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The naturalisation and subsequent spread of non-indigenous plant species (NIPS) is a
major problem for most regions of the world. Managing plant invasions requires
greater understanding of factors that determine initial naturalisation and distribution
of wild NIPS. By the year 2000, 2252 NIPS were recorded as wild (1773 fully
naturalised and 479 casual) in New Zealand. From published literature and electronic
herbaria records, I recorded year of discovery of wild populations, and regional
distribution of these wild NIPS. I also recorded species related attributes
hypothesised to affect naturalisation and/or distribution, including global trade, human
activities, native range and biological data; and regional attributes hypothesised to
affect distribution, including human population densities, land use/cover, and
environmental data.
I used interval-censored time-to-event analyses to estimate year of naturalisation from
discovery records, then analysed the importance of historical, human activity,
biogeographical and biological attributes in determining patterns of naturalisation.
Typically, NIPS that naturalised earlier were herbaceous, utilitarian species that were
also accidentally introduced and/or distributed, with a wide native range that included
Eurasia, naturalised elsewhere, with a native congener in New Zealand.
In the year 2000, 28% of wild NIPS occupied only one region, 18% occupied two
regions, decreasing incrementally to 2.5 % for nine regions, but with 13.5%
occupying all ten regions. I used generalised linear models (GLMs) with binomial
distribution to determine predictors of whether a wild NIPS occupied ten regions or
not, and GLMs with Poisson distribution for wild NIPS occupying 0 – 9 regions. As
expected, the dominant effect was that species discovered earlier occupied more
v

regions. Utilitarian wild NIPS that were also accidentally introduced and/or
distributed, and wild NIPS with a native congener tended to be more widely
distributed, but results for other attributes varied between datasets.
Although numbers of wild NIPS recorded in regions of New Zealand were sometimes
similar, composition of wild NIPS was often very different. I used nonmetric
multidimensional scaling (NMDS) to determine dissimilarity in composition between
regions. Then, after reducing correlation between predictor variables using principal
components analyses (PCAs), I tested the importance of regional variables in
determining the regional composition of wild NIPS using metaMDS. The density of
human populations best explained the dissimilarity in composition, but temperature
gradients and water availability gradients were also important. In the year 2000 more
than 1100 (60%) of the 1773 fully naturalised NIPS in mainland New Zealand had
each been recorded in Northland/Auckland and Canterbury, and at the other end of the
scale, Southland and Westland each had fewer than 500 (30%). I used GLMs to
analyse the importance of people and environment in determining the numbers of wild
NIPS in each region. Because I conducted multiple tests on the same dataset I used
sequential Bonferroni procedures to adjust the critical P-value. Only human
population density was important in explaining the numbers of NIPS in the regions.
Overall, humans were the dominant drivers in determining the patterns of
naturalisation and spread, although environment helps determine the composition of
NIPS in regions. Incorporating human associated factors into studies of wild NIPS
helps improve the understanding of the stages in the naturalisation and spread process.

Keywords: invasion ecology, climate, plant naturalization, weed risk assessment,
biosecurity, exotic, alien, invasive, weeds, spread, human input, introduction
effort, minimum residence time
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Chapter 1: Introduction
“The causes which have led to the displacement of so much of the native flora as has
disappeared, and to the naturalisation of so many foreign species of plants, are
numerous and in many cases not easily traceable; the facts themselves are
conspicuous enough, even though the explanations may not be forthcoming.”
(Thomson, 1900)

1.

