispersal modes in this study were grouped into five 

categories: wind dispersal (seed/fruit/reproductive unit carried by wind), water dispersal 

(seed/fruit/ reproductive unit carried by wind), internal animal transport 

(seed/fruit/reproductive unit carried by animals/birds after digestion), external animal transport 

(seed/fruit/reproductive unit by animals/birds externally on their body parts, such as hair, fur, 

feather, foot, horns etc.), and unassisted dispersal (species which do not have any specific 

means of dispersal). Mulvaney (1991) used seed mass data from Schopmeyer (1974). I obtained 

additional seed mass data from Duncan et al. (2011), Kew Seed Information Database (2017) 

and USDA PLANTS (2017). Mulvaney (1991) did not record plant height. I used Duncan et 

al. (2011) to obtain the average plant height (m).  

The effect of cold-hardiness on the probabilities of naturalization and invasion were 

assessed to determine if similarities in climatic conditions between the origin and destination 

facilitated those processes. I used hardiness zone data as a surrogate of climatic proximity 

between the native ranges of the introduced species and Canberra. Hardiness zones are areas 

geographically defined by the ability of plants to endure the minimum temperatures of those 

areas. For this study, I primarily collected hardiness zone data from “The European Garden 

Flora” (2011). For species that were not present in “The European Garden Flora”, I collected 

the hardiness zone information from other sources, including the websites of CABI, Dave’s 

Garden, Gardens Online, Missouri Botanical Garden, National Gardening Association, North 

Carolina Native Plants Society, Recommended Urban tree- Cornell Horticultural Society (refer 
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to Chapter 2 for details). Apart from Gardens Online, all these other sources used USDA Zone: 

Gardens Online used the Australian zones. To ensure consistency, hardiness zones were 

standardized to the EGF zone based on Figure 2.1 in Chapter 2. Refer to Chapter 2 for detailed 

hardiness zone data collection. 

3.3.3 Statistical analysis 

I used a Bayesian approach for model fitting, using non-informative normal prior distributions 

in JAGS 4.2.0 (Karreth, 2016), and RStudio version 3.3.1 (Horton & Kleinman, 2015). The 

Bayesian approach was particularly useful for missing data imputation (Duncan et al., 2011), 

and building an efficient path model (McGregor, 2012) to test whether the species traits directly 

affected naturalization or invasion success, or they influenced indirectly through interactions 

with anthropogenic factors.     

3.3.3.1 Missing data imputation 

All the plant traits and hardiness zone variables in our data set had missing values, with between 

18.5% and 54% of values missing (Supplementary Tables 1, 3 and 4). To handle the missing 

values, I decided to impute these rather than delete incomplete entries. Case-wise deletion 

would have resulted in a reduced number of species available for analysis, as only 478 out of 

1439 species had complete data for all traits, which would have weakened the statistical power 

and could have resulted in biased parameter estimates (Pyšek et al., 2015; Rubin, 1976). 

In the model, I declared that missing trait values were sampled at random from a 

distribution of known trait values, with that distribution determined by the traits of species 

belonging to the same family as the species with missing values. For continuous traits (plant 

height and seed mass) I assumed traits were normally distributed with a different mean and 

standard deviation for each plant family. Missing categorical data (e.g. dispersal mode and 

hardiness zone) were modelled as being drawn from a multinomial distribution, with the 
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probability of occurrence in each trait category determined by the distribution of occurrences 

in the family to which the species belonged. 

3.3.3.2 Model fitting 

To understand the effects of different variables on the probability of naturalization and 

invasion, I fitted the models in three steps. First, I examined the individual effects of each 

variable on naturalization and invasion separately. Second, all variables were included in a 

multiple regression model to examine their collective influence on naturalization and invasion 

success. Third, the variables were included in a path analysis model. The objective of the path 

model was to test whether factors have direct effects on the probability of naturalization, or 

they have indirect effects through another factor. 

3.3.3.2.1 Univariate analysis 

I undertook univariate analyses to estimate the individual effects of the variables planting 

effort, seeds mass, plant height, introduction period, hardiness zone and dispersal mode on the 

probability of naturalization and the probability of invasion separately for each non-native plant 

species in the dataset. The two response variables were naturalization and invasion status, 

treated as a binary variable (0, 1), where 1 represents successful naturalization or invasion and 

0 represents unsuccessful naturalization or invasion. I modelled this using a Bernoulli 

distribution where naturalized/invasivei ~ Bernoulli(pi), where pi was the probability of 

naturalization or invasion of the ith species. The probability of naturalization or invasion was 

then modelled as a function of the predictor variables using a logit transformation to ensure the 

probabilities were constrained to between 0 and 1. For example, to estimate the effect of 

planting effort on the probability of naturalization/invasion the following equation was used: 

logit(pi) <- b0 + b1planting efforti 

Where pi is the probability of naturalization/invasion for the ith species, and planting efforti is 

the planting effort of the ith species in the dataset. Here parameter b0 is the intercept and b1 
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the slope of the relationship between planting effort and naturalization/invasion probability (on 

the logit scale). Being a Bayesian model, these parameters required prior distributions. b0 and 

b1 were each given a prior normal distribution with mean 0 and variance 100000, which 

corresponds to a very uninformative prior. Other continuous variables used a similar equation. 

The data for the continuous variables seed mass and plant height were log transformed before 

inclusion in the model. I also included plant family as a random effect in the model. 

For each categorical variable, I calculated the proportion of naturalized or invasive 

species within each category. Then I calculated a 95% confidence interval around this 

proportion, where the upper and lower limits were 97.5% and 2.5%, respectively. 

3.3.3.2.2 Multivariate analysis 

The objective of using multiple regression was to identify the most important factors 

influencing the probability of naturalization or invasion of non-native plant species having 

accounted for the effects of other variables. Before fitting the multiple regression model, all 

the continuous variables were log transformed and then standardized by subtracting their mean 

and diving by two standard deviations to improve model convergence and to make sure that 

the parameters estimated for the continuous variables and the binary explanatory variables were 

in a similar range so their effects could be compared (Duncan et al., 2011; Gelman, 2008). 

Based on the results of the univariate analyses, the categorical variables dispersal mode and 

hardiness zones were grouped into fewer classes (Figure 3.4). Hardiness zones H1, H2, H3 

and H4 were combined into the class hardiness zone <-5○C; and hardiness zones H5, G1, and 

G2 were combined into the class hardiness zone >-5○C (Figure 3.4-A). Similarly, the five 

classes of dispersal mode were grouped into three classes (Figure 3.4-C).  External animal 

transport and internal animal transport were combined into biotic dispersal, wind dispersal and 

water dispersal were combined into abiotic dispersal, and unassisted dispersal was kept as it 

was. Within each of the categorical variables, one of the classes was included in the model as 
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the reference class or the baseline class, and other classes were compared to that one. For 

dispersal mode, the class ‘biotic’ was set as the reference class (Figure 3.6), marked with *. 

Similarly, ‘hardiness zone <-5○C was set as the reference class for hardiness zones (Figure 

3.6). Introduction period was treated as a continuous variable in the multiple regression model, 

and plant family was included as a random factor.  

The following equation was for the multiple regression model, 

logit(pi) <- b0  + b1planting efforti  +  b2.seed massi +  b3heighti + b4introduction periodi + b5 

hardiness zonesi  +  b6dispersal modei + b7familyi 

Here pi is the probability of naturalization/invasion of ith species, and planting effort, seed 

mass, height, introduction period, hardiness zone and dispersal mode are these traits for the ith 

species. Parameters b0 –b6 had a prior normal distribution with mean 0 and variance 100000.  

The parameter b7 took a different value for each family, and these values were modelled as 

drawn from a normal distribution with mean zero and variance estimated from the data.  

3.3.3.2.3 Path analysis 

To examine the indirect effects of the species traits, I tested the associations between 

all species traits, including hardiness zones, dispersal modes, seed mass and height and both of 

the anthropogenic factors and introduction period. I also evaluated the direct influences of 

species traits by testing their effects on the probability of naturalization/invasion in the same 

model. I tested the direct effects of planting effort and residence time (introduction period) on 

the probability of naturalization/ invasion. Figure 3.2 shows the full path model with all the 

tested links (denoted by arrows). After constructing the path model, all the links were translated 

into a series of regression equations. For the regression models, I followed the same method 

mentioned in section 3.3.3.2.2.   
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Figure 3.2: Full path model showing all the tested relationships (arrows) between the species 
traits, and anthropogenic effects, and probability of naturalization. Red asterisks indicate the 
reference classes for factor variables (Dispersal syndrome and Hardiness zone). 

 

From the parameter estimates in the path model, I assessed whether a link in the path 

model showed a significant positive or negative effect on the probability of naturalization by 

determining if the 95% credible intervals overlapped zero or not. I identified significant links 

in the path model as those where the 95% credible intervals did not overlap zero. However, 

when the 95% credible intervals marginally overlapped zero, I considered it as a trend to have 

effects on the probability of naturalization.   

All of the models in this chapter were fitted using Markov Chain Monte Carlo (MCMC) 

methods using the software JAGS 4.2.0 (Karreth, 2016) and RStudio version 3.3.1 

(https://cran.r-project.org/bin/windows/base/old/3.3.1/; Horton & Kleinman, 2015). Each 

model was run using three chains for 10000 iterations after a burn-in of 5000 iterations, which 
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was sufficient to achieve convergence.  According to Gelman–Rubin statistic, values <1.1 

indicated convergence (Gelman & Rubin, 1992).    

3.4 Results 

In total, 1439 woody plant species were recorded as being planted in Canberra, of which 101 

have naturalized (7 %). Of the 101 naturalized species, 35 were identified as invasive in 

Canberra. 

3.4.1  Influence of  variables on the probability of naturalization: 

3.4.1.1 Univariate analysis: 

When included individually in the univariate regression, the probability of naturalization 

increased with increasing planting effort, especially when the index of planting effort exceeded 

5,000 individual plants (Figure 3.3-A). The probability of naturalization was also higher for 

taller plants (Figure 3.3-B). In contrast, seed mass did not show any clear association with 

naturalization probability (Figure 3.3-C): the slope estimate for this was close to zero (Figure 

3.3-D). 
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Figure 3.3:  The relationship between the probability of naturalization and the continuous 
variables (A) planting effort (number of plants planted per species), (B) plant height, and (C) 
seed mass for woody horticultural species planted in Canberra (n=1439 species) when these 
are included alone in univariate regressions. Grey crosses are the raw data showing either a 
successful (y-axis values =1 presented above the grey line) or unsuccessful (y-axis values=0 
presented below the grey line) naturalization for each plant species. Black dots represent the 
mean probability of naturalization for plant species based on roughly even-sized groups of data 
for each x-axis variable (11 groups for planting effort, 8 for plant height and 6 for seed mass). 
The red lines are the best model fit and the black dashed lines are the 95% credible intervals 
around the mean model fit. Note: x-axes are log-transformed. (D) shows the slope estimates 
and the associated 95% credible intervals (error bars) for the relationships shown in A-C; 
values where the 95% credible intervals do not overlap zero provide strong evidence that a 
variable is associated with naturalization success. 
 
 
1970). However, naturalization probability did not decline steadily between these periods and 

was unusually high for species introduced between 1911and 1930. This inconsistency may 

reflect the indirect influence of other variables on naturalization success. Species introduced 

during the period 1911-1930, when the city was beginning to expand, may have formed the 

core of plantings and been introduced in large numbers. Because of this, both multiple 
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regression and path analysis were used to examine direct and indirect effects on naturalization 

probability (see below).   

Naturalization probability differed among species with different dispersal modes 

(Figure 3.4-C), with the highest naturalization probability for plant species dispersed by 

internal animal transport (approximately 18 %). Species with a clear dispersal mode had a 

higher naturalization probability than species with no apparent means of dispersal (unassisted).  

 

Figure 3.4:  The relationship between the probability of naturalization and (A) the maximum 
cold hardiness zone (from the European Garden Flora), (B) introduction period, and (C) 
dispersal mode for woody horticultural species planted in Canberra (n=1439). Solid circles 
show the proportion of species naturalising in each category, lines are the associated 95% 
credible intervals. Cold hardiness zones H1 = <-20○C, H2 =-15○C to -20○C, H3 =-10○C to -
15○C, H4 = -5○C to -10○C, H5 =0○C to -5○C, G1 = 0○C to 5○C, G2 = 5○C to 10○C, and missing 
refers to plants for which their cold hardiness could not be determined. Introduction periods 
were grouped into bins of 20-year periods. 
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Probabilities of naturalization varied significantly among the 135 plant families, ranging from 

(parameter estimates) -0.9 to approximately 1.75 (Figure 3.5-A). Some families such as 

Salicaceae, Apocynaceae, Leguminosae, Poaceae, Oleaceae, and Rosaceae had a significantly 

(P<0.05) higher probability of naturalization (Figure 3.5-B). 

 
Figure 3.5:  A-Distribution of the probabilities of naturalization in the 135 plant families, plant 
families are arranged in ranks to show the range of variation.  B-Probabilities of naturalization 
in some selected plant families, those having significantly higher probability of naturalization, 
and some families that had lower naturalization probabilities. Solid circles show the proportion 
of species naturalizing in each category, lines are the associated 95% credible intervals. 
 

3.4.1.2 Multiple regressions 

When all variables were included in a multiple regression model (Figure 3.6), naturalization 

probability was positively associated with planting effort (parameter estimate = 1.92, meaning 

species with more planting effort are more likely to naturalize) negatively associated with seed 

mass (parameter estimate = -1.04, denoting lighter seeded species are more likely to naturalize). 

In this model, the introduction period was included as a continuous variable from 1-8, with 

smaller values assigned to earlier introduction periods (Table 3.1). Thus, a significant negative 
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effect of the introduction period (parameter =-1.36) indicated that species introduced earlier 

were more likely to naturalize having controlled for other variables in the model. 

 

Figure 3.6:  Multiple regression parameter estimates and associated 95% credible intervals 
for the variables examined for the probability of naturalization of woody horticultural plants 
introduced to Canberra.  Solid circles represent the parameter estimated and the lines are the 
associated 95% credible intervals.  For hardiness zone and dispersal mode, one category 
(marked with *) was treated as the reference class, positive values of the other categories 
indicate a higher probability of naturalization relative to the reference class. 

Among dispersal modes, abiotic dispersal was not different from the reference class (biotic 

dispersal), but species without any specific dispersal mechanism (unassisted dispersal) had a 

much lower probability of naturalization (parameter estimate -2.19). Compared to species able 

to tolerate temperatures <-5oC (the reference class), species with hardiness zone >-5oC were 

less likely to naturalize, although the 95% credible intervals slightly overlapped zero. Plant 

height was also positively associated with the likelihood of naturalization (taller plants were 

more likely to naturalize), but the 95% credible intervals also slightly overlapped zero. 
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3.4.1.3 Path analysis 

I used path analysis to disentangle the direct and indirect effects of variables on naturalization 

probability. The results of the path analysis (Figure 3.7) again revealed the direct effects of 

anthropogenic factors (propagule pressure and residence time) on naturalization probability. 

Propagule pressure had a strong positive influence while introduction period had a significant 

negative effect on naturalization probability. 

 

Figure 3.7: Path diagram showing the resulting significant relationships between the species 
traits, anthropogenic factors and probability of naturalization in woody horticultural plants 
introduced to Canberra. Solid arrows represent significant relationships; green solid arrows 
represent the positive relationships, red solid arrows represent the negative relationships, and 
dashed arrows represent trends to have positive (green)/negative (red) relationships among the 
variables and/or naturalization probability; parameter estimates. One category (marked with*) 
was chosen as the reference class. 
 

Like the univariate analysis and multiple regression analysis, these results reinforce that the 

likelihood of naturalization increases with increasing propagule pressure and longer residence 

time (earlier introduction period). Among the species traits, seed mass (parameter estimate -
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1.05) and unassisted dispersal (parameter estimate -2.20) directly influenced naturalization 

success and both had significant negative effects. In the case of dispersal mode, species with 

unassisted dispersal had the lowest naturalization probability and also tended to have lower 

planting effort. Thus, species with unassisted dispersal were less frequently planted in Canberra 

relative to other dispersal modes, which might have indirectly influenced their naturalization 

success. Similarly, negative relationships between seed mass and propagule pressure 

(parameter estimate -0.11) and introduction period (parameter estimate -0.14) suggest that 

species with heavier seeds were less likely to naturalize in Canberra as they were planted in 

lower numbers and introduced later.  

For plant height, taller species tend to have a higher probability of naturalization than 

shorter species. Although plant height did not have a significant direct effect on the 

naturalization probability, it was significantly positively (parameter estimate 0.11) associated 

with planting effort (Figure 3.7) and negatively associated with the introduction period. Taller 

plants were introduced in higher numbers and earlier in Canberra than smaller plants and thus, 

plant height influenced naturalization probability indirectly via planting effort and residence 

time. Similarly, species originating in warmer places (hardiness zones > -5oC) showed a 

significant negative relationship with planting effort (parameter estimate -0.24). Thus, species 

belonging to warmer regions were planted in smaller numbers than species originating from 

colder areas, most likely because of their better match to Canberra’s climate. Greater planting 

effort in turn facilitated their naturalization. 

3.4.2 Influences of  variables on the probability of invasion 

3.4.2.1 Univariate analysis 

When variables were included individually in univariate regression, the potential of a 

naturalized species to become invasive was positively associated with planting effort (Figure 

3.8-A), although the slope estimate (0.44) (Figure 3.8-D) was much lower than the slope of 



86 
 

the relationship between planting effort and invasion probability, suggesting a weaker effect of 

planting effort on invasion relative to naturalization probability. Neither plant height (Figure 

3.8-B) nor seed mass (Figure 3.8-C) were associated with the probability of invasion. 