Background

The naturalisation of non-indigenous plant species (NIPS) and subsequent spread is a
global problem (National Research Council, 2002). Naturalisation occurs when
species introduced to areas outside their native range establish self-sustaining wild
populations (Rejmánek, 2000; Tye, 2001). Many wild NIPS then spread, or are
distributed, away from the area of introduction, and some can have major impacts in
the areas they invade. Impacts include economic losses, reduction of native biological
diversity, alteration of ecosystem functioning, limitations to the movement of animals
and humans, and negative effects on the health of animals (Kolar & Lodge, 2001; Sala
et al., 2000; Virtue et al., 2001). Economic losses occur through reduced crop yields
and loss of productive land area, and through large sums of money being spent on the
control of wild NIPS. For example, the economic losses from wild NIPS, including
the costs of control, is estimated at more than $34.6 billion per year in the United
States (Pimental et al., 2005). Native biological diversity can be reduced when
indigenous species are threatened by competition from NIPS or because NIPS alter
the way that ecosystems function (Kolar & Lodge, 2001). A consequence of the
increasing numbers of wild NIPS is that the world’s flora is becoming increasingly
homogenised; many of the same species have naturalised in different areas of the
world (Lodge, 1993; Mooney & Cleland, 2001).
The naturalisation and subsequent spread of NIPS is a serious problem for New
Zealand. Of more than 24 000 NIPS introduced to New Zealand (Duncan &
Williams, 2002a), over 2000 have naturalised and about 500 of these wild NIPS are
currently classed as weeds, because they impact primary production industries or
native biological diversity (Williams & Timmins, 2002). The literature suggests that
over the past 150 years, about 12 new NIPS naturalised nationally per year for New
Zealand (Williams & Timmins, 2002) and about four new NIPS naturalised locally
1