 

Figure 3.8:  The relationship between the probability of invasion and the continuous variables 
(A) planting effort (number of plants planted per species), (B) plant height, and (C) seed mass 
for woody horticultural species that became invasive in Canberra (n=101) when these are 
included alone in univariate regressions. Grey crosses are the raw data showing either a 
successful (y-axis values =1 presented above the grey line) or unsuccessful (y-axis values=0 
presented below the grey line) invasion for each plant species. Black dots represent the mean 
probability of invasion for plant species based on roughly even-sized groups of data for each 
x-axis variable. The red lines are the best model fit and the black dashed lines are the 95% 
credible intervals around the mean model fit.  Note: x-axes are log-transformed. D shows the 
slope estimates and the associated 95% credible intervals (error bars) for the relationships 
shown in A-C; values where the 95% credible intervals do not overlap zero provide strong 
evidence that a variable is associated with invasion success.  
 
 

Categorical variables were grouped in similar categories as Figure 9 for analyzing their 

effects on invasion probability. Hardiness zone (Figure 3.9-A) and dispersal mode (Figure 
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3.9-B) did not show a clear difference across categories of invasion probability. Moreover, 

there was no definite pattern in the relationship between the introduction period and 

probability of invasion of woody naturalized species. 

 

 
Figure 3.9:  The relationship between the probability of invasion and (A) the maximum cold 
hardiness zone (European Garden Flora) for a species, (B) introduction period, and (C) 
dispersal mode for woody horticultural plants planted in Canberra (n=101). Solid circles 
show the proportion of species naturalising in each category, associated with 95% credible 
interval. Cold hardiness zones H1 = <-20oC, H2 =-15oC to -20oC, H3 =-10 oC to -15oC, H4 = 
-5oC to -10oC, H5 =0oC to -5oC, G1 = 0 oC to 5oC, G2 = 5oC to 10oC , and missing refers to 
plants for which their cold hardiness could not be determined. Introduction periods grouped 
into bins of 20-year periods. 
 

3.4.2.2 Multiple regressions: 

Results of multiple regression (Figure 3.10) showed that among all the variables only planting 

effort had a significant positive association with invasion probability (parameter estimate 1.4). 
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As there was no variable other than planting effort that had a strong influence on invasion 

probability in multiple regression, I did not carry out a path analysis. 

 
Figure 3.10:  Parameter estimates and associated 95% credible intervals for the variables 
predicting the probability of invasion for woody horticultural plants naturalized in Canberra. 
For continuous variables (planting effort, plant height, and seed mass, and introduction period) 
positive and negative values indicate positive and negative influences on the probability of 
invasion respectively. For categorical variables (hardiness zone and dispersal mode), one 
category (marked with *) was treated as the reference class, positive values of other categories 
indicate a higher probability of invasion relative to the reference class. 
 

3.5 Discussion 

Among 1439 horticultural woody species introduced to Canberra over almost 165 years, 101 

species have naturalized. Of these 101 naturalized species, 35 species were identified as 

invasive species. According to the tens rule proposed by Williamson & Fitter (1996), only 

about 10% of introduced species manage to naturalize and among them, again only 10% 

become invasive (Feng et al., 2016). In the present study, even a smaller proportion of species 

naturalized (6.7%) and became invasive (2.3%). I found that, while the probability of 
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naturalization for horticultural woody species was highly influenced by anthropogenic factors 

such as propagule pressure (planting effort) and residence time in the target area (introduction 

period), the invasiveness of these species was only affected by propagule pressure. Species 

traits tested in this study, such as seed mass and dispersal mode had significant direct effects 

on naturalization probability, but plant height influenced the probability of naturalization 

indirectly via both planting effort and residence time, and hardiness zone influenced 

naturalization indirectly through the planting effort.  

3.5.1 Influences of anthropogenic factors (propagule pressure and residence time) 

Propagule pressure had significant positive effects on the probabilities of naturalization and 

invasion. Therefore, greater planting effort of woody horticultural species was associated with 

increased establishment in the wild. Previous studies have also found a strong positive link 

between propagule pressure, naturalization, and invasion (Duncan, 2016; Lockwood, Cassey, 

& Blackburn, 2005; Peoples & Goforth, 2017; Pyšek, Krivanek, & Jarosık, 2009; Trueman, 

Atkinson, Guézou, & Wurm, 2010). By increasing the initial population size, the introduction 

of large numbers of propagules of a non-native species to the target region reduces the chance 

of extinction (Simberloff, 2009). Moreover, higher propagule pressure increases the likelihood 

of dispersal into suitable locations for establishing self-sustaining populations (Simberloff, 

2009). Thus, the number of introduced propagules and the availability of suitable environments 

in the target range function together to increase the likelihood of successful naturalization in 

non-native species (Duncan, 2016).  

Residence time, the time since the introduction, is a crucial factor that plays a pivotal 

role in naturalization and invasion success (Mayer et al., 2017; Pyšek, Krivanek, & Jarosık, 

2009; Trueman, Atkinson, Guézou, & Wurm, 2010; Wilson et al., 2007). The results of the 

present study also demonstrated that the probability of naturalization was highest among plants 

first introduced in Canberra before 1851 and lowest in plants first introduced after 1970. There 
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was an increase in naturalization probability for plants planted between the years 1911 and 

1950 in the univariate regression model. This rise in the probability of naturalization coincided 

with the period when Canberra underwent a rapid expansion and it may reflect an increase in 

planting effort for some species (Figure 2.2, Chapter 2). Indeed, when I included residence 

time (introduction period) in the multiple regression and path analysis models to examine its 

role in relation to other factors, the introduction period had a significant negative relationship 

with naturalization, indicating a higher probability of naturalization for species planted earlier. 

Species with longer residence time will have had more time to produce a large number of 

propagules, which in turn likely increases the chance of dispersal and arrival in locations 

favourable for establishment (Feng et al., 2016; Mack et al., 2000; Richardson & Pyšek, 2012). 

In the case of horticultural species, plants with longer residence time may also be planted more 

widely, which facilitates naturalization and spread (Dehnen-Schmutz, 2011). Although 

residence time influenced naturalization probability, I did not find any strong relationship 

between the probability of invasion and residence time. 

 3.5.2 Influence of species traits   

In several previous studies, invasive species were found to be characterised by specific 

functional traits that were absent in species that failed to naturalize or to become invasive in 

the non-native range (Diez et al., 2009; McKnight, García-Berthou, Srean, & Rius, 2017; 

Peoples & Goforth, 2017; Thuiller et al., 2005; van Kleunen, Dawson, Schlaepfer, Jeschke, & 

Fischer, 2010). Previous studies have also shown that when propagule pressure is high, woody 

horticultural species escape from gardens regardless of their species traits (Čuda, Skálová, 

Janovský, & Pyšek, 2016; Proches, Wilson, Richardson, & Rejmánek, 2012). It is possible that 

functional traits are more important during the later stages of plant invasion, i.e., spread (Čuda, 

Skálová, Janovský, & Pyšek, 2016; Procheş, Wilson, Richardson, & Rejmánek, 2012). My 

results demonstrate a negative relationship between seed mass and the probability of 
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naturalization but no strong relationship with the probability of invasion. In other studies, 

woody species with lighter seeds were found to have a wider native range, which facilitated 

naturalization and invasion success (Peoples & Goforth, 2017; Pyšek, Krivanek, & Jarosık, 

2009), and often species with smaller seeds have higher reproductive output resulting in higher 

propagule pressure (van Kleunen, 2007). Moreover, lighter and smaller seeds are readily 

dispersed to distant places by dispersal agents, which also enhance the chances of propagule 

arrival at suitable locations. Typically, invasiveness in woody plants is higher in plants whose 

seeds and fruits are dispersed by vertebrates (Pyšek, Krivanek, & Jarosık, 2009; Rejmánek & 

Richardson, 1996; Richardson & Rejmánek, 2004). My results show that species devoid of any 

specific means of dispersal (unassisted dispersal) had significantly lower naturalization 

probability than those dispersed by various biotic and abiotic agents. In general, when seeds, 

fruits or other reproductive parts (propagules) are dispersed by biotic and abiotic agents, they 

have more chance to travel far from the source region and larger numbers of propagules can be 

dispersed by these agents than for unassisted dispersal. These facilitate non-native plants 

establishing and spreading in the introduced range.  

Plant height is another important factor that has a strong positive relationship with 

naturalization success (Catford & Downes, 2010; Pyšek, Krivanek, & Jarosık, 2009; 

Richardson et al., 2007). I also found a significant positive association between average plant 

height and the probability of naturalization in the woody horticultural species introduced in 

Canberra. In general, species with taller stature have the higher competitive ability, which helps 

them to compete with the native flora and aids their successful establishment in a new 

environment (Pyšek, Prach, & Smilauer, 1995; Shipley & Keddy, 2016). Moreover, previous 

studies found a positive effect of plant height on mean seed dispersal distance (Nathan & 

Muller-Landau, 2000; Thomson, Moles, Auld, & Kingsford, 2011). Often, to overcome the 

reduced chance of survival related to the proximity of parent trees, tall species with large 
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canopies require dispersal to distant locations (Hyatt et al., 2003; Thomson, Moles, Auld, & 

Kingsford, 2011).  

Similar climatic conditions in the native and introduced ranges promote naturalization 

and invasion success of introduced species in target regions (Beaumont et al., 2009; 

Broennimann & Guisan, 2008; Feng et al., 2016). In this study, I found that the probability of 

naturalization in Canberra was typically higher in the group of woody species that were able to 

withstand temperatures below -5oC compared to those that did not have such tolerance. By 

reducing survival and growth, freezing temperature and frosts impede the naturalization 

process of seedlings in many woody species (Dehnen-Schmutz, Touza, Perrings, & 

Williamson, 2007; Hanspach, Kühn, Pyšek, Boos, & Klotz, 2008). Therefore, I surmise that 

introduced species arriving from a similar native range (cold winter with sub-zero minimum 

temperature) may thrive better in Canberra, eventually resulting in higher naturalization 

success, which was the case. However, similar to previous studies (Hanspach et al., 2008; 

(Herron, Martine, Latimer, & Leicht-Young, 2007, 2007; Sexton, Mckay, & Sala, 2002), I did 

not find any relationship between cold tolerance and invasion success in the introduced woody 

species. Invasive species tend to belong to certain families that presumably have features 

making them successful invaders (Daehler, 1998; Petr Pyšek, 1998). My results indicated that 

among the introduced families, the probability of naturalization was higher in the families 

Salicaceae, Apocynaceae, Leguminosae, Poaceae, Oleaceae, Rosaceae, although there was no 

clear pattern in their invasion success.   

3.5.3 Interaction between anthropogenic factors and species traits  

In this study, plant height tended to have a positive influence on successful 

naturalization and there was a strong positive association between plant height and propagule 

pressure. Plant height is a preferred trait for economic benefit in silviculture (Peoples & 

Goforth, 2017). Consequently, earlier introduction of taller species in significant numbers 
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provided them with a higher propagule pressure and a longer residence time, which in turn 

indirectly assisted their naturalization process. Significant negative relationships between seed 

mass, propagule pressure, and residence time indicate that species with smaller seeds were 

planted more frequently and were introduced earlier. Therefore, in addition to the direct 

negative influence on naturalization, seed mass also influenced naturalization via 

anthropogenic factors.  

Similar to plant height, this study indicated an adverse influence of lower cold hardiness 

(hardiness zones > -5○C) on naturalization probability. A significant negative association 

between hardiness zones > -5○C and propagule pressure suggests that winter hardier species 

were introduced more frequently in Canberra. Occurrences of frost events with freezing 

temperature in Canberra resulted in the deliberate introduction of hardier woody non-native 

species which in turn facilitated their naturalization through greater planting effort. 

Species traits exhibit both direct and indirect effects on the naturalization and invasion 

process of woody species. Exploring the indirect roles of these factors through human 

interference will help invasion biologists to understand the underlying processes of successful 

establishment and invasion of non-native species (Maurel, Hanspach, Kuhn, Pyšek, & van 

Kleunen, 2016; Pyšek et al., 2015). Recent studies have clarified the invasion process by 

identifying the key invasion stages and processes likely to be important at each stage 

(Blackburn et al., 2011; Peoples & Goforth, 2017). However, studies are seldom based on 

actual records of the introduction of non-native species over a long period, such as the 165-

year record for Canberra. 

 In this study, I used this comprehensive dataset to present a quantitative framework 

that can be used for the evaluation of direct and indirect influences of anthropogenic factors 

and species traits on naturalization and invasion. Overall, the positive influence of residence 

time on naturalization probability suggests that more introduced species will naturalize over 
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time in Canberra. The findings of this study could be used to identity future invaders from 

introduced species that have been planted in Canberra but have not yet naturalized. 
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Supplementary data (Chapter 3) 

Supplementary table 3.1. List of hardiness zones and number of species in each category, including 
missing values and number of naturalized and invasive species. There were a total of 1439 species, 
among them 101 were naturalized, and 35 became invasive in Canberra. 

Category     Total number of species     Number of naturalized species  Number of invasive species 

  H1   221   25    8   

  H2   177   21    11 

  H3   206   24    7 

  H4   177   17    4 

  H5   267   11    4 

  G1   111   2    1 

  G2   57   1    0 

 Missing  223   0    0 

 
 

Supplementary table 3.2. List of plant introduction periods and number of species in each category, 
including missing values and number of naturalized and invasive species. There were a total of 1497 
species, among them 101 were naturalized, and 35 became invasive in Canberra. 

Category       Total number of species      Number of naturalized species  Number of invasive species 

1= <1851                      290                                           45   13 

2= 1851-1870               239                                          14   6  

3= 1871- 1890              183                                           6                5 
  
4= 1891-1910              185                                           12   5 

5= 1911-1930               54                                              8   3 

6= 1931-1950               96                                              9   3 

7=1951-1970                93                                              2   0 

8= > 1970                    299                                              5   0 
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Supplementary table 3.3. List of dispersal modes and number of species in each category, including 
missing values and number of naturalized and invasive species. There were a total of 1497 species, 
among them 101 were naturalized, and 35 became invasive in Canberra. 

Category            Total number of species      Number of naturalized species  Number of invasive species 

External animal transport 49   6   4 
 
Internal animal transport 324   56             19 
 
Unassisted dispersal  69   2   1 
   
Water dispersal   16   2   0 
   
Wind dispersal   221   28   11  
  
Missing value   763   7   0 
 
 
 

Supplementary table 3.4. List of traits (continuous variables) variables and their categories, and the 
number of species in each category, including missing values and number of naturalized and invasive 
species. There were a total of 1497 species, among them 101 were naturalized, and 35 became invasive 
in Canberra. 

   Trait   Category   Total number of species   Number of naturalized species     Number of invasive species  

Height     Values                1133        101          35 
    

      Missing              306                                            0       0     

 

Seed mass   Values               760                    84               31 

       Missing              679                                17                4 
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CHAPTER 4 

INFLUENCE OF PLANTING EFFORT AND PLANT TRAITS ON THE LAG-PHASE IN 
WOODY HORTICULTURAL SPECIES 

 

4.1 Abstract 

Horticulture is a primary source of weed introductions in urban areas. There is often a 

substantial time lag between the time a species is introduced and its subsequent naturalization 

in the wild, with the length of this lag-phase varying among species. Understanding why 

species differ in their lag-phase and identifying which species have the potential to naturalize 

but have not yet done so due to a long lag-phase, is important to assess future naturalization 

risk. I aimed to use nursery and naturalization records for the city of Canberra, Australia to test 

hypotheses about the factors underlying variation in the lag-phase from introduction to 

naturalization for horticultural trees and shrubs. Canberra provides a unique opportunity to do 

this because it was a planned city established in 1913, with extensive horticultural plantings 

that originated from government nurseries, which kept excellent records. I used historical 

nursery records to quantify the history of planting for 101 naturalized woody species, 

identifying the year of first recorded introduction to the nursery and the number of nursery 

records, and the year of naturalization for each species in the Canberra urban area from 

herbarium records. I examined the influences of different factors, including the rate of planting 

and species traits (height, seeds mass, dispersal mode, cold hardiness), on the length of lag-

phase by fitting univariate and multivariate model in a Bayesian framework. The length of the 

lag-phase varied widely among species, ranging from 20 to 170 years. My results demonstrated 

that propagule pressure, measured as the average intensity of planting over time, and plant 

height influenced the lag-phase between introduction and naturalization: species planted in 

consistently higher numbers per year had a shorter lag-phase, while taller species had a longer 



108 
 

lag phase. Understanding these relationships helps quantify the naturalization risk posed by 

existing and future horticultural plantings. 

 Keywords: Bayesian framework, introduction history, multivariate analysis, nursery 

records, planting intensity, plant traits, woody species  

4.2 Introduction 

The invasion of a plant species into a new region can be divided into three stages: introduction, 

establishment or naturalization, and spread (Blackburn et al., 2011; Richardson et al., 2000; 

Theoharides & Dukes, 2007). To be considered a successful invader, a plant species must pass 

through all three stages. Some species have been introduced but have not yet naturalized, while 

others have naturalized but have not yet spread. A key consideration in this process is that there 

can often be a substantial time delay associated with a species transitioning from one stage to 

the next, termed a time- or invasion-lag (Aikio, Duncan, & Hulme, 2010; Kowarik, 1995; 

Larkin, 2012; Mack et al., 2000). In general, the term ‘lag’ denotes a relative delay in the rates 

of two distinct events (Crooks, 2005; Crooks & Soule, 1999). Two lag-phases associated with 

transitions between invasion stages are commonly identified: a lag between the time of 

introduction and naturalization, and a lag between the time of naturalization and spread (Caley, 

Groves, & Barker, 2008; Kowarik, 1995; Theoharides & Dukes, 2007). For deliberately 

introduced ornamental or agricultural plants, there is often a considerable time lag between 

introduction and establishment in the wild (Crooks, 2005; Kowarik, 1995). For trees in 

Brandenburg, Germany, for example, an average lag phase of 147 years was observed between 

the first deliberate planting of a species and its naturalization in the wild, with lag-phases for 

some species exceeding 350 years (Kowarik, 1995). Even after naturalization in the new range, 

some exotic species may remain in low numbers and confined within a small region for a 

considerable time period before increasing in number and spreading widely: in other words, 

becoming invasive (Aikio, Duncan, & Hulme, 2010; Crooks, 2005; Kowarik, 1995). 
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Lag-phases have received considerable attention in the invasion literature (Aikio, 

Duncan, & Hulme, 2010; Baker & Stebbins, 1965; Coutts, Helmstedt, & Bennett, 2018;  

Crooks, 2005;  Crooks & Soule, 1999; Hobbs & Humphries, 1995; Hyndman, Mesgaran, & 

Cousens, 2015; Kowarik, 1995; Strayer et al., 2017), although in comparison to animal 

invasions there are relatively few studies on lag-phases in plant species (Kowarik, 1995; Pyšek 

& Prach, 1993). A generalized understanding of what causes lag-phases in plants and why 

species can differ so markedly in the length of the lag-phase is critical in understanding 

invasion success and determining future risk (Crooks, 2005; Hobbs & Humphries, 1995; 

Kowarik, 1995). The study of lag-phases is particularly important for horticultural plants. A 

large number of exotic species have been and continue to be introduced as horticultural plants, 

with horticultural species the most important source of invasive species worldwide 

(Combellack, 1989). For example, in Australia, 65% of plant species that were naturalized 

between 1971 and 1995 were introduced as horticultural species (Groves, 1997; Dehnen-

Schmutz, Touza, Perrings, & Williamson, 2007). Owing to their larger size, and other traits 

related to reproduction and dispersal, in general woody species appear to have longer lag-

phases than herbaceous species (Frappier, Lee, Olson, & Eckert, 2003; Wangen, Webster, & 

Griggs, 2006). The longevity and prolonged juvenile period of woody ornamental species 

makes it more difficult to distinguish those species that are unlikely to become invasive from 

those species that are not yet invasive because they are still in the lag-phase (‘sleeper weeds’) 

(Cunningham,  Barry, Woldendorp, & Burgess, 2004; Groves, 2006). For example, in Britain, 

Fallopia japonica exhibited a lag-phase of 36 years between introduction and naturalization, 

but a more prolonged lag-phase of 54 years between naturalization and significant spread 

(Groves, 2006). Due to the long lag-phase between naturalization and spread, Fallopia 

japonica is considered to be a ‘sleeper weed’. However, many exotic species show fast 

population-growth and subsequent range-expansion, and considerably shorter lag-phases 
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between introduction and naturalization (Crooks & Soule, 1999; Kowarik, 1995). Despite most 

of the previous studies on lag-phases or lag-times in invasion biology focusing on population 

growth or spread, lags occur throughout the entire invasion process (Crooks, 2005; Crooks & 

Soule, 1999; Kowarik, 1995).  

At each stage of invasion, a few interacting factors play a pivotal role in determining 

whether and how fast an introduced plant species will successfully move from one stage to the 

next (Dullinger et al., 2017; Kolar & Lodge, 2001; Rejmánek & Richardson, 1996).  For 

example, human-mediated propagule pressure, life-history traits of the invaders, physical and 

climatic conditions of the invaded range, and availability of suitable habitats  (Catford, Jansson, 

& Nilsson, 2009; Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007; Dullinger et al., 

2017).There is a strong positive correlation between propagule pressure (total number of 

individuals/propagules (i.e., seeds) introduced) and the successful naturalization of plant 

species, in that the more propagules introduced the greater the probability of naturalization 

(Colautti, Grigorovich, & MacIsaac, 2006; Dawson, Burslem, & Hulme, 2009; Duncan, 2016; 

Kolar & Lodge, 2001; Lockwood, Cassey, & Blakburn, 2005; Pemberton & Liu, 2009; 

Williamson & Fitter, 1996). This is because introductions involving a larger the number of 

individuals have a greater chance of overcoming the risks of extinction associated with small 

populations (Lockwood, Cassey, & Blakburn, 2005). In addition, repeated introductions of 

individuals into one location allows the developing population to overcome biotic barriers (i.e., 

small population size, population growth constraints and reproductive output) faster, which in 

turn shortens the lag-phases (Kolar & Lodge, 2001; Sakai et al., 2001). A larger founding 

population of an exotic species may also aid in faster dispersal and spread from the introduced 

loci. Also, when an exotic species is introduced in greater numbers there is more chance the 

propagules will arrive at suitable sites (Barney, 2006; Kowarik, 1995; Weber, 1998). Thus, 
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founding population size affects not only the chances of naturalization or invasion, but also 

influences the time required to naturalize and spread in the novel environment. 

A range of life-history traits including age at maturity, seed characteristics, and 

dispersal mechanisms could influence the lag-phase of species invasions (Castro, Figueroa, 

Muñoz-Schick, & Jaksic, 2005; Kowarik, 1995; Pyšek & Prach, 1993; Pyšek et al., 2004). The 

time to reproductive maturity of a species (i.e., minimum time a species requires to produce 

propagules) is a crucial determinant of its likely lag-phase between introduction and 

naturalization (Kowarik, 1995). Species with shorter reproductive maturity times have faster 

population growth (Cole, 1954); thus they could invade faster than species that take longer to 

reach reproductive maturity (Kowarik, 1995; Pyšek & Prach, 1993; Roy, 1990). Annuals and 

monocarpic perennial species are therefore likely to have a shorter lag-phase than longer-lived 

perennials (i.e., woody shrubs and trees) (Kowarik, 1995; Rejmanek & Richardson, 1996). The 

growth of a plant population depends in part on seed characteristics such as seed mass, the 

quantity of seed produced and seed germinability. We might expect species with smaller or 

lighter seeds to produce a larger number of seeds, and therefore to have higher propagule 

pressure, which in turn may shorten the lag-period (Moles &Westoby, 2004; van Kleunen, 

2007). In some cases, the absence of effective means of dispersal of propagules can result in 

longer lag-phases in plants (Castro, Figueroa, Muñoz-Schick, & Jaksic, 2005; Novak & Mack, 

2001; Parendes & Jones, 2000). Dispersal ability significantly affects the time required to reach 

safe sites, and higher dispersal ability results in faster range expansion (Clark, Macklin, & 

Wood, 1998; Coutts, Helmstedt, & Bennett, 2018; Crooks, 2005). 

Another critical consideration for biological invasions is the climate/environment 

match between the native and alien range. For example, some introduced species may come 

from environments similar to those into which they are being introduced (Beaumont et al., 

2009; Broennimann & Guisan, 2008), which may increase their chance of successful invasion. 
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Similar biogeographic and climate conditions of the native and introduced ranges  may also 

allow introduced species to adapt faster to the new environment, and these species may require 

a shorter time frame to establish (Barney, 2006; Lee, 2002). Therefore, where climatic 

conditions are favourable to a species, the lag-phase between introduction and naturalization is 

expected to be shorter. 

Although the establishment/naturalization stage of invasion may be influenced by some 

of the above factors, including propagule pressure, life history, species traits, climate match 

between origin and target range, and taxonomic attributes, many plant species exhibit a longer 

lag-phase than we would predict from the above factors (Kowarik, 1995). Therefore, other 

factors potentially influence lag-phases in plant invasions, one of which is associated with 

increased urbanization and human population growth (Davis, 1986; Kowarik, 1995). Historical 

contingency may also influence plant invasions via a possible legacy effect (Castro, Figueroa, 

Muñoz-Schick, & Jaksic, 2005; Groves, 1997; Mack et al., 2000; Rejmanek & Richardson, 

1996). For example, with increasing population growth and the establishment of new suburbs 

and houses in an urban environment, exotic horticultural plant species are planted in gardens. 

These repeated introductions ensure the continuous influx of new propagules through time, 

which may, in turn, facilitate faster naturalization and invasion of species, which would be 

linked to the timing of major urban developments.  

In this study, I aim to examine how factors including propagule pressure, life history 

traits, and climatic match influence the length of the lag-phase between plant introduction and 

subsequent naturalization in the wild using data on planting records (for trees and shrubs) 

combined with naturalization records for the Canberra region. In addition to horticultural 

planting records for the Canberra region, which include the timing of first introduction and an 

index of the number of individuals introduced for each plant species (see Mulvaney, 1991), I 

compiled additional data on the species traits and  hardiness zones (i.e., as a surrogate for 
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climate match between the source and target regions). The year that a species was naturalized 

in Canberra was collected from herbarium records. Those naturalization years showed a 

marked increase in naturalization rate between about 1960 and 1990. The large number of 

species naturalizing during this period suggested that something other than the life history traits 

of those species might have aided their naturalization. Therefore, I wanted to examine if this 

naturalization trend was related to the planting trend of woody horticultural species over time 

in Canberra. To do this, I also examined the relationship between plant introduction and 

population growth in Canberra. To examine how propagule pressure over time might have 

affected the naturalization patterns of woody horticultural species in Canberra, I used records 

from the Yarralumla nursery documenting planting frequencies, which are the number of times 

a particular species was planted in the nursery.  Because the nursery records cover most of 

Canberra’s development over almost 100 years as a planned city, this provides unique and 

novel insights into the lag-phase between plant naturalization and invasion. 

4.3 Materials and methods 

4.3.1 Construction of the dataset: 

In this study I used two datasets. 1) The dataset of 101 woody horticultural species that have 

naturalized in Canberra from the list of 1439 species known to have been introduced up until 

1990 (see Chapter 3). For each of these species, I obtained data on the year of first recorded 

introduction to the Canberra region and the year of naturalization, both of which were used to 

calculate the lag-phase. I also obtained data on species traits likely to impact the length of the 

lag-phase, and on factors likely to influence the date of naturalization. 2) I used the Yarralumla 

nursery records to collect plant introduction data for the naturalized species over time. 
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4.3.1.1 Selection of species, data on years of first introduction and naturalization, and lag-

phase calculation 

Mulvaney’s (1991) database of historical plantings for the Canberra region 

In this study, I used a dataset of historical planting records of woody, non-native, horticultural 

species introduced to Canberra over 150 years (before 1851 until 1990) collected by Mulvaney 

(1991).  I obtained the species names, plant family, the period of first recorded planting 

(introduction period), an index of the number of individuals planted per species (planting 

effort) from Mulvaney's dataset. A detailed description of the data collection for historical 

plantings in Canberra is given in Chapter 2; here, I provide a brief summary. 

Mulvaney collected planting data from four sources: a) records of deliberate plantings 

from nurseries, newspapers and government documents before Canberra was established 

(between 1830 and 1911); b) records from the Yarralumla nursery (between 1912 and 1990), 

which is the government nursery of Canberra and the primary source of government plantings; 

c) records from Willow Park Nursery (between 1930 and 1990);  and d) information from the 

gardening  book ‘The Canberra Gardner’ published annually by The Horticultural Society of 

Canberra (between 1948 and 1982).  

Canberra was converted to a ‘garden city’ of around twelve million trees from the 

mostly open landscape that European settlers encountered (Throsby 1820, Anon 1980, 

Mulvaney 1991). The majority of Canberra's planting was performed by government bodies 

who kept records of their activities, allowing us to reconstruct the history woody plant 

introductions in Canberra. These records make Canberra a highly suitable place to conduct 

studies on the legacy of human-mediated plant introductions. The records of Willow Park 

Nursery and the Government nurseries provided information on the extent of plantings of 

particular species. Information from ‘The Canberra Gardener’ and nursery catalogues were 

used to determine the probable popularity of species during later periods of planting in the 



115 
 

Canberra area when plants are likely to have originated from private nurseries in addition to 

government plantings.  

Before the foundation of Canberra city in 1911, the area was mainly farmland with 

homesteads. Mulvaney (1991) collected the planting records of non-native woody species 

around those homesteads and shelterbelts introduced at the beginning of plantation in 1830. 

While the exact account of the woody species plantation in that period was limited, the 

available information was essential to understand which species were popular around those 

early years.  Mulvaney extracted their plantation records from the nursery catalogues of 

Macarthur, archived newspapers, specifically, the area’s first newspaper ‘The Golden Age’ 

(later ‘The Queanbeyan Age’), The newspaper contained gardening advertisements that listed 

species available for sale at that time in the region. These early records of woody non-native 

species plantation between 1830 and 1911 are important as they offer an opportunity to 

examine the influence of introduction history of a substantially long period on the 

naturalization and invasion pattern. While Canberra started out as the capital city in 1913, some 

woody species had been planted in the Canberra region as long as ninety years before this date, 

though the extent of planting before 1920 was insignificant in comparison to that which 

followed. It is likely that species which have been planted over a long time period, even in 

small numbers, will have had greater opportunities to spread, than more recent plantings. 

Therefore, it was necessary to examine the planting activity that occurred before Canberra 

became a Government town. 

In 1911, the Yarralumla Nursery was established as the government nursery, mainly to 

grow plants for the new capital city. Being a government-run nursery detailed records of the 

plants grown and planted in the nursery were thoroughly documented and archived. Mulvaney 

sampled these records by collecting data from a random three years of records from each 

decade (1912-1984). These years were 1912, 1915, 1918, 1923, 1924, 1928, 1930, 1934, 1936, 
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1946, 1948, 1949, 1952, 1953, 1960, 1963, 1966, 1969, 1972, 1975, 1978, 1981, and 1984. For 

each of these years, Mulvaney collected the number of individuals planted for each species. 

However, as Mulvaney sub-sampled the years, I only have an index of the total number of 

plants introduced for each species. I assumed that the years Mulvaney selected for planting 

data collection were representative of woody horticultural plant introductions across all years 

in Canberra given a random sampling of three years in each decade. Mulvaney (1991) also 

examined the records of Willow Park Nursery (established in 1932), which is the oldest non-

government nursery in Canberra and still functional. These records were used to supplement 

the Yarralumla Nursery records.  

The Canberra Horticultural Society published seven editions of ‘The Canberra 

Gardener’ between 1948 and 1982. ‘The Canberra Gardener’ provided a basis of the likely 

plant species which might be sold in the private nurseries in and around Canberra. However, 

the records from The Canberra Gardener’ needed some means of indexing to get the number 

of plants introduced for each species It was considered that each mention in an edition of The 

Canberra Gardener was equivalent to a nursery record of fifty individuals of that species being 

planted.  

Mulvaney’s (1991) dataset has three fields/variables; plant name, relative planting 

number, and introduction period. The records of Willow Park Nursery, Yarralumla and other 

nurseries provided data on the number of individuals of each species planted for each year 

surveyed, while information from ‘The Canberra Gardener’ and the nursery catalogues helped 

to determine the probable period when a species was first introduced to Canberra (introduction 

period). The overall introduction time (<1851-1990) was divided into eight periods, and each 

period was comprised of approximately 20 years (Chapter 2, Table 2.1). These introduction 

periods were <1851(period of introduction-1), 1851-1870 (period of introduction-2), 1871-

1890 (period of introduction-3), 1891-1910 (period of introduction-4), 1911-1930 (period of 
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introduction-5), 1931-1950 (period of introduction-6), 1951-1970(period of introduction-7), 

>1970 (period of introduction-8). 

Due to recent name changes, Mulvaney’s dataset had a considerable number of 

synonyms and a few instances of incorrect spelling. To ensure consistent nomenclature, I 

updated all the species names in Mulvaney’s list using ‘The Plant List’(2017) and the R 

Package ‘taxonstand’ (Cayuela, Granzow-de la Cerda, Albuquerque, & Golicher, 2012). The 

original data set of Mulvaney (1991) had 2147 species with 2517377 individuals in total. 

However, after removing the native and non-woody grass species and addressing the 

nomenclature (synonyms and incorrect spelling) issues, the dataset was reduced to 16188422 

individuals comprising 1439 species (refer to Chapter 2 for details on cleaning dataset and 

updating species names). 

I first extracted a list of the non-native naturalized species for the ACT region from the 

Australian Virtual Herbarium (AVH, 2017); noting that this list is based on herbarium 

collections and may not represent all naturalized species. Each record from AVH contained the 

following data fields: the species name, the collector’s name, establishment means (not 

cultivated, not native, cultivated, and native), year of collection, month of collection, location 

(name of the place from where the specimen was collected), and latitude-longitude coordinates. 

To ensure that all records represented naturalized species, I removed any record which 

contained the words native or cultivated in the establishment means data field. To limit the 

possibility that a naturalized plant record in the AVH might have originated from a source 

outside of the Canberra region, I confined the AVH records of naturalized plants to an area that 

represented the urban parts of Canberra on the basis that these were most likely to have 

originated from local plantings (refer to chapter 2 for the details). To ensure that I did not miss 

any woody horticultural species that have naturalized in Canberra in the past 25 years (1991-

2015), Mulvaney’s data set was compared with the list of weeds in ACT public land for the 
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years from 2009 to 2015 (ACT Government, Environment, Planning and Sustainable 

Development, 2017). From this list I identified three new woody naturalized species Berberis 

aquifolium, Buddleja davidii, and Rubus vestitus that were not on Mulvaney’s list. For the 

naturalized species represented in the AVH, I recorded the first year each species was recorded 

in the wild within the rectangular area that I used to define the Canberra urban area (Figure1). 

For the three species only in the ACT weed list, I recorded the first year they were identified 

as a weed and considered these as the year of naturalization for these species. I determined the 

mid-point of the first introduction periods ( Mulvaney, 1991), and used these midpoints (Table 

4.1) as the year of first recorded introduction to the Canberra region  (introduction year) for 

each naturalized species.  

 

Table 4.1. Year of first recorded planting in the Canberra region grouped into eight 
introduction periods from Mulvaney (1991) and the introduction year defined as the mid-point 
of the introduction period. 

Introduction period Introduction year 

<1851 1840 

1851-1870 1860 

1871-1890 1880 

1891-1910 1900 

1911-1930 1920 

1931-1950 1940 

1951-1970 1960 

>1970 1980 

 

I calculated the lag-phase for each species as the time difference between its naturalization year 

(from either AVH or the ACT weed list) and year of first recorded introduction. I calculated 
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each species residence time (how long the species had been residing in Canberra) as the period 

from the time of first recorded introduction (introduction year) until 1990 when Mulvaney 

collected the data. 

4.3.1.2 Data on planting efforts and species traits  

In this study, as a measure of planting effort, instead of the total number of individuals of each 

species planted, as in Chapter 3, I used the average number of individuals planted per year 

(annual rate of planting). I calculated this by dividing the total number of individuals planted 

(from Mulvaney, 1991) by the residence time. Some species have resided in Canberra for 

considerably longer than others and using the annual rate of planting provides a measure of 

introduction effort or propagule pressure that adjusts for this in the analysis. 