Chapter 1: Introduction

per year around Auckland City (Esler, 1988b). These invasions are likely to continue,
given New Zealand’s reliance on international trade and increasing trade volumes
(Mooney & Cleland, 2001).
New Zealand currently spends an estimated $60 million per year on border control to
prevent the introduction of undesirable NIPS (Williams & Timmins, 2002).
Additional costs, estimated at $1.2 billion per year, relate to lost production and
control, due to pastoral weeds (Bourdôt et al., 2007). Overall, plant diversity is
increasing in New Zealand. However, this is often at the expense of native flora, of
which a high proportion is endemic. Native species are becoming locally extinct for
many reasons (de Lange et al., 2004b; Dopson et al., 1999), including interspecific
competition with wild NIPS, many of which are better equipped to cope in the highly
human-modified environments that characterise much of modern New Zealand
(Williams et al., 2001). New Zealand is required by legislation to conserve its unique
flora and fauna, being a signatory to the United Nations Convention on Biological
Diversity (Environmental Risk Management Authority, 2003). To be able to predict
which NIPS are likely to become problematic, it is necessary to understand what
factors drive the naturalisation and spread process.
To succeed in naturalising at a new location, then spread, NIPS must pass through
several stages (Catford et al., 2008; Duncan et al., 2003; Kolar & Lodge, 2001;
Theoharides & Dukes, 2007; Williamson, 1996). First, the NIPS must be transported,
either intentionally or accidentally, from the native environment. Secondly, having
survived transport, the NIPS then colonise the new location. Thirdly, following
colonisation, the NIPS must become naturalised by establishing a self-sustaining wild
population. Fourthly, that population may increase and spread beyond the original
area of naturalisation. Following Theoharides & Dukes (2007), these stages are
termed transport, colonisation, naturalisation, and spread.
A key observation is that only a small proportion of NIPS succeed in passing through
each stage in the naturalisation and spread process. The “tens rule” observes that of
all the NIPS introduced to an area outside their native range, roughly 10 % of these
will become naturalised (although this varies greatly among taxa and places), and of
these, about 10 % will become weeds (Williamson & Fitter, 1996). Hence, a key
question is what factors allow some NIPS but not others to succeed at each stage.
2
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To be able to study each stage in the naturalisation and spread process, researchers are
reliant on detailed historical records. For some groups of species, for example
economically important NIPS, precise records of introductions and colonisations can
be located (e.g. Gravuer et al., 2008). But records are generally very imprecise for the
majority of NIPS, making it almost impossible to research the colonisation stage for
the complete dataset of wild NIPS of a region or country.
However, quality records are sometimes available for the naturalisation phase. For
regions that have been inhabited for thousands of years, it can be difficult to
determine whether some species are indigenous or non-indigenous, and time of
naturalisation is almost impossible to determine for NIPS naturalised hundreds of
years ago (Pyšek et al., 2002b). Also, until recently, in some regions and countries,
many biologists were only interested in native species (Pauchard et al., 2004). But in
New Zealand, the last major land mass to be colonised by Europeans after discovery
in 1769 and organised settlement in the mid-1800s (King, 2003), botanists have been
collecting and recording NIPS as well as native species. New Zealand therefore has
very good discovery records of wild populations of NIPS (see Chapter 2), providing
an excellent opportunity to examine factors that have determined the patterns for two
of the naturalisation stages – the initial naturalisation and the geographic spread at a
point in time.
Previous studies have indicated that the importance of factors varies, depending on the
stage of the naturalisation and spread process examined. Biological, taxonomic,
ecological, historical and geographical factors can all play a part (Kolar & Lodge,
2001; Pyšek, 1998; Roy, 1990; Williamson, 2006). Some researchers have
determined the significance of traits such as life history, mode of reproduction,
dispersal mode, competitive ability, etc. by comparing native and naturalised
congeners (Baker, 1965; Goodwin et al., 1999; Grotkopp et al., 2002; Roy, 1990) or
considering a subset of wild NIPS (Newsome & Noble, 1986; Noble, 1989; Reichard
& Hamilton, 1997; Reichard & White, 2001). Others have researched native
geographic range of the wild NIPS (di Castri, 1989; Thébaud & Simberloff, 2001).
Recent research has emphasised the importance of incorporating human factors into
studies of the naturalisation and spread of wild NIPS (Castro et al., 2005; Pyšek et al.,
2003b).
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To test some of the emerging hypotheses of NIPS naturalisation and geographic
spread, it is necessary to collate more datasets of the wild NIPS from regions or
countries (Cadotte et al., 2006a; Daehler, 2001; Gilpin, 1990). Hypotheses relating to
the various stages of the naturalisation and spread process can then be statistically
tested. The dataset of the wild NIPS of New Zealand is ideal for testing these
questions.
Terminology
In the literature, terminology relating to naturalisations and spread varies between
authors (e.g. see Catford et al., 2008; Richardson et al., 2000b). In this study, I use
non-indigenous plant species (NIPS) to refer to exotic, alien or non-native plant
species. Those that have naturalised can further be classified as casual or fully
naturalised. Casual NIPS are reliant upon continued supply of propagules to maintain
the populations, but fully naturalised NIPS have formed self-sustaining populations.
Many casual NIPS become fully naturalised but some become locally extinct once the
source of propagules is removed. I use the term invasive to describe those naturalised
species that have become widely distributed (Richardson et al., 2000b), without any
indication of the extent of their impacts on invaded communities. I use the term
environmental weed (Howell, 2008) to describe those naturalised species that are
regarded as weeds of wildland areas by the New Zealand Department of Conservation
(DOC).

2.

Thesis objectives

Managing plant invasions requires that we understand why some NIPS but not others
succeed at each of the four stages above. The overall aim of this thesis is to
understand factors affecting the naturalisation and geographic spread of the wild NIPS
in New Zealand by addressing three key questions:
1. Why did some NIPS naturalise in New Zealand earlier than others?
2. Why are some wild NIPS more widely spread than others in New Zealand?
3. Why do some regions of New Zealand have more wild NIPS than others?
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3.