To examine how the length of the lag-phase was related to species traits, I used the 

following traits: average plant height (in meters, ranged 0.1-65 m), seed mass (in milligrams, 

ranged 0.01-15300 mg), dispersal mode and cold hardiness (hardiness zones). I gathered and 

compiled these traits data from Mulvaney (1991), Duncan et al. (2011), and ‘The European 

Garden Flora’ (2011) (please refer to chapter 2 for details on traits data collection). The 

dispersal modes in the present study were grouped into three categories. Abiotic dispersal 

included seeds dispersed by wind (seed/fruit/reproductive unit carried by wind) and water 

(seed/fruit/ reproductive unit carried by water); biotic dispersal included seeds dispersed by 

internal animal transport (seed/fruit/reproductive unit carried by animals/birds after digestion) 

and external animal transport (seed/fruit/reproductive unit carried by animals/birds externally 

on their body parts, such as hair, fur, feather, foot, horns etc.). Species not having any specific 

means of dispersal were classed as unassisted dispersal. I examined whether resemblance in 

climatic conditions between the place of origin of the naturalized species and Canberra was 

related to the duration of the lag-phase using the hardiness zones of the species (refer to 

Chapter 2 for details on hardiness zones data collection).  
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4.3.1.3. Data on variation in planting effort through time 

I collected data on how the number of plantings of these naturalized species in Canberra varied 

through time between 1911 and 2010 using the digitized records of Yarralumla nursery. 

Yarralumla Nursery, the government nursery of Australian Capital Territory, was first 

established in 1911 in Canberra by Charles Weston. Yarralumla nursery played a pivotal role 

in transforming Canberra from an almost treeless place to the ‘bush capital’ of Australia. In the 

beginning, Charles Weston first started keeping handwritten plantation records. These records 

are available on plant cards and ledgers, which are kept in the nursery, although other relevant 

documents and records are stored at the National Archives and Territory records office. While 

Mulvaney’s dataset (1991) contained planting records of the woody horticultural species 

planted around Canberra, Yarralumla nursery records had the details of internal nursery 

activities, including the arrival of seeds, planting within the nursery etc. The plant cards are 

arranged and stored alphabetically by plant genus name. There are two kinds of cards for each 

genus; green cards are the indexes for different species and varieties for each genus, whereas 

yellow cards have the planting details. The planting details include information on the name of 

the species, and the dates when material such as seeds and cuttings were received by the nursery 

for planting, including the source, condition, seed quantity, planting number, and details about 

sowing, potting, propagating and transplanting species in the nursery. There are about 15000 

plant cards which are kept in two sets. Set-1 cards are of native and exotic species with entry 

dates ranging from 1913 to 1947, while the cards of Set-2 contain the records of mostly exotic 

species from the years 1944 to1965. From 1948 onwards, Lindsay Pryor commenced keeping 

the planting records in ledgers, where he recorded the information about the seeds and cuttings 

he collected around the world and introduced to the nursery. These ledgers are stored in three 

folios, ledgers-1, 2 and 3 with handwritten records for each entry of seeds and cuttings over 65 

years (1948-2011). Among the 101 naturalized woody horticultural species, I found entries for 
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80 of the species in the Yarralumla nursery records (plant cards and ledgers). I recorded all the 

entries for those species, from both nursery cards and ledgers. Whenever a species was 

mentioned on the cards and ledgers, I considered it as a nursery entry. Based on the date of 

receipt, I collated the total number of entries for each species in all years between 1911 and 

2010 chronologically. For example, if there were four records of seed arriving for a particular 

species in a year then I recorded the value 4 for that species in that year. Ideally, I would have 

liked to record the number of individuals produced for planting around Canberra in each year, 

but this information was not available for all species in all years, so I used the number of seed 

lot entries in each year as a proxy for the effort that went into producing each species in each 

year. Thus, for some years I had more than fifty nursery entries, while there were years when 

I recorded fewer than ten entries of the naturalized species. To ensure that I collected all the 

records for a species, I checked all cards for synonyms along with the updated name.  

4.3.1.4 Population growth data 

 To examine plant naturalization in the context of human population growth, I obtained data on 

the population of Canberra through time from The Australian Bureau of Statistics, 2015). Data 

were available for the period 1922 to 2010. I calculated the rate of population growth for each 

decade from 1920 to 2000.  

4.3.2 Statistical analysis 

4.3.2.1 Bayesian models to examine the influence of planting effort and species traits on the 

duration of the lag-phase.  

To evaluate the influence of planting effort and species traits on the duration of the lag-phase, 

I fitted regression models in a Bayesian framework in JAGS 4.2.0 (Karreth, 2016) and RStudio 

version 3.3.1 (Horton & Kleinman, 2015). The dependent variable was the lag-phase, and the 
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independent variables were the annual rate of planting (planting effort), plant family, average 

plant height, seed mass, dispersal mode, and hardiness zone. In this dataset, seed mass (17 out 

of 101 species), and dispersal mode (7 out of 101 species) had missing values. Instead of 

deleting those species with missing values, I estimated the missing values as part of the model 

fitting process (Duncan et al., 2011). Removal of species with missing traits would have 

resulted in losing approximately 17% data (17 species out of 101). Moreover, this would have 

reduced the statistical power of the analyses, and potentially biased parameter estimation 

(Pyšek et al., 2015; Rubin, 1976). In the model, it was declared that the missing values were 

modelled as being drawn at random from the distribution of values associated with each 

species’ plant family. The species traits were included as fixed effects in the model, while plant 

family was included as a random effect, with the coefficients associated with each family 

coming from a normal distribution with mean zero and a standard deviation estimated from the 

data.  For the estimation, I specified hierarchical, non-informative prior distributions to allow 

the data to derive parameter estimates (Duncan et al., 2011). Fixed effect coefficients were 

given wide normal priors (mean 0 and variance 1000), while variances were assigned broad 

uniform priors (0-100) on the standard deviation.  

To examine the effects of planting effort and species traits on the duration of the lag-

phase, I fitted the Bayesian models in two steps. I began the statistical analysis by fitting a 

univariate regression model to assess the effects of each independent variable separately on the 

lag-phase. After that, all the independent variables were included in a multiple regression 

model to examine their collective influence on the lag-phase. I conducted univariate analysis 

to test the individual effects of the continuous variables: average number of individuals planted 

for each species, seed mass, and average plant height and similarly, for the categorical variables 

hardiness zone and dispersal mode. As there were fewer species in the hardiness zone 
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categories H5, G1, and G2, I combined them into one category (H5-G1). All the continuous 

independent variables were log-transformed (base 10) before including them in the models.  

To examine the influence of annual rate of planting (rate) on the lag-phase, I fitted the 

following equation: 

lagi =  b0 + b1ratei 

Here, lagi  is the duration of lag-phase between introduction and naturalization for the ith 

species, and ratei represents the annual rate of planting. Parameters b0 and b1 were estimated 

from the data and were given a prior normal distribution with mean 0 and variance 1000, with 

plant family included as a random factor. I used the above equation for other continuous 

variables including seed mass and average plant height. For the categorical variables (hardiness 

zones and dispersal modes) the mean lag phase of species within each category was calculated 

along with the 95% confidence intervals, where upper and lower limits were 97.5% and 2.5%, 

respectively.  

I included all the independent variables in a multiple regression model. Similar to the 

univariate analysis, I included the log-transformed continuous variables in this regression 

model.  Instead of using seven hardiness zones (H1, H2, H3, H4, H5, G1, and G2), I combined 

them into three classes. Hardiness zones H1and H2 were combined into the class ‘Hardiness 

zone <-15C’, H3 and   H4 were combined into the class ‘Hardiness zone -5 to -15C’, and H5, 

G1, and G2 were combined into the class ‘Hardiness zone >-5C’. For the multiple regression 

model, I used the following equation.   

lagi = b0  + b1ratei  +  b2.seed massi +  b3heighti + b4 hardiness zonei  +  b5dispersal modei + 

b6familyi 
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In this equation lagi is the lag-phase of the ith species, ratei  represents the annual rate of 

introduction, and seed mass, hardiness zone, and dispersal mode are the traits of ith species. 

Parameters b0, b1, b2, b3 b4, and b5 had a prior normal distribution with mean 0 and variance 

1000.  Family was modelled as a random effect. Parameter b7 took a different value for each 

family, with those parameters modelled as coming from a normal distribution with mean zero 

and variance estimated from the data, In this model, for the categorical variables hardiness zone 

and dispersal mode, I specified a reference class where one of the classes of each variable was 

set to the value 0. For dispersal mode, the reference class was the unassisted dispersal, and for 

hardiness zone the reference class was ‘Hardiness zone >-5C○’. The purpose of setting the 

reference class was to estimate the difference in lag-phase between this class and other classes. 

4.3.2.2 Examining naturalization patterns in the context of nursery activities and population 

growth in Canberra. 

The length of the lag-phase is determined by when species were first introduced and when they 

naturalized in Canberra. I examined the pattern of naturalization through time by plotting a 

frequency histogram showing the number of species that naturalized in each decade from 1930 

to 2010. There was substantial variation in the number of species naturalising in each decade 

and this variation could be a key cause of variation in the duration of lag-phases. Species may 

have been more likely to naturalise in some decades relative to others due to variation in factors 

such as planting effort through time. Decades during which there was much greater planting 

effort may have substantially increased the level of propagule supply and therefore increased 

the chances of species naturalizing in that or subsequent decades. To assess this, I also plotted 

histograms of planting effort through time for each decade using the Yarralumla Nursery data 

(total number of nursery entries in each decade), and human population growth for each decade 

(as a surrogate for likely planting effort).  
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4.4 Results  

The duration of the lag-phase (time interval between first recorded introduction and 

naturalization) of the 101 woody naturalized species in Canberra varied greatly, ranging from 

20 years to 170 years, with an average lag-phase of 112 years. (Figure 4.1). The majority of 

species (62% species) had lag-phases longer than 100 years. 

 

Figure 4.1. Frequency distribution of lag-phase duration (years) for 101 naturalized woody 
horticultural species in Canberra grouped into 10-year intervals. 
 

4.4.1 Influences of planting effort and plant traits  

When the independent variables were included individually in univariate regression, lag-phase 

tended to decrease with increasing planting effort, i.e., the average number of individuals 

planted per year of residence for each species (Figure 4.2-A). Thus, species planted in greater 

numbers per year tended to have shorter lag-phases.  Seed mass was not strongly related to 

variation in lag phase (Figure 4.2-B), but the duration of the lag-phase (Figure 4.2-C) was 

positively associated with plant height, such that, on average, taller species took longer to 

naturalize than shorter species. The 95% credible intervals around the slope estimates 

describing these relationships confirmed that planting effort (annual planting rate) was 



126 
 

significantly negatively associated with the duration of the lag-phase, while plant height was 

significantly positively associated with the length of the lag-phase, while seed mass had no 

clear positive or negative effect (Figure 4.2-D).  

  

Figure 4.2: The relationship between the duration of the lag-phase for 101 naturalized plants 
relative to the continuous variables (A) planting effort (average number of individuals per 
species planted per year), (B) seed mass (grams), and (C) plant height (metres), when examined 
individually using univariate regressions. The blue solid lines are the best model fit and the 
blue dashed lines are the 95% credible intervals around the mean model fit, x-axis is log 
transformed. (D) shows the slope estimates and the associated 95% credible intervals (error 
bars) from A-C; values where the 95% credible intervals do not overlap zero provide strong 
evidence that the variables are associated with variation in the lag-phase. 
 

The categorical variables, hardiness zone (Figure 4.3-A) and dispersal mode (Figure 4.3-B) 

showed no clear relationship to the length of the lag-phase as demonstrated by substantial 

overlap in the 95% credible intervals among classes. 
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Figure 4.3:  The relationship between the duration of lag-phase and (A) the maximum cold 
hardiness zone (from the European Garden Flora), and (B) dispersal mode for woody 
horticultural naturalized species planted in Canberra (n=101). Solid circles show the average 
lag-phase in each category, lines are the associated 95% credible intervals. Cold hardiness 
zones H1 = <-20○C, H2 =-15○C to -20○C, H3 =-10○C to -15○C, H4 = -5○C to -10○C, H5 =0○C 
to -5○C, G1 = 0○C to 5○C, G2 = 5○C to 10○C. Dispersal modes abiotic= wind and water 
dispersal, biotic= external and internal animal transport, none=unassisted dispersal, missing 
refers to plants for which their dispersal could not be determined. 
 

When all the continuous and categorical variables were included in a multiple regression model 

to identify the key predictors of lag-phase, only plant height showed a significant effect (Figure 

4.4).  Lag-phase was strongly and positively associated with plant height, meaning taller 

species took longer to naturalize. Although the credible intervals slightly overlapped zero, there 

was a strong tendency for greater planting effort to be associated with a shorter lag-phase, 

suggesting species introduced consistently in higher numbers naturalized faster than those with 

lower planting effort. Seed mass, hardiness zone and dispersal mode were not clearly associated 

with variation in lag-phase. 
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Figure 4.4:  Results of multiple regression model, showing the relationship between lag-phase 
and the variables planting effort, seed mass, plant height, hardiness zones, and dispersal modes. 
Parameter estimates and associated 95% credible intervals are shown (n=101). For hardiness 
zone and dispersal mode, one category (marked with *) was treated as the reference class.  
 

4.4.2 Nursery activities and population growth in Canberra over time 

Naturalization dates of the 101 naturalized woody horticultural species in Canberra revealed a 

sharp increase in the number of naturalized species after 1960, peaking during the decade 

between 1980 and 1990 (Figure 4.5-A).  

From the Yarralumla nursery records, periods with a large number of nursery entries 

(Figure 4.5-B) tended to precede the periods of high naturalization of woody horticultural 

species (Figure 4.5-A). The total number of nursery entries increased steadily every decade 

from the1910, reaching a maximum between 1960 and 1970. Shortly after this time-period, a 

peak in plant naturalization was reported in Canberra.  
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Figure 4.5: Trends of naturalization of the non-native woody horticultural species in Canberra 
between 1920 and 2010. A) Number of new naturalized species in each decade, B) total number 
of nursery entries for Yarralumla Nursery in each decade, C) Canberra’s population growth in 
each decade. 
 

I also wanted to understand if there was any relationship between nursery activities and 

population growth in Canberra (Figure 4.5-C), which in turn might have influenced the 

naturalization of woody species in urban areas. Population growth in Canberra was slow during 

the 1930s, but it rose considerably from 1950 onward, with a sharp rise between 1970 and 

1980. There is a strong resemblance in the patterns of naturalization of woody horticultural 

plants and population growth in Canberra. Increasing numbers of plants were produced by 

Yarralumla Nursery around the1950s and 1960s, just prior to the period when population 

growth was at its highest in Canberra (Figure 4.5-B, C).  
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4.5 Discussion 

The results of this study demonstrated that the time introduced woody species required to 

naturalize since the first introduction varied widely in Canberra: 62% of species had a lag-

phase longer than 100 years, and 20% of species had a lag-phase longer than 150 years.  The 

occurrence of such extended lag-phases appears common among invasive species; previous 

studies have also documented the existence of a wide range in lag-phases (Aikio, Duncan, & 

Hulme, 2010; Coutts, Helmstedt, & Bennett, 2018; Kowarik, 1995; Larkin, 2012). In general, 

woody species tend to have longer lag-phase than herbaceous species (Kowarik, 1995; Mayer 

et al., 2017). In this study, a measure of planting effort, the average annual planting rate since 

a species was introduced, was identified as a significant negative predictor of the length of the 

lag-phase. Of the species traits, plant height was also positively associated with the duration of 

the lag-phase. 

4.5.1 Influence of planting effort 

 Similar to other studies  (Barney, 2006; Kowarik, 1995; Weber, 1998), the results of this study 

support the observation that when species are introduced in higher numbers, they establish 

themselves faster than when they have lower planting effort. Previous studies have found a 

strong positive association between propagule pressure and naturalization and invasion success 

(Duncan, 2016; Lockwood, Cassey, & Blakburn, 2005; Lockwood, Cassey, & Blackburn, 

2009; Peoples & Goforth, 2017; Pyšek, Krivanek, & Jarosık, 2009; Trueman, Atkinson, 

Guézou, & Wurm, 2010). My findings extend these results to show that propagule pressure can 

also influence the length of the lag-phase between introduction and naturalization. Many 

naturalized and invasive plant species originate from horticulture (Čuda, Skálová, Janovský, & 

Pyšek, 2016; Groves, Boden, & Lonsdale, 2005), and the frequency of planting directly affects 

propagule pressure. When an exotic species is introduced in greater numbers, it has a greater 

chance of overcoming the risks of extinction associated with small populations (Lockwood, 
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Cassey, & Blakburn, 2005) and for propagules to arrive at a ‘safe site’ (Barney, 2006; Weber, 

1998). My findings suggest that this results in faster naturalization and may also facilitate range 

expansion (Barney, 2006; Kowarik, 1995; Weber, 1998).   

4.5.2 Influence of plant traits 

I found that taller species took longer to naturalize than shorter ones. Several other studies have 

reported a similar relationship between lag-phase and plant height (Kowarik, 1995; Wangen, 

& Webster, 2006; Webb, Dwyer,  Kaunzinger, & Wyckoff, 2000). Owing to their larger size 

and longevity, the growth rate, and time to first reproduction of tall woody species are 

comparatively slower than shorter woody species and slower still than herbaceous plants 

(Kowarik, 1995; Wangen & Webster, 2006), meaning taller species take more time to 

reproduce, naturalize, and spread (Bucharova & van Kleunen, 2009). For example, Acer 

plantanoids was introduced to North America during the mid-1700s was widely planted as an 

ornamental tree during the late 20th century, but only recently identified as an invader (Wangen 

& Webster, 2006; Webb, Dwyer,  Kaunzinger, & Wyckoff, 2000). This species is long-lived 

in North America (average 125 years) and produces seeds after about 30 years (Gordn & Rowe, 

1982; Nowak & Rowntree, 1990; Wangen & Webster, 2006). In a comparable study, Caley et 

al. (2008) found the duration of lag-phase between introduction and naturalization was also 

related to plant size, with shorter species naturalizing faster than taller species. 

In the present study, seed mass was unrelated to the length of the lag-phase. In general, 

species with lighter seeds are associated with higher seed production, which in turn results in 

higher propagule pressure (Moles & Westoby, 2004; van Kleunen, Manning, Pasqualetto, & 

Johnson, 2008). Lighter and smaller seeds are suitable for long-distance dispersal, as they can 

reach safe sites faster than other species with heavier seeds, which could result in faster 

establishment and spread. However, some studies have reported that when small seeds are 

produced in higher numbers, each has a lower probability of establishment, while larger seeds 
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produced in lower numbers might have higher establishment success (Moles & Westoby, 

2004). I did not find any significant influence of dispersal mode on the lag-phase. Previous 

studies have found that the presence of specific dispersal mechanisms can assist with a faster 

local spread in some species; for example, animal dispersal in Opuntia stricta, Acacia cyclops, 

Vaccinium spp, water dispersal in Mimosa pigra, and wind dispersal in Pinus spp (Lloret, 

Médail, Brundu, & Hulme, 2004; Pysˇek & Hulme, 2005; Richardson et al., 2000). Although, 

I found (Chapter 2) that the probability of naturalization was higher in the species which are 

dispersed by different biotic and abiotic dispersal agents than those species which do not have 

any particular means of dispersal; dispersal mode did not explain variation in the lag-phase. 

In the present study, I used cold hardiness as a surrogate for climate match between the 

source and the target region. In the winter, the daily minimum temperature of Canberra drops 

below 0○C and   Canberra often experiences cold temperatures as low as -5○C. In the previous 

study (Chapter 2), I found that the probability of naturalization was higher in species that can 

withstand freezing temperatures. The onset of freezing temperature and frost events inhibit the 

process of naturalization by hampering plant growth and survival (Dehnen-Schmutz, Touza, 

Perrings, & Williamson, 2007; Hanspach et al., 2008). Kowarik (1995) indicated that a 

population of Cynodon datylon with higher winter hardiness had faster spread in the temperate 

climate of Berlin, Germany, Nevertheless, in the present study, I did not find any significant 

relationship between cold tolerance and the length of the lag-phase for woody horticultural 

species naturalized in Canberra. 

4.5.3 Influence of nursery activities and urbanization on the lag-phase   

In Canberra, the highest number of woody horticultural species naturalized between 1960 and 

1980. Interestingly, nursery activities peaked slightly before this, during the decades 1940-

1960, while population growth peaked around the same time during 1960-1970. The peak in 

nursery activity was most likely associated with greater planting effort, particularly during the 
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period 1940-1960 (see Chapter 2). With increasing population growth, many suburbs and 

streets were built in Canberra after 1950. These new suburbs were planted with street trees 

including many new non-native species imported from overseas (Mulvaney, 1991). Also, 

around 1950, experimental trials were established to test the suitability of new plants. Around 

that time period there were 4,486 residences and garden plots in the city area of Canberra 

(Unpublished manuscripts A431\1273 and 1274 in Mulvaney (1991). During 1950s 

approximately 40,000 trees and shrubs were planted in public areas, and 20,000 were 

distributed among the householders (Mulvaney, 1991). Thus, significant numbers of non-

native horticultural species were distributed widely in Canberra after 1950, which may have 

increased their probability of naturalizing in the wild. The upsurge in effort during these periods 

may then have increased the probability of species naturalizing, as more widespread plantings 

would have increased the supply of propagules as plants matured. This may account for why 

the peak in naturalizations occurs slightly after the peaks in both nursery records and population 

growth. Multiple introductions and deliberate planting of species over large geographic areas 

could significantly accelerate the naturalization and invasion process and help reduce the lag-

phase in those species (Barney, 2006). At the early stage of invasion, dispersal, and 

establishment of deliberately introduced species is highly influenced by anthropogenic 

activities (Barney, 2006). Disturbances associated with urbanization and population growth 

may also increase the availability of safe sites suitable for the establishment, which in turn may 

reduce the duration of the lag-phase (Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007). 

4.5.4 Conclusions  

The results of this study showed that propagule pressure, especially, the intensity of planting 

over time, and plant height were associated with the length of the lag-phase between the 

introduction and the naturalization for woody horticultural species in Canberra. When studying 

the lag-phase in plant invasions we should consider that, in some cases, our estimate of the lag 
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between the first introduction of an exotic species and its detection in the wild may be a 

conservative estimate (Sandlund, Schei, & Viken, 2001). This is because it may be difficult to 

find exotic species in the early stages of naturalization, meaning lag-phases may be longer than 

recorded. Most previous studies on plant invasion lags have focussed on the lag-phase between 

naturalization and subsequent population growth and spread (Aikio, Duncan, & Hulme, 2010; 

Coutts, Helmstedt, & Bennett, 2018; Larkin, 2012). The most efficient and cost-effective time 

to control an invasive species is the lag-phase between its arrival to a new region and its 

subsequent naturalization in the wild (Crooks 2005; Coutts, Helmstedt, & Bennett, 2018). 

Detection and eradication at this early stage is considered the best invasive species management 

strategy (Coutts, Helmstedt, & Bennett, 2018; Epanchin-Niell, 2017; Holden, Nyrop, & Ellner, 

2016), highlighting the importance of understanding which species are likely to naturalize and 

how long the lag-phase is between introduction and naturalization. The existence of very long 

lag-phases in woody introduced species warns us about the potential for an increasing number 

of future invaders. Identifying which species are likely to be invasive during this lag-phase 

window may allow potential invaders to be removed from the landscape before they can 

naturalize.  
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CHAPTER 5 

HOW WELL CAN WE PREDICT WHICH TREE SPECIES WILL NATURALIZE AND 

SPREAD? 

5.1 Abstract 

Invasion by non-native plant species has caused significant ecological and economic impacts 

worldwide, affecting both managed and natural ecosystems. The most cost-effective way to 

mitigate this damage is to prevent the introduction and planting of potentially invasive non-

native species. To do this we need predictive models to identify which non-native plant species 

are likely to be problem invaders before they are introduced and spread. Such predictive models 

should be based on factors that are likely to influence the naturalization and invasion processes, 

including propagule pressure, residence time, species traits, and previous invasion histories. 

Here I use four approaches to predict which of the 52 tree species planted at Bendora 

Arboretum in the Australian Capital Territory was likely to naturalize and compared the 

predictions with field data that recorded which species had actually spread from their original 

plantings. The four approaches used to predict naturalization success were: 1) the multivariate 

model developed for ornamental plantings in nearby Canberra (see Chapter 3); 2) the 

Australian Weed Risk Assessment (WRA) scores; 3) Z-scores, and 4) previous invasion 

history. The multivariate model failed to accurately predict naturalization outcomes at Bendora 

Arboretum. Z-scores did not differ significantly between naturalized and non-naturalized 

species, and Z-scores were unrelated to the numbers of seedlings of each species regenerating 

at the Arboretum. The WRA scores were useful in predicting which non-native trees had 

naturalized at Bendora Arboretum: none of the species scored in the WRA as acceptable for 

introduction naturalized at the arboretum, while several species rejected in the WRA had 

naturalized. However, the WRA scores were unrelated to the extent of spread. Overall, these 

findings identify methods that are likely to be useful in predicting the naturalization and spread 
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of tree species at particular locations, but also highlight the difficulty associated with making 

specific predictions. 

Keywords: arboretum, invasion history, predictive models, traits, tree, WRA, Z-score 

5.2 Introduction 

Invasive plants can pose a severe threat to native plant communities and surrounding 

ecosystems, sometimes resulting in large environmental and economic losses (Dawson, 

Burslem, & Hulme, 2009; (Herron, Martine, Latimer, & Leicht-Young, 2007,; Ibáñez et al., 

2012; Pimentel, Zuniga, & Morrison, 2005). Consequently, there has been a considerable 

research aimed at improving our understanding of plant invasions. Regular, systematic field 

surveys are one way to detect the establishment and spread of non-native plants (Underwood, 

Klinger, & Moore, 2017). However, it is usually not feasible to commit the resources needed 

to detect species in the field, and even early detection may be too late to prevent species 

spreading once they have become established. We therefore need predictive models that can 

use existing information to identify potentially invasive species before they are introduced or 

establish at new locations (Chapman et al., 2016; Gallien, Münkemüller, Albert, Boulangeat, 

& Thuiller, 2010; Ibáñez et al., 2012). Well-developed predictive models could provide useful 

guidance in the management and control of invasive species, thus minimizing their impacts 

(Chapman et al., 2016; Ibáñez et al., 2012). 

The invasion of a non-native plant species into a new region progresses as a series of 

stages (Blackburn et al., 2011). First, a species is introduced to a new environment, second the 

species must survive and reproduce, leading to the formation of self-sustaining wild population 

(establishment/naturalization), and third the species increases and spreads across the landscape 

(spread/invasion) (Bellingham, Duncan, Lee, & Buxton, 2004; Kolar & Lodge, 2001; 

Richardson & Rejmánek, 2004; Williamson & Fitter, 1996). Strategies to minimise the impact 

of invasive species are most effective if they target the early stages because once an invasive 
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species is established in a new region, its eradication or control becomes extremely difficult 

(Gassó et al., 2009). The most cost-effective way to alleviate the potential damage caused by 

plant invasions is to identify introduced species with a high likelihood of naturalization or 

invasion and prevent their introduction or eradicate new populations before they spread widely 

(Herron, Martine, Latimer, & Leicht-Young, 2007). To do this, we need to be able to predict 

which non-native species pose a high invasion risk (Gassó et al., 2009).  

Previous studies have shown that the ability of non-native species to establish and 

spread outside their native range is often associated with anthropogenic or human-mediated 

factors such as propagule pressure and residence time, along with other factors including the 

climactic match between the native range and the newly invaded area, species traits and 

taxonomic attributes, and the history of invasiveness elsewhere (Dehnen-Schmutz, 2011; 

(Herron, Martine, Latimer, & Leicht-Young, 2007; Lavoie, Joly, Bergeron, Guay, & 

Groeneveld, 2016; Pyšek, Krivanek, & Jarosık, 2009). Propagule pressure measures the total 

number of individuals arriving in a new area, in single or multiple release events (Lockwood, 

Cassey, & Blackburn, 2005; Theoharides & Dukes, 2007). Previous studies have demonstrated 

a strong positive relationship between propagule pressure and successful naturalization of 

invaders (Duncan, Blackburn, Rossinelli, & Bacher, 2014; Kolar & Lodge, 2001; Williamson 

& Fitter, 1996). Residence time (the time since first introduction of a non-native species to a 

new location) is also positively related to the likelihood a species will naturalize and spread 

(Feng et al., 2016; Pyšek, Krivanek, & Jarosık, 2009), most likely because species present in 

the landscape for longer will have more opportunities to escape and establish wild populations. 

Traits associated with survival and reproduction, such as higher relative growth rate, faster 

reproduction, efficient pollination and dispersal, adaptation to a wide range of environments 

and longevity, have also been linked to naturalization and invasion success (Aronson, Handel, 
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& Clemants, 2007; Kolar & Lodge, 2001;  van Kleunen,  Dawson,  Schlaepfer, Jeschke, & 

Fischer, 2010 ).  

Although a range of factors have been shown to distinguish invasive from non-invasive 

species, classifying species into these groups prior to their introduction remains challenging 

(Dawson, Burslem, & Hulme, 2009; Grotkopp & Rejmánek, 2007). In Australia, the Australian 

Weed Risk Assessment (WRA) system is the most widely used method for distinguishing 

potential plant invaders from those having a low risk of invasion. Pheloung, Williams, & 

Halloy (1999) developed the WRA system based on 49 questions related to species traits, 

ecology, biogeography, and the previous invasion history of the species. The WRA system 

assesses the invasion risk of a species of interest and, based on the potential risk of invasion, 

assigns a decision of “accept’, ‘reject’ or ‘further evaluate’ for introduction (Dawson, Burslem, 

& Hulme, 2009; Gordon et al., 2010; McGregor, Watt, Hulme, & Duncan, 2012b), with reject 

indicating a species is likely to be invasive. The WRA is a widely used screening system that 

has proved to be economically beneficial when applied appropriately (Dawson, Burslem, & 

Hulme, 2009; Keller, Lodge, & Finnoff, 2007) 

An alternative approach is the use of Z-scores to identify invasive plants. This method 

has been successfully applied to conifers, where invasive species are characterized by a short 

juvenile period, a short interval between large seed crops, and a small seed mass (Carrillo-

Gavilán & Vilà, 2010; Rejmánek & Richardson, 1996;  Richardson & Rejmánek, 2004). In 

developing the method, Rejmanek &Richardson (1996) used a discriminate function to identify 

specific traits that determine invasiveness in Pinus species. Ten traits including, mean height, 

maximum height, minimum juvenile period, mean longevity, mean seed mass, seed-wing 

loading index, the average percentage of germination, mean interval between large seed crops, 

the degree of serotiny, and a fire tolerance index were included in the initial model. Of these, 

three traits, mean seed mass, minimum juvenile period, and the average interval between two 
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large seed crops, were identified as the strongest predictors of invasiveness. These three traits 

are used in the discriminate function to calculate a Z-score, which is associated with the 

likelihood a species will naturalize and become invasive.  Previous studies have reported 

significantly higher Z-scores for invasive tree species relative to non-invasive  species 

(Carrillo-Gavilán & Vilà, 2010; Mcgregor, Watt, Hulme, & Duncan, 2012a; Nuñez, Moretti, 

& Simberloff, 2011; Richardson & Rejmánek, 2004; Williams & Wardle, 2005). 

The previous history of invasion of a species has been widely considered a critical 

factor in predicting whether a species will become invasive in a new region ((Herron, Martine, 

Latimer, & Leicht-Young, 2007, 2007; Hobbs & Humphriest, 2013; Reichard & Hamilton, 

1997; Williamson & Fitter, 1996). Invasion history is a criterion in the WRA system, and the 

accuracy of WRA estimates can decline dramatically when this question in excluded 

(McGregor, Watt, Hulme, & Duncan, 2012b; Weber, 1998). Nevertheless, taken together, Z-

scores and the WRA system have been useful in revealing insights into the drivers of plant 

invasion. 

The present study aimed to field test four methods for identifying species that have the 

potential to naturalize and become invasive in a new region: I used the model developed in 

Chapter 3 that was built to explain the naturalization of woody ornamental species in Canberra, 

Z-scores, WRA-scores, and the naturalization/invasion history of species elsewhere.  

To test each of these methods, I used plantings at the Bendora Arboretum in the 

Australian Capital Territory as a case study. The Arboretum comprises plantings 52 non-native 

tree species, some of which have regenerated naturally. By surveying the Arboretum, I 

identified planted species that had established as those that had produced offspring (mostly 

seedlings) near the parent plants, and I identified species with the potential to spread and 

become invasive as those producing offspring away from the parent plants (Richardson et al., 

2000). I used the four methods above to predict which of the 52 planted species should have 
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naturalized at the Arboretum, and compared the predictions of the four methods with the actual 

outcomes to assess how well the methods worked.  

5.3 Materials and methods 

5.3.1 Study site 

This study was undertaken at Bendora Arboretum, located within Namagdi National Park, in 

the southwest of the Australian Capital Territory (ACT). Table 5.1 summarises the topographic 

and climatic conditions at Bendora Arboretum (Shirley, 2008). 

Table 5.1: Site details of the Bendora Arboretum and Canberra (www.weatherzone.com.au). 

Attributes    Bendora Arboretum Canberra 
Latitude    35.42 °S      35.27 °S 
Longitude    148.79 °E 149.12 °E 

Elevation    1265 m 564 m 

Mean annual rainfall     1240 mm 636.2 mm 
Mean annual temperature    9oC 13 oC 

Mean maximum monthly temperature    20oC 24oC 
Mean minimum monthly temperature    2oC 7.1oC 

 

Bendora Arboretum differs from the Canberra urban area in being higher, colder and having a 

higher annual rainfall (Table 5.1). Bendora Arboretum is surrounded by Eucalyptus forest; the 

site was initially a wet sclerophyll forest dominated by Eucalyptus delegatensis, E. 

dalrympleana, E. astigata, and E. viminalis (Shirley, 2008), unlike Canberra, which was 

originally grassland or open woodland. 

5.3.2 History of the Bendora Arboretum 

Bendora Arboretum was established in 1940 as an experimental arboretum to trial a range of 

northern hemisphere tree species to examine their suitability for afforestation in south-eastern 

Australia (Shirley, 2008). Initially, a patch of native forest was cleared and 56 non-native tree 
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species (including multiple varieties of the same species) from 15 genera were planted in 86 

blocks (each 20 m x 20 m) over 18 years (i.e., between 1940-1958) (Table 5.2). However, in 

2003 a major wildfire destroyed thirty blocks at the arboretum, reducing the number of blocks 

to 56 and the number of planted species to 52. Bendora was originally one of 34 arboreta 

established in the ACT but the 2003 wildfire destroyed 23 of these arboreta, and the other ten 

were abandoned. Thus, Bendora is the only arboretum that remains after the 2003 fire (Shirley, 

2008). 

  Since establishment, there has been regular maintenance at the Arboretum, including 

pruning, occasional thinning, and measurements of tree diameter growth, although these 

measurements ceased in 1974 when it was considered that the Arboretum had achieved its 

primary purpose of identifying which exotic tree species were most suitable for plantations in 

the ACT region. Since 1974, more attention was paid to enhancing the recreational, aesthetic 

and historical values of the arboretum. Some thinning was undertaken to ensure the health and 

performance of the trees. In each planted block, the planted species were labelled by scientific 

name, common name, and place of origin. As Bendora was the only Arboretum to have 

survived the devastating bushfire in 2003, ACT Parks and Conservation initiated the formation 

of a group of experts to provide technical support for the management of the arboretum 

(“Friends of ACT Arboreta” (FACTA)). In 2004, FACTA remeasured the trees at Bendora 

Arboretum and implemented a plan for its management; since then Bendora Arboretum has 

been managed by ACT Parks and Conservation. Bendora Arboretum is included in the heritage 

places register of the ACT and is preserved as a living memorial to the people who promoted 

the forestry in the economy and landscape of south-eastern Australia (Shirley 2008). 

5.3.3 Study species 

In total, 56 tree taxa, including varieties, belonging to eight plant families were planted at 

Bendora Arboretum (Table 5.2). Of these, 32 species belonged to the family Pinaceae, with 



154 
 

the genus Pinus having the highest number of species (20). The most abundant species was 

Pinus ponderosa, which had 485 individuals planted in 6 blocks. Other widely planted species 

at Bendora were Pinus nigra, Pinus contorta, and Pinus muricata.  At the time of the present 

study (2016), most of the trees in planted blocks were approximately 75 years old (planted 

around 1940). However, a few species, including Pinus pinaster, Pinus greggi and Larix 

kaempferi were planted after 1950.  

5.3.4 Data collection and compilation 

Arboretum planting data 

Most blocks were planted with a single species in nine rows with each row having nine trees, 

yielding a total of 81 trees per block. However, ten blocks were divided into sub-blocks with 

different species planted in each sub-block (Table 5.2). For example, block 22 was divided 

into two sub-blocks (a, b) with Picea smithiana (22b) and Widdringtonia nodiflora (22a) 

planted in each. For these sub-blocks, the number of trees of each species was 40. Similarly, 

block 46 had four sub-blocks (a, b, c, d), with four different species of Fraxinus (F. americana, 

F. angustifolia, F. excelsior, and F. raywoodii) planted into each, with each sub-block having 

20 trees. Four species (Picea smithiana, Pinus attenuata x P. radiata, Pinus muricata, and 

Pinus ponderosa) were planted in more than one block. For example, Pinus ponderosa was 

planted in six full blocks (block nos. 5, 30, 32, 33, 47) and in a half-sized sub-block (block 

20a). I calculated the total number of individuals of each species that were planted in the 

arboretum from the number of blocks and sub-blocks in which they were planted. For example, 

there were 445 individual Pinus ponderosa planted comprising five full blocks of 81individuals 

plus 40 individuals in one half sized sub-block.  
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Table 5.2:   Tree planting details for Bendora Arboretum, including the planted species, the 
blocks in which they were planted, and the number of individuals planted for each species 
(information adapted from Shirley 2008).  

Planted species Blocks where 
planted 

Number of 
individuals 
planted 

Abies amabilis 38 81 
Abies pinsapo 35 81 
Acer platanoides  40d 20 
Acer pseudoplatanus 40c 20 
Acer rubrum 40b 20 
Alnus glutinosa 40a 20 
Cedrus libani 29b 40 
Cedrus atlantica 29a 40 
Chamaecyparis lawsoniana 48 81 
Cupressus arizonica 15 81 
Cupressus sempervirens 23 81 
Fraxinus americana 46d 20 
Fraxinus angustifolia 46b 20 
Fraxinus excelsior 46a 20 
Fraxinus pennsylvanica 16a 40 
Fraxinus raywoodii 46b 20 
Larix decidua 24 81 
Larix eurolepis 28 81 
Larix kaempferi 31 81 
Picea glauca 13 81 
Picea pungens 26 81 
Picea rubens 25 81 
Picea smithiana 44, 22b 121 
Pinus attenuata x P. radiata 37, 43 162 
Pinus contorta 9, 10 162 
Pinus coulteri 27 81 
Pinus flexilis 12 81 
Pinus glabra 21 81 
Pinus greggii 16b 40 
Pinus lambertiana 3 81 
Pinus monticola 36 81 
Pinus mugo x mughus 6 81 
Pinus muricata 2, 42 162 
Pinus nigra 7, 18, 42b 202 
Pinus pinaster 42 81 
Pinus ponderosa 5, 20, 30, 32, 33, 47 485 
Pinus radiata 17 81 
Pinus resinosa 1 81 
Pinus strobus 45 81 
Pinus sylvestris 8 81 
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Block numbers with letters (a, b, c, d) denote sub-blocks within a larger block. 

5.3.4.1 Field survey 

My colleagues and I conducted a field survey in March 2016 to examine the regeneration 

patterns of the tree species planted at Bendora Arboretum. Two or more observers thoroughly 

surveyed each block and the buffer zones between blocks (i.e., the non-planted areas between 

each block and around the edge of the arboretum). Each block was approximately 20 m x 20 

m in size, and the buffer zones between blocks were strips approximately 20 m x 10 m.  

Seedling regeneration sampling 

The field survey collected data on which species were regenerating, and the numbers of 

established seedlings of each species, by surveying each block and buffer zone. Each block and 

buffer zone was thoroughly searched by observers traversing the ground to cover the entire 

area. Species that were regenerating were classified into two categories according to the size 

of seedlings that were found: species with only small seedlings less than 20 cm tall were classed 

as regenerating, although these seedlings were likely to have been ephemeral given there were 

no larger individuals present. Species producing seedlings or small trees taller than 20 cm were 

classed as established/naturalized. Some species had seedlings that were located some distance 

from the parent trees, as evidenced by the presence of large seedlings in blocks and buffers 

Pinus taeda 39 81 
Pinus wallichiana 11 81 
Pinus banksiana 19 81 
Populus alba 49a 40 
Populus deltoides 49b 40 
Pseudotsuga menziesii 14 81 
Quercus cerris 56 81 
Quercus petraea 55 81 
Tilia cordata 34a 27 
Tilia intermedia 34b 27 
Tilia sylvestris 34d 27 
Widdringtonia nodiflora 22a 40 
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other than where they were originally planted. As these species had successfully established 

away from their parents, I classed them as invasive.  Hence, I classified each planted species 

in one of the following four groups: 1) non-regenerating species with no seedlings; 2) 

regenerating species with only small seedlings (<20 cm); 3) established /naturalized species 

with large seedlings (>20 cm); and 4) invasive species with large seedlings that had spread 

beyond the parent trees. For some species, the number of small seedlings (<20 cm) was large, 

making it challenging to count the exact number throughout the arboretum. I therefore grouped 

small seedlings into three abundance classes: <10, 11-50 or >50 seedlings per block or buffer 

zone.  

I counted the exact numbers of seedlings or small trees taller than 20 cm in each block 

and buffer zone and obtained a total count for each species by summing the number of seedlings 

present in each block and buffer. I used the total number of seedlings as one measure of how 

successful each species was. For species that had spread away from the parent trees, I recorded 

the total number of blocks and buffers where large seedlings of those species were found, 

excluding the blocks where they were originally planted. I used this number as a measure of 

spread for the species at the arboretum. 

In most cases, I was able to identify seedlings to species level during the field survey 

on the basis of leaf morphology (i.e. number, size, colour and odour of needles, and the shape 

of foliage). I confirmed identifications by comparing the foliage of regenerating seedlings with 

the adult plants present in each block. For any species that were difficult to distinguish in the 

field, I collected specimens of both adults and seedlings and subsequently keyed these out using 

on-line identification keys from Dendrology at Virginia Tech (2016), and Identifying conifers 

at Colorado State University (2016). All collected specimens were pressed and preserved for 

future reference.  
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It was usually not possible to distinguish among varieties using morphological 

characters where more than one variety of a species was planted, so I combined the varieties 

of each species together. This meant, Pinus ponderosa var. apecha was grouped with the 

species Pinus ponderosa, resulting in a total number of 485 individuals planted for P. 

ponderosa (P. ponderosa (445) + P. ponderosa v apecha (40)). Likewise, for Pinus nigra, the 

number of individuals planted (243) was the total of Pinus nigra (81) and the varieties P. nigra 

var. caramanica (81), and P. nigra var. maritima (81). Overall, there were 52 species after 

combining the varieties within species. 

5.3.4.2 Life history trait data 

I gathered several life history traits of the 52 species planted at Bendora Arboretum, including 

height (m), seed mass (g), hardiness zone, dispersal mode (biotic, abiotic, or unassisted), 

minimum juvenile period (year), and the mean interval between large seed crops (years). I 

collected the trait data from various sources: Duncan et al. (2011), Mulvaney (1991), Cullen, 

Knees, Cubey, & Shaw (2011), Kew Seed Information Database (2017) , USDA PLANTS       

(2017), CABI (2017), Silvics of North America (2017), Plant Finder- Missouri Botanical 

Garden (2017), The Gymnosperm Database (2017). For the hardiness zones, data collected 

from different sources were standardized according to the “European Garden Flora” (EGF). 

Refer to Chapter 2 and 3 for more details about the trait data collection. 

5.3.4.3  Multiple regression model (built in Chapter 3) for predicting regeneration patterns: 

I previously (in Chapter 3) constructed a multiple regression model to examine the effects of 

anthropogenic factors and plant traits on the probability of naturalization and invasion of 

woody horticultural species in the Canberra urban area. Anthropogenic factors were planting 

effort and introduction period, and plant traits included average height, seed mass, dispersal 

modes, and hardiness zones. Refer to Chapter 3 for detailed data collection method. In this 
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study, I used this multiple regression model built in Chapter 3 to predict the probability of 

naturalization of each species at Bendora, and then compared whether those probabilities 

differed among the four levels of regeneration success (non-regenerated, regenerated, 

established and those that had spread). If the multiple regression model was a good predictor 

of outcomes at Bendora, I expected species in progressively higher classes of invasion at 

Bendora (e.g., from non-regenerated through to spread) to have a higher predicted probability 

of naturalization in the multivariate model. 

5.3.4.4 Z-scores 

In this study, I examined whether Z-scores differed between the four levels (non-regenerated, 

regenerated, established/ and spread) of regeneration success of at Bendora Arboretum. Using 

the discriminate function described by Rejmanek and Richardson (1996), I calculated Z-scores 

for 30 species planted at Bendora Arboretum, using the values of three life-history traits: seed 

mass, minimum juvenile period, and mean interval between consecutive large crop years (mean 

crop year). I was only able to calculate Z-scores for the 30 species for which I could obtain 

data on all three of these traits. The Z-scores were calculated as: 

Z-score = 19.77-0.51 √(Seed mass)- 3.14√(Juvenile period)-1.21mean crop year 

Where species with more positive Z-scores are likely to be more invasive (Mcgregor, Watt, 

Hulme, & Duncan, 2012a; Rejmánek & Richardson, 1996). 

5.3.4.5 WRA-scores 

I used the New Zealand WRA (weed risk assessment) scores of 18 Pinus species planted at 

Bendora Arboretum from McGregor et al. (2012b) to test whether the WRA scores could 

reliably predict the outcomes observed at Bendora. WRA-scores were only available for these 

18 Pinus species. The WRA system uses data on species’ life history traits, environmental 
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conditions and previous tendency to naturalize to determine whether an exotic plant species is 

likely to naturalize and become invasive after its introduction in a new range. The WRA assigns 

scores to the answers to 49 questions, and the scores are summed (McGregor, Watt, Hulme, & 

Duncan, 2012b; Pheloung, Williams, & Halloy, 1999). According to the summed WRA-score, 

the WRA system then classifies the species into one of the three groups: a) ‘Accept’- those 

species that pose minimum risk of becoming invasive in a new location, and could be suitable 

for introduction outside of their native range, b) ‘Reject’- those which pose high risk of 

invasion and should be rejected for introduction in the new location, and c) ‘Evaluate’- species 

which are intermediate between Accept and Reject, and recommended for further evaluation 

before introducing to a new region. McGregor et al. (2012b) followed the standard WRA 

protocols (Gordon et al. 2010) to calculate WRA scores for New Zealand (NZ-WRA score) for 

115 Pinus species. Of these 115 Pinus species, 18 species were planted at Bendora Arboretum, 

and I used these scores in this study. To minimize the number of species with ‘Evaluate’ results 

after the first assessment, McGregor et al. (2012b) screened all of these species for a second 

time using a decision tree for further classification to determine whether they should be 

accepted or rejected (Daehler, Denslow, Ansari, & Kuo, 2004; McGregor, Watt, Hulme, & 

Duncan, 2012b; Pyšek, Křivánek, & Jarošík, 2009). I assumed that that WRA scores for New 

Zealand would be the same as for Bendora as questions related to the biology and ecology of 

the species would be consistent, and Bendora has a comparable climate to parts of New Zealand 

being at high elevation, relatively cool and with reasonable rainfall (Table 5.1). Thus, it was 

reasonable to use New Zealand-WRA scores in the present study.     

5.3.4.6  Data on naturalization patterns 

I aimed to determine if naturalization status elsewhere could predict spread patterns at Bendora 

Arboretum. To do that, I compared the spread status of the species at Bendora (spread (1) or 
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no-spread (0)) with their naturalization status elsewhere at local (within the ACT), national 

(within Australia) and global (in countries outside of Australia) scales.  

I collected naturalization data for the ACT and in Australia from the Australian Virtual 

Herbarium (AVH, 2017). Each record from AVH included the following data fields: species 

name, collector’s name, establishment means (not cultivated, not native, cultivated, and native), 

year and month of collection, location (name of the place from where the specimen was 

collected), and geographical coordinates (latitude and longitude). To ensure that all records 

represented naturalized species; I removed any record that contained the words “native” or 

“cultivated” in the “establishment means” data field so that all records represented only species 

recorded in the wild outside their native range. Although Jervis Bay is politically included 

within the ACT, it is far from Canberra city and thus I excluded occurrences of any of species 

in Jervis Bay from the ACT naturalization list. I determined global naturalization status 

(outside Australia) of the planted species from the book “The introduced flora of Australia and 

its weed status” by R.P. Randall (Randall, 2007), which lists species planted in Australia and 

their naturalization status in Australia and globally. When a species was not reported as an 

invasive/weed outside of Australia by Randall (2007), I searched the recently published 

literature (since 2008) to confirm its global invasion/naturalization status. However, none of 

the species listed as non-invasive in Randall (2007) were reported as invasive in any other 

published reports. 

To ensure that all species names were updated and to resolve any other nomenclature 

issues (such as synonyms and spelling mistakes), I updated all the species names using ‘The 

Plant List’ (2017) and the R Package ‘taxonstand’ (Cayuela, Granzow-de la Cerda, 

Albuquerque, & Golicher, 2012). Please refer to chapter 2 for the details. 
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5.3.5 Examining the regeneration patterns at Bendora Arboretum 

I examined the different levels of regeneration (no regeneration, regeneration, establishment, 

and spread) of the 52 non-native woody species planted at Bendora Arboretum by performing 

the following steps. All statistical analyses were done  in RStudio version 3.3.1 (Horton & 

Kleinman, 2015).  

5.3.5.1 Evaluation of model (built in Chapter 3) in predicting regeneration patterns:   

The model in Chapter 3 was built using data for non-native, woody, horticultural species 

planted in Canberra city, which is located close to Bendora Arboretum, meaning the model is 

potentially useful for explaining regeneration patterns at Bendora Arboretum. I used a Bayesian 

approach for model fitting, using the package JAGS 4.2.0 (Karreth, 2016). The Bayesian 

approach was particularly helpful in estimating the missing values for species traits (see 

Chapter 3). In predicting naturalization probability for the species at Bendora, residence time 

in the model was set to the period corresponding to the planting time at Bendora. Most of the 

species at Bendora Arboretum were planted between 1940 and 1950 and thus, the introduction 

period was set to 6 (refer to Table 2.1).  

To calculate naturalization probability, I included the Bendora species and their traits 

in the model with the outcome (whether they naturalized or not) set to missing. The model then 

predicted the probability of naturalization based on the traits of the species. I compared the 

predictions from this model (probability of naturalization) with the observed outcomes at 

Bendora Arboretum (e.g., species classed as either non-regenerating, regenerating, established 

or spread). As the predicted probabilities did not have a normal distribution, I conducted non-

parametric analyses. I performed Kruskal-Wallis tests to investigate whether naturalization 

probabilities were significantly different among the four groups of species (non-regenerated, 

regenerated, established and spread). Spearman’s rank correlation tests were conducted to test 
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whether naturalization probabilities were correlated with the total number of regenerated 

seedlings, the number of established seedlings (taller than 20 cm), and the extent of spread 

(total number of blocks and buffers) of these species.  

As recommended in previous studies (Duncan, 2016; Jiménez-valverde, 2012; Walter, 

2002; Zou, Malley, & Mauri, 2007), I used the area under the curve of the receiver operating 

characteristic plot (AUC) to evaluate model performance. In the present study, the AUC values 

were used to assess the ability of the fitted model to correctly predict the regeneration successes 

of Bendora species for each of the four levels of regeneration success. While an AUC value of 

1 denotes perfect model fit, an AUC value of 0.50 indicates the model performance is no better 

than chance (Duncan, 2016). In this study, I used the following AUC value interpretations in 

evaluating model performance, where AUC>0.90 is excellent, 0.90<AUC>0.80 is good, 

0.70<AUC>0.80 is fair, 0.60<AUC>0.70 is poor, and 0.50<AUC>0.60 is failure (Araujo, 

Pearson, Thuiller, & Erhard, 2005; Duncan, 2016). 

5.3.5.2 Examining the relationship of Z-scores and WRA scores with regeneration patterns 

 The Z-scores and WRA-scores were used to examine whether these scores could predict the 

four levels of regeneration success of species at Bendora Arboretum. Neither of these scores 

had a normal distribution and so I conducted non-parametric analyses. To investigate whether 

Z-scores and WRA-scores were significantly different among the successful and unsuccessful 

species at the different levels of regeneration success, regeneration (regenerated/non-

regenerated), establishment (established/non-established), and spread (spread/no-spread) at 

Bendora Arboretum, I performed Kruskal-Wallis tests. Spearman’s rank correlations were 

conducted to test whether these Z-scores and WRA scores were related to the total number of 

regenerated seedlings, the number of established seedlings, and the extent spread. 
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5.3.5.4 Comparing the naturalization patterns of the species planted at Bendora Arboretum, 
with their naturalization success in ACT, Australia, and countries outside Australia (global 
status)  

I performed chi-square tests to examine if the regeneration patterns of trees planted at Bendora 

Arboretum were linked to naturalization patterns within the ACT, within Australia, and 

globally.  

5.4 Results 

In total, 52 tree species were planted at Bendora Arboretum (after combining the varieties). 

Thirty (58%) species had regenerated with 22 (42%) species failing to regenerate. Among the 

30-regenerating species, 26 were classed as established and having spread (seedlings >20 cm 

that were found away from parent plants). Three species had seedlings taller than 20 cm but 

these were found only below the parent trees (Cedrus atlantica, Chamaecyparis lawsoniana, 

Quercus petraea) while one species had seedlings <20 cm tall (Pinus flexilis). The number of 

regenerating seedlings (including both shorter and taller than 20 cm) per species had a wide 

range between 1 and 953, while the number of established seedlings (>20 cm tall) ranged 

between 1 and 635 (Table 5.3). Seedlings of 26 species were observed in blocks and buffers 

zones beyond where those species were originally planted. I used the total number of these 

blocks and buffer zones as a measure of spread with values ranging from 1 block or buffer to 

85 blocks and buffer zones.   
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Table 5.3: Regeneration details of species planted at Bendora Arboretum, including the 
regeneration status (non-regenerated, regenerated, established, spread) number of regenerated 
seedlings (regenerated, established, and total number), the extent of spread (number of blocks 
and buffers). 

Species 
 
 
 
  

Regeneration 
status 
 
 
  

Number of 
regenerated 
seedlings 
(<20 cm) 
  

Number of 
established 
seedlings (>20 
cm) 
  

 Total 
number of 
seedlings 
(regenerated+ 
established)  

         
Spread 
 
 
 
  

Acer platanoides  non-regenerated 0 0 0 0 
Acer pseudoplatanus non-regenerated 0 0 0 0 
Acer rubrum non-regenerated 0 0 0 0 
Alnus glutinosa non-regenerated 0 0 0 0 
Cedrus libani non-regenerated 0 0 0 0 
Fraxinus angustifolia non-regenerated 0 0 0 0 
Fraxinus pennsylvanica non-regenerated 0 0 0 0 
Fraxinus raywoodii non-regenerated 0 0 0 0 
Larix decidua non-regenerated 0 0 0 0 
Larix eurolepis non-regenerated 0 0 0 0 
Picea pungens non-regenerated 0 0 0 0 
Pinus attenuata x P. 
radiata non-regenerated 0 0 0 0 
Pinus glabra non-regenerated 0 0 0 0 
Pinus greggii non-regenerated 0 0 0 0 
Pinus mugo x mughus non-regenerated 0 0 0 0 
Pinus pinaster non-regenerated 0 0 0 0 
Pinus banksiana non-regenerated 0 0 0 0 
Populus alba non-regenerated 0 0 0 0 
Quercus cerris non-regenerated 0 0 0 0 
Tilia cordata non-regenerated 0 0 0 0 
Tilia intermedia non-regenerated 0 0 0 0 
Widdringtonia nodiflora non-regenerated 0 0 0 0 
Pinus flexilis regenerated 30 0 30 0 
Chamaecyparis lawsoniana established 125 39 164 0 
Quercus petraea established 0 3 3 0 
Abies pinsapo spread 570 31 601 13 
Pseudotsuga menziesii spread 365 115 480 41 
Pinus strobus spread 300 635 935 85 
Pinus ponderosa spread 240 179 419 7 
Cupressus arizonica spread 185 211 396 7 
Picea smithiana spread 150 109 259 10 
Pinus contorta spread 80 249 329 24 
Abies amabilis spread 60 17 77 6 
Populus deltoides spread 60 50 110 2 
Pinus resinosa spread 35 40 75 5 
Picea rubens spread 30 67 97 6 
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Cupressus sempervirens spread 0 4 4 2 
Fraxinus americana spread 0 34 34 1 
Fraxinus excelsior spread 0 2 2 2 
Larix kaempferi spread 0 3 3 1 
Picea glauca spread 0 6 6 2 
Pinus coulteri spread 0 20 20 6 
Pinus lambertiana spread 0 2 2 1 
Pinus monticola spread 0 20 20 1 
Pinus muricata spread 0 26 26 17 
Pinus nigra spread 0 12 12 3 
Pinus radiata spread 0 23 23 7 
Pinus sylvestris spread 0 6 6 2 
Pinus taeda spread 0 1 1 1 
Pinus wallichiana spread 0 96 96 6 
Tilia sylvestris spread 0 27 27 2 

 

5.4.1 Results of the model (built in chapter 3) in predicting regeneration success 

I obtained the predicted probability of naturalization for each species from the regression model 

described in Chapter 3. These probabilities were not significantly different among the four 

groups: non-regenerated, regenerated, established, and those that had spread (Figure 5.1). 

However, the predicted naturalization probabilities tended to be higher in those species that 

had spread at the arboretum. Moreover, the AUC value of the model was 0.53; an AUC value 

>0.50 and <0.60 indicated that this model was not very useful (Araujo, Pearson, Thuiller, & 

Erhard, 2005; Duncan, 2016) at distinguishing between the successful and unsuccessful 

regenerating woody introduced species at Bendora Arboretum. Thus, the model built in chapter 

3 to explain the naturalization trends of woody horticultural species in Canberra was not a good 

model to explain regeneration patterns at Bendora. 



167 
 

   

Figure 5.1: Predicted probabilities of naturalization (from the model in Chapter 3) in the four 
groups of species, classified on the basis of regeneration success at Bendora Arboretum. 
n=52, error bars represent the standard errors; p-value indicates the result of Kruskal-Wallis 
test. Kruskal-Wallis chi-squared = 7.46, df = 3, p-value = 0.06. 

 

Also, these predicted probabilities were not significantly related to the total number of 

regenerated seedlings and the number of established seedlings (Figure 5.2- A&B) or the 

extent of spread (Figure 5.2-C).  
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Figure 5.2:  Relationship between the predicted probabilities of naturalization and (A) total 
number of regenerated seedlings (seedlings<20 cm and seedlings >20 cm; results of Spearman's 
rank correlation test: S = 22821, p-value = 0.86), (B) number of established seedlings (seedlings 
>20 cm; results of Spearman's rank correlation test: S = 21293, p-value = 0.52), and (C) total 
number of blocks and buffers (besides where planted) where the established seedlings were 
found (results of  Spearman's rank correlation test: S = 18959, p-value = 0.18), n=52, p-values 
in the figures indicate the results of Spearman's rank correlation test.  

  

5.4.2. Relationship between the Z-score, WRA-scores and the regeneration patterns 

The results of the Kruskal-Wallis test did not reveal any significant difference between the Z-

scores across the four levels (non-regenerated, regenerated, established/ and spread) of 

regeneration success (Figure 5.3).  
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Figure 5.3: Z-scores of the four groups of species, classified on the basis of regeneration 
success, n=30, error bars represent the standard errors; p-value indicates the result of 
Kruskal-Wallis test. Results of Kruskal-Wallis Kruskal-Wallis test: chi-squared = 6.2, df = 3, 
p-value = 0.10.  

 

Also, Z-scores did not show any significant relationship with the total number of regenerated 

seedlings, the number of established seedlings, and the extent of spread (Figure 5.4-A, B 

&C).  
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Figure 5.4:  Relationship between the Z-scores and (A) total number of regenerated seedlings 
(seedlings<20 cm and seedlings >20 cm; results of Spearman's rank correlation test: S = 5322.3, 
p-value = 0.33), (B) number of established seedlings (seedlings >20 cm; results of Spearman's 
rank correlation test: S = 4974, p-value = 0.582), and (C) total number of blocks and buffers 
(besides where planted) where the established seedlings were found (results of Spearman's rank 
correlation test: S = 5506.7, p-value = 0.23), n=30; p-values in the figures indicate the results 
of Spearman's rank correlation test.  

 

Similarly, there was no significant difference in the WRA-scores among the successful and 

unsuccessful species at the three levels of regeneration success (no species with available 

WRA-score belonged to the class ‘established’) at Bendora Arboretum (Figure 5.5).  
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Figure 5.5: WRA-scores of the three groups of Pinus species, classified on the basis of 
regeneration success, no species with available WRA-score belonged to the class 
‘established’, n=18, error bars represent the standard errors; p-value indicates the result of 
Kruskal-Wallis test. Results of Kruskal-Wallis test: Kruskal-Wallis chi-squared = 2.03, df = 
2, p-value = 0.36 

 

The WRA-Scores were not significantly related to the total number of regenerated, number of 

established seedlings, and the extent of spread (Figure 5.6-A, B &C).  
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Figure 5.6:  Relationship between the WRA-score and (A) total number of regenerated 
seedlings (seedlings<20 cm and seedlings >20 cm; results of Spearman's rank correlation test: 
S = 840.37, p-value = 0.59), (B) number of established seedlings (seedlings >20 cm; results 
of Spearman's rank correlation test: S = 716.47, p-value = 0.29), and (C) total number of 
blocks and buffers (besides where planted) where the established seedlings were found 
(results of Spearman's rank correlation test: S = 716.47, p-value = 0.28) of Pinus species, 
n=18; p-values in the figures indicate the results of Spearman's rank correlation test.  

 

The WRA system is primarily used to distinguish potential plant invaders from those having a 

low risk of invasion. I compared the WRA results (accept/ reject/evaluate) with the spread 

status (spread/no-spread) of 18 Pinus species at Bendora Arboretum (Table 5.4). The patterns 

of spread of these woody species were somewhat consistent with the WRA results. Among the 

13 Pinus species that had spread at Bendora Arboretum, 12 species were recommended to be 

rejected; only Pinus monticola was recommended for further evaluation. In other words, those 

species posing an invasion risk according to the WRA scores also showed signs of spread at 

Bendora Arboretum. On the other hand, none of the two species that were classified as safe 

according to the WRA scores, and were recommended for acceptance, had spread at Bendora 
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Arboretum. Although the WRA scores recommended rejection of Pinus pinaster, it had not 

spread at Bendora Arboretum. Thus, these results reconfirm the usefulness of WRA system in 

identifying potential invaders.  

Table 5.4. Comparisons between the WRA results and the spread status (spread/no-spread) of 
the Pinus species at Bendorora Arboretum.  n= 18  

 

 

5.4.3 Comparisons between the naturalization patterns of the species planted at Bendora 
Arboretum, with naturalization in ACT, Australia, and other countries  

Patterns of spread of the non-native woody species planted at Bendora Arboretum and the 

naturalization patterns of these species in the ACT were unrelated (Table 5.5). Only 7% of 

species had naturalized in both places, while 35% of species had not naturalized in either place. 

However, a significant proportion (44%) of species that regenerated at the Arboretum were not 

recorded as naturalizing in the ACT, and 13% of species that did not naturalize at Bendora have 

                                         WRA results of Pinus species at  Bendora arboratum 
         
                    
Spread status 
of Pinus 
species at 
Bendora 
Arboretum 

 Accept Reject Evaluate 
                                                                                   
Spread 

 
  None 

Pinus contorta, Pinus coulteri, 
Pinus lambertiana,  
Pinus muricata, 
Pinus nigra,  
Pinus ponderosa, 
Pinus radiata, Pinus resinosa, 
Pinus strobus,Pinus sylvestris, 
Pinus taeda,Pinus wallichiana 
 
 

Pinus monticola  
 

   
No-
spread 

 
Pinus glabra 
Pinus flexilis 
 
 

 
Pinus pinaster 
Pinus banksiana 
 
 
 
 
 
 

 
Pinus greggii 
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naturalized in the ACT. Results of chi-square tests did not reveal any significant relationship 

(p-value = 0.41) between the naturalization trends at Bendrora Arboretum and in the ACT. 

Table 5.5: Naturalization status of the planted species at Bendora Arboretum and their 
naturalization status in the ACT, n=52 

 

I compared the naturalization patterns of the exotic woody species at Bendora 

Arboretum with their naturalization status in Australia (Table 5.6). About 33% species were 

successfully naturalized in both while 17% species did not naturalize in either place. 

Approximately 33% of species did not naturalize at the arboretum but were naturalized 

somewhere in Australia. 17% of species were naturalized at Bendora Arboretum but not 

recorded as naturalized elsewhere in Australia. A chi-square test did not show a significant 

association (p-value = 1) between the naturalization trends at Bendora Arboretum and in 

Australia. 

 

 

 

                                                        Naturalization status at Bendora Arboretum 
Naturalization 
status in ACT 

                       Naturalized species Not-naturalized 
species 

 
Naturalized species 
 

 
4 

 
7 

 
Not-naturalized species 

 
23 

 
18 
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Table 5.6: Naturalization status the planted species at Bendora Arboretum and their 
naturalization status in Australia, n=52 

 

 

Furthermore, the comparison between the naturalization statuses of the species at 

Bendora Arboretum with their global naturalization status (Table 5.7) showed that 35% of the 

species planted at Bendora Arboretum were naturalized both at the arboretum and globally (in 

countries outside Australia). About 15% of species that did not naturalize at Bendora were not 

naturalized elsewhere. 35% of species not naturalized at the Arboretum had naturalization 

records outside Australia, while about 15% of species naturalized at the Arboretum did not 

have any naturalization history in other countries. However, the chi-square test did not show 

any significant association (p-value = 1) between naturalization at Bendora Arboretum and 

global naturalization status. 

Table 5.7: Naturalization status of the planted species at Bendora Arboretum and their 
naturalization status in other countries (outside of Australia), n=52 

                                              Naturalization status at Bendora Arboretum 
Global naturalization 
status (in other countries 
outside of Australia) 
 

 Naturalized species Not-naturalized 
species 

 
Naturalized species 

 
18 
 

 
18 

Not-naturalized 
species 

 
8 

 
8 

 

                                           Naturalization status at Bendora Arboretum 
Naturalization status 
in Australia 

 Naturalized species Not-naturalized 
species 

 
Naturalized species 

 
17 

 
17 
 

 
Not-naturalized 
species 

 
9 

 
9 
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5.4.4 Naturalization/ of the woody species planted at Bendora Arboretum in a global context  

This study showed that four species, circled in red were common in four groups (Bendora 

Arboretum, ACT, Australia, countries outside of Australia), and six species, circled in green 

did not belong to any of these four groups (Figure 5.7). 

 

Figure 5.7: Venn diagram showing the overlap of the sets of spread status of the species 
planted at at Bendora Arboretum and their naturalization status in ACT, in Australia, and 
somewhere else outside of Australia (global status). The numbers are the species counts. The 
total number of species is 52. Subsets sprd_stat= at Bendora Arboretum, nat_act= naturalized 
in the ACT, nat_aus= naturalized in Australia, and nat_glonal= naturalized in other countries 
besides Australia. 

 

Cupressus arizonica, Fraxinus excelsior, Pinus nigra, Pinus radiata (Figure 5.7, circled in 

red) were recorded as naturalized in ACT, in the other states in Australia (including ACT), and 

in the other countries outside Australia. Therefore, these species appeared to be highly invasive. 
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However, there was no naturalization/invasion history for six species including, Fraxinus 

raywoodii, Larix eurolepsis, Pinus attenuata x P. radiata, Pinus greggii, Pinus mugo x mughus, 

and Widdringtonia nodiflora (Figure 5.6, circled in green). Except Widdringtonia nodiflora all 

of these species are hybrids or cultivars with no previous naturalization history, suggesting they 

are suitable for planting outside their native range. 

 5.5 Discussion 

This study used several approaches to try and predict the naturalization and invasion patterns 

of non-native tree species at a specific location. The regression model built in Chapter 3 was 

not successful in predicting the regeneration, naturalization, and invasion outcomes of the 

woody non-native species planted at the Bendora Arboretum. Prolonged lag-phases present in 

the woody tree species might be the key factor behind that. Although, Z-scores were not 

significantly different among the non-naturalized and the naturalized species, the WRA scored 

were able to predict which species were more likely to naturalize at Bendora.   

5.5.1 Predicting regeneration patterns (model testing) 

The multiple regression model built in chapter 3 to examine the influences of species traits 

(height, seed mass, dispersal modes, and cold hardiness), propagule pressure, and residence 

time on the naturalization and invasion success of woody horticultural plants introduced to 

Canberra was not reliable at predicting the regeneration success (regeneration, establishment, 

and spread) of tree species at Bendora Arboretum. Although, accurate prediction of invasion 

potential for non-native species is an essential tool to aid invasive species management, in 

many instances these models have produced inconsistent results (Herron, Martine, Latimer, & 

Leicht-Young, 2007). In previous studies, traits strongly linked with invasiveness have not 

shown significant relationships or produced ambiguous results (Herron, Martine, Latimer, & 

Leicht-Young, 2007; Pyšek, Krivanek, & Jarosık, 2009). Differences in sample size and 
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analysis of different stages of invasion often create such discrepancies (Perrings, Dehnen-

Schmutz, Touza, & Williamson, 2005). In this case, the original model was applied to1439 

woody horticultural species introduced over 150 years. Thus, there was a wide range of trait 

data. Conversely, at Bendora there were only 52 tree species in eight families, all of them 

imported from North America. Approximately 71% were conifers. Thus, many species had 

similar traits, such as cold tolerance, height and dispersal modes. Similarly, the 1439 species 

in Canberra had a wide range of residence times due to differing introduction periods. In 

contrast, all 52 species at Bendora Arboretum were planted at around the same during 1940-

1950, and I conducted the survey in 2016. Thus, the average residence time of species was 

around 70 years. Results from the previous chapter (Chapter 4) highlighted the presence of a 

potentially long lag-phase in woody horticultural species. Specifically, tree species have more 

extended juvenile periods than non-tree species, so they need longer time to reproduce, 

naturalize, and spread (Bucharova & van Kleunen, 2009). For example, species such as Alnus 

glutinosa (lag phase-90 years), Pinus pinaster (lag phase-150 years), and Populus alba (lag 

phase-105 years) demonstrated substantially long lag-phases between introduction and 

naturalization in Canberra and these species did not show any signs of regeneration at the 

Bendora Arboretum. Consequently, it might be possible that these species were still in their 

lag-phases and could become invasive in the future. However, species that had a comparatively 

short lag-phase between introduction and naturalization in Canberra, such as Cupressus 

arizonica (lag phase-64 years), Fraxinus excelsior ((lag phase-74 years) and Pinus radiata (80 

years) had spread at the arboretum, suggesting that a lag-phase of around 70 years might be 

adequate for naturalization and spread at Bendora.  

5.5.2 Influence of Z-scores and WRA –scores  

Previous studies have shown positive associations between Z-scores and invasiveness. In 

general, coniferous species with high Z-scores have a higher likelihood of naturalization and 
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invasion (Mcgregor, Watt, Hulme, & Duncan, 2012a; Rejmánek, & Richardson, 1996; 

Richardson, 2004). At Bendora Arboretum, Z-scores were not significantly different between 

the successful and unsuccessful species at the different regeneration levels (regeneration, 

establishment/ naturalization, spread). Among the three traits used to calculate Z-scores, short 

juvenile period and a short interval between large seed crops are linked to early and consistent 

production of seeds that result in rapid population growth (Rejmánek, & Richardson, 1996; 

Williams & Wardle, 2005). Small seeds can result in larger seed production, efficient dispersal, 

higher germinability, and higher relative seedling growth (Rejmánek, & Richardson, 1996). 

Thus Z-scores are positively associated with higher reproductive output, which is an important 

trait of invasive species (Grotkopp & Rejmánek, 2007; Grotkopp, Rejmánek, & Rost, 2002). 

However, in the present study, Z-scores were unrelated to the number of regenerated, 

established seedlings and spread. This again may be linked to insufficient residence time to 

overcome the initial lag-phases of the species planted at Bendora Arboretum. 

Species that were accepted by the WRA system did not show any sign of spread while 

the species rejected by the WRA generally had spread at the arboretum. The WRA system was 

first developed in Australia and New Zealand but has been applied to a wide range of plant 

species with diverse life-forms belonging to temperate, tropical, subtropical and Mediterranean 

regions (Daehler, Denslow, Ansari, & Kuo, 2004; Dawson, Burslem, & Hulme, 2009; Gassó 

et al., 2009; Křivánek & Pyšek, 2006; Mcgregor, Watt, Hulme, & Duncan, 2012a). For the 

Pinus species at Bendora the WRA results could account for the pattern of naturalizations. The 

WRA scores were useful in predicting the patterns of spread at Bendora Arboretum.  However, 

there was no clear relationship between WRA scores and the number of regenerated and 

established seedlings, and the spread of Pinus species at Bendora, again perhaps due to initial 

lag-phases.  
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5.5.3 Invasive elsewhere 

The previous invasive behaviour of species has been recognized as a consistent predictor of 

invasion success (Dehnen-Schmutz, 2011; Herron, Martine, Latimer, & Leicht-Young, 2007; 

Reichard & Hamilton, 1997; Williamson & Fitter, 1996). However, in this present study, the 

naturalization success of the non-native species at Bendora Arboretum did not have a 

significant resemblance with the naturalization patterns of these species in the ACT, in 

Australia besides the ACT, and globally. Being located at higher elevation, Bendora Arboretum 

had a much colder average climate than Canberra (Table 5.1). Naturalization and invasion 

success of non-native species can depend on the similarity of the climatic conditions between 

the native and introduced ranges (Beaumont et al., 2009; Broennimann & Guisan, 2008; Feng 

et al., 2016). Thus, cold climatic conditions might not have favoured the naturalization of some 

species at Bendora Arboretum when they could successfully naturalize elsewhere in the ACT.  

However, a large number of species naturalized at the arboretum and in Australia, and globally 

(outside of Australia), although a significant number of species reported as naturalized in 

Australia and globally did not naturalize in the Arboretum.  

As mentioned earlier, these species might not have the required residence time to 

naturalize, and thus were still in their lag-phases. In their model, Reichard and Hamilton (1997) 

found that previous invasion history was the strongest predictor of tree invasion success in the 

USA (Dehnen-Schmutz, 2011). Similar results have been observed in other studies in the USA 

(Herron, Martine, Latimer, & Leicht-Young, 2007) and Europe (Křivánek & Pyšek, 2006). 

Thus, species that have already been shown to be invasive should not be introduced outside of 

their native ranges (Herron, Martine, Latimer, & Leicht-Young, 2007; Reichard & Hamilton, 

1997). Prior knowledge of invasive behaviour elsewhere is also an essential consideration in 

the WRA system. The power of WRA even decreases when information about prior invasion 

history is excluded (Mcgregor, Watt, Hulme, & Duncan, 2012a; Weber, 1998). When I 
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compared the establishment of tree species at Bendora Arboretum across spatial scales, I found 

that four species have naturalized everywhere including at Bendora Arboretum, ACT, Australia 

(outside of ACT), and countries outside of Australia. These four species pose a high risk of 

invasion, and thus are not recommended for planting outside their native ranges. In contrast, 

six species did not show any evidence of naturalization and are likely to be suitable for 

horticultural introductions (see Figure 5.7).  

Overall, the results of this study emphasise that it may be difficult to make predictions 

about how non-native species will behave at specific locations. Although the multiple 

regression model developed in Chapter 3 was successful in explaining naturalization outcomes 

in Canberra, and WRA scores, Z-scores, and previous naturalization histories are successful in 

explaining naturalization patterns, none of these approaches performed well in predicting 

invasion outcomes at Bendora. This may be due to the narrow range of species planted at the 

Arboretum, which had many traits in common. Also, because of the shorter residence time of 

the plants at the Arboretum, many species might be still in their lag-phases. Future studies 

using the proposed model should consider different locations as well as a variety of species to 

effectively determine the usefulness of the model in predicting future plant invasion trends. 
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CHAPTER 6 

                                         GENERAL DISCUSSION 

6.1 Major findings 

In the present study, I assessed the invasion patterns of woody, horticultural species in an urban 

environment. Specifically, I examined the influence of invasion history, anthropogenic factors 

including propagule pressure and residence time, and species traits on the naturalization and 

invasion success of about 1439 woody, horticultural, non-native species introduced to Canberra 

over approximately 150 years. I explored how the patterns of introduction and naturalization 

of these species changed over time in response to increasing urbanization and population 

growth. I also evaluated the usefulness of Z-scores, WRA-scores, and previous invasion history 

in explaining naturalization and invasion status of non-native tree species.  

6.1.1 Introduction history and invasion success 

Canberra was an ideal city to study naturalization and invasion patterns of non-native 

horticultural species in an urban landscape. Horticultural planting records in and around 

Canberra provided a comprehensive account of the propagule pressure or planting effort, 

residence time, and the extent of plantings of introduced species in relation to urbanization and 

population growth; something that is globally unique. 

The results of this study revealed a strong positive association between propagule 

pressure (i.e., the total number of introduced individuals) and naturalization and invasion 

success for woody horticultural species (Chapter 3). These results reinforced propagule 

pressure as one of the critical determinants of successful naturalization and spread of non-

native plants (Colautti et al., 2006; Duncan, 2016b; Lockwood, Cassey, & Blackburn, 2005, 

2005). This is particularly applicable to woody ornamental species. In South-Eastern Australian 

cities, rates of naturalization were higher in horticultural species that were planted more 

frequently (Mulvaney, 2001; Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007). I also 
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found a negative relationship between the average number of entries in the Yarralumla Nursery 

and the duration of lag-phase between introduction and naturalization (Chapter 4); thus, with 

an increase in the number of plants introduced per year, the lag-phase of species shortened. 

Multiple introductions of a non-native species in a new environment can help to overcome allee 

effects faster (Aikio, Duncan, & Hulme, 2010). Moreover, propagule pressure helps overcome 

the chance of extinction associated with small populations (Lockwood, Cassey, & Blackburn, 

2009). The repeated introduction of individuals into a location allows the developing 

population to overcome biotic barriers (for example, small population size, population growth 

constraints, and reproductive output) quicker, which in turn aids naturalization and spread 

(Kolar & Lodge, 2001; Sakai et al., 2001). 

This study showed that the probability of naturalization success increased with the 

residence time i.e., the time since introduction; meaning that species introduced earlier had a 

higher naturalization success in Canberra. Previous studies have also indicated residence time 

as a critical factor influencing plant naturalization and invasion (Gassó et al., 2009; Mayer et 

al., 2017; Pyšek, Krivanek, & Jarosık, 2009; Wilson et al., 2007). Residence time is most likely 

an aspect of propagule pressure: the longer a species resides in a place, the higher the 

production of propagules, which enhances the probability of naturalization and spread (Feng 

et al., 2016; Gassó et al., 2009; Richardson & Pyšek, 2012). With increasing residence time, 

horticultural species may become more widely planted, increasing the size of the founding 

population (Dehnen-Schmutz, 2011; Gassó et al., 2009; Pyšek & Jarošík, 2005; Richardson & 

Rejmánek, 2004). The present study also shows that the positive influence of residence time 

on naturalization success of woody horticultural species is associated with a significantly 

longer lag-phase between introduction and naturalization. The average duration of lag-phase 

in species introduced to Canberra was 112 years, with some species have lag-phases longer 

than 150 years (Chapter 4). Moreover, naturalization success was greater in species that were 
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planted early in Canberra (around 1850). Previously, Kowarik (1995) reported that the average 

lag-phase between the introduction to escape in 182 woody species in Brandenburg, Germany 

was 147 years and up to 350 years for some species. Thus, it could be concluded that species 

planted earlier in Canberra might have more time to overcome the lag-phase between 

introduction and naturalization. Moreover, the duration of lag-phase decreased with increased 

urbanization and population growth. The inability of models to predict the naturalization 

patterns at Bendora Arboretum also suggest that even 75 years of residence time might not be 

adequate to overcome the initial lag phase for many tree species (Chapter 5). 

6.1.2 Influence of species traits, and usefulness of Z-scores and WRA-scores 

The results of this study revealed that the likelihood of naturalization was greater in 

taller species, those with smaller seeds, and those with clear dispersal mechanisms (either biotic 

or abiotic) (Chapter 3). Moreover, species originally from colder regions had a higher 

probability of naturalization than those from warmer regions. However, height, seed mass, and 

dispersal modes had no significant influence on the probability of spread and invasion into 

surrounding bushland areas. In general, higher reproductive output of species with lighter seeds 

results in higher propagule pressure (van Kleunen, 2007). Lighter and smaller seeds are 

efficiently dispersed to distant places by dispersal agents, enhancing the chances of propagules 

arriving at suitable locations and increasing the rate of spread (Peoples & Goforth, 2017; Pyšek, 

Krivanek, & Jarosık, 2009). Previous studies have demonstrated higher invasiveness in species 

that are dispersed by wind and vertebrates (Pyšek, Krivanek, & Jarosık, 2009; Rejmánek & 

Richardson, 1996; Richardson & Rejmánek, 2004). Likewise, the results of the present study 

show that species devoid of any specific means of dispersal (i.e., unassisted dispersal) had a 

significantly lower naturalization probability than those dispersed by various biotic and abiotic 

agents. Similar to previous findings (Catford & Downes, 2010; Pyšek, Krivanek, & Jarosık, 

2009; Richardson, 2007), I also found that the probability of naturalization increased with plant 
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height, while shorter plants that were planted in consistently higher numbers had a shorter lag-

phase between introduction and naturalization (Chapter 4). The presence of a prolonged lag-

phase in tree species had been linked to an extended juvenile period, such that they require a 

longer time to reproduce, naturalize, and spread (Bucharova & van Kleunen, 2009; Rejmánek, 

Marcel & Richardson, 1996).  Z-scores have been successfully used to identify potential 

invaders, especially in the conifers (Carrillo-Gavilán & Vilà, 2010; Richardson & Rejmánek, 

2004). However, at Bendora Arboretum Z-scores could not reliably predict the naturalization 

and invasion outcomes (Chapter 5). Similar to previous studies (Dawson, Burslem, & Hulme, 

2009; Gordon et al., 2010; McGregor, Watt, Hulme, & Duncan, 2012b), the WRA scores were 

useful in predicting which non-native trees had naturalized at Bendora Arboretum: none of the 

species scored in the WRA as acceptable for introduction were naturalized at the arboretum, 

while several species rejected in the WRA had naturalized (Chapter 5). 

6.1.3 Climatic resemblance between native and introduced ranges 

Similarity in climatic conditions between native and introduced ranges favors the naturalization 

and spread of non-native species (Beaumont et al., 2009; Broennimann & Guisan, 2008; Feng 

et al., 2016). In this study, I used hardiness zone as a dimension of climate match. In Canberra, 

the minimum temperature in winter drops to around -5C. The results showed that non-native 

woody species that could endure a minimum temperature as low as -5oC had a higher 

probability of naturalization success than those that could not withstand such low temperatures 

(Chapter 3). Thus, this study reinforced that climatic similarities between origin and introduced 

regions facilitates the naturalization success of woody non-native species. 

6.1.4 Interactions between anthropogenic factors and species traits 

In general, many plant traits that are beneficial for the horticultural trade are associated with a 

high risk of naturalization and invasion. Thus, the deliberate plant introduction process 

typically selects for species that have traits that increase the risk of plant invasion (Bradley et 
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al., 2012; Dehnen-Schmutz, Touza, Perrings, & Williamson, 2007; Foxcroft, Pickett, & 

Cadenasso, 2011). This was the case for plant introductions to Canberra. The results of the path 

analysis showed that plant height was positively associated with planting effort (propagule 

pressure) and negatively associated with residence time (Chapter 3). Taller woody plants 

tended to be planted in greater numbers in Canberra than shorter plants. Moreover, I found that 

a greater proportion of tall non-native tree species were planted in Canberra early on (Chapter 

2). Thus, the higher likelihood of naturalization of taller garden plants in Canberra is partly 

linked to higher propagule pressure and longer residence time resulting from people’s choices 

in introduction.  

    Similarly, an overall higher number of cold tolerant non-native species that could endure 

sub-zero temperatures were deliberately planted in Canberra relative to those that could not 

withstand such cold temperatures (Chapter 2, Chapter 3). Plantings of cold-tolerant species 

also occurred early on, meaning these species often had higher propagule numbers and longer 

residence time. These planned activities resulted in a higher naturalization success of cold 

tolerant species in Canberra. Higher naturalization probability of small-seeded garden plants 

in Canberra was also associated with frequent and earlier introduction than large-seeded 

species. 

6.1.5 Invasion of horticultural species in relation to urbanization and population growth 

One of the most important findings of this study was the increasing introduction and subsequent 

naturalization of non-native woody horticultural species with increasing urbanization and 

population growth. In Canberra, population growth (1920-2010) was greatest in the 1970s and 

the gazetted number of streets, reflecting the extent of urban development, was also highest 

around the same time (Chapter 2). Introductions of non-native horticultural plants were also 

highest during this period, as documented by the number of Yarralumla Nursery entries 

(Chapter 4) and the number of street plantings (Chapter 2). Interestingly, shortly after this 
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period of high population growth, the greatest number of horticultural plants became 

naturalized (Chapter 4). It could be surmised that with increasing population growth and 

urbanization, demand for horticultural plantings increased. This increase in planting effort led 

to a marked increase in propagule pressure, which then resulted in higher naturalization. If this 

is the case, then this could explain the long lag-phases found in woody species. Many species 

introduced early on may have initially been planted in relatively low numbers. The major 

increase in population growth and urbanization near the middle of last century may have 

markedly increased propagule pressure for species planted early on, potentially increasing the 

rate at which they escaped and naturalized. This would suggest that the long lag-phase between 

introduction and naturalization was not driven by species traits or biological factors but by 

anthropogenic factors linked to planting effort over time.   

 

6.2 Conclusions:  

Overall, this PhD study presents an overview of the introduction and subsequent naturalization 

patterns of non-native, woody, horticultural species in an urban landscape over 150 years. 

Anthropogenic factors such as propagule pressure, and residence time, and species traits 

including plant height, seed mass, and dispersal modes were important predictors of the 

naturalization success. Moreover, how the interactions between anthropogenic factors and 

species traits affected the naturalization and invasion success was an interesting finding of this 

thesis. Importantly, this study clearly revealed that the risk of plant invasion would steadily 

increase with population growth and urbanization. It has been forecasted that the global 

population will reach 9 billion by 2050. With the burgeoning global population, urbanization 

will also likely to increase. Increasing globalization and cultural diversification of cities will 

likely result in increased horticultural diversification. The findings of this study could be useful 

for predictive modeling of the future invasion risks of horticultural plants that are already 
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introduced but have not naturalized yet, especially in urban landscapes. Early detection and 

eradication are considered to be the best invasive species management strategies (Coutts, 

Helmstedt, & Bennett, 2018; Epanchin-Niell, 2017). The most cost-effective way to manage 

an invasive species is to identify and control it while the species is still in its first lag-phase 

between introduction to a new region and its subsequent naturalization in the wild (Crooks, 

2005; Coutts, Helmstedt, & Bennett, 2018). Thus, the findings of this study can be globally 

useful even at broader scales to identify the potential invaders among the woody, non-native, 

introduced species before they naturalize and spread. 

 

6.3 Future directions 

There were certain aspects that my PhD study did not examine. For example, although, I 

examined the cold tolerance of introduced species as a surrogate for the similarity between 

native and introduced ranges, inclusion of other site characteristics such as soil type, 

topography, and local climatic conditions (e.g., annual precipitation, mean daily temperature, 

isothermality) could enhance the strength of the model. Furthermore, I examined the origin of 

the non-native introduced species, but I did not include the origin or the native range in the 

model. Future studies could include native ranges in the predictive models to understand the 

influence of global trading in plant invasions. Notably the global mean temperature has already 

increased by nearly 2°C from pre-industrial conditions and it has been forecasted that it will 

likely increase up to 4°C by 2084 (Jiang et al., 2015). It has also been predicted that the impact 

of this increase could be twice than what is predicted by climate models (Dosio & Fischer, 

2018). Thus, the inclusion of climate change scenarios in terms of temperature-rise and its 

implications for future naturalization would be an important extension of this work. 
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