Thesis structure

This thesis comprises four main chapters (Chapters 2 – 5) that are in preparation to be
submitted to peer-reviewed journals. Each chapter is self-contained with an
introductory review; therefore there is a degree of repetition which is unavoidable
when the same data are being used to examine different issues.
In Chapter 2, I detail the collection of the species data used for this research, and how
I defined the categories used for the analyses in chapters three and four. I present an
overview of the introduced vascular seed plant species that had been recorded as
casual or fully naturalised in New Zealand by the year 2000.
In Chapter 3, I make novel use of interval-censored time-to-event analysis to estimate
the effects of NIPS attributes on the year of naturalisation. The time-to-event
approach allows for an explicit consideration of the uncertainty in estimating the true
naturalisation year from the date of first discovery. The species attributes I include in
this analysis are a range of historic, biogeographical, and biological factors, that are
hypothesised to determine why some NIPS naturalised earlier than others.
In Chapter 4, I use generalised linear models (GLMs) with either binomial or Poisson
distributions, to determine which factors are significant in explaining why some wild
NIPS have been recorded in all 10 regions of New Zealand, or why some wild NIPS
have been recorded in more regions of New Zealand than others. I use the same
species attributes from Chapter 3, plus year of discovery.
In Chapter 5, I detail the collection of regional attributes hypothesised to affect the
geographic distribution of NIPS. I use nonmetric multidimensional scaling (NMDS)
to determine the dissimilarity in the composition of the wild NIPS between regions.
After reducing the correlation between predictor variables using principal components
analyses (PCAs), I test for the importance of the regional variables in determining the
regional composition of wild NIPS using metaMDS, a function that finds a stable
solution for the NMDS. I also use GLMs to determine which factors are important in
determining the numbers of wild NIPS recorded in the regions.
Chapter 6 is a synthesis of the research presented in Chapters 3 – 5 and presents
recommendations for future research.
Appendices are at the end of the relevant chapter, and Appendices 7.1-7.3 includes the
complete list of species and attributes used in the analyses.
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Chapter 2: Natural history of the wild nonindigenous seed plant species of New
Zealand.
“… comparative analyses using regional species inventories are only just beginning
and have much potential” (Cadotte et al., 2006a)

1.

Abstract

A comprehensive update of the wild non-indigenous vascular seed plant species of
New Zealand discovered by the year 2000 is presented. There were 2252 wild nonindigenous plant species (NIPS) with 1788 classified as fully naturalised and 464 as
casual. More than 50% of the total wild plant diversity of the country is now nonindigenous. The wild NIPS are represented by 162 families, 81 new to New Zealand,
with seven of these each adding 10 or more species to the vascular seed plant species.
Of the total New Zealand wild vascular seed plant species, including indigenous and
non-indigenous species, 42% of the families and 71% of the genera contain no
indigenous species. Overall, an average of 9.7±0.86 (s.e.m.) NIPS have been
discovered wild per year but over the last 60 years this has increased to an average of
19.7 ±1.2 NIPS discovered wild per year. Almost 75% of the wild NIPS were
deliberately introduced and 77% of these deliberately introduced NIPS were used for
ornamental horticulture only. Almost 45% of the wild NIPS are native to Europe, but
many of these wild NIPS have a wider native range. This paper outlines the history of
wild NIPS introductions into New Zealand and botanical collection records, and
describes how I collated the dataset of the wild NIPS of New Zealand species and
attributes of the wild NIPS. The attributes include taxonomy, year of discovery, mode
of introduction and use, growth forms and native region/s.

2.

Introduction

Predicting invasive non-indigenous plant species (NIPS) is of great importance to
many sectors of society and countries, and this has become the focus of a number of
studies over the past decade (Daehler & Carino, 2000; Despain et al., 2001; Kareiva,
1996; Kolar & Lodge, 2001; Lockwood et al., 2005; National Research Council, 2002;
Pyšek, 2001; Pyšek & Prach, 2003; Reichard, 2001; Reichard & Hamilton, 1997). The
6
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United Nations Convention on Biological Diversity was ratified by New Zealand in
1992 and, as a signatory, the Global Strategy for Plant Conservation was legally
adopted by the New Zealand government in 2002. Invasive, usually non-indigenous,
species are recognised as threats to native biodiversity, reducing native species
biodiversity by outcompeting native species and/or altering ecosystem functioning (di
Castri et al., 1990; Drake et al., 1989; Orr et al., 2005; Williamson, 1996), but see Sax
& Gaines (2003; 2008). New Zealand is classified as a biodiversity hotspot – one of
twenty-five such areas in the world (Myers et al., 2000), as the indigenous seed plant
flora of New Zealand is more than 80% endemic (Wilton & Breitwieser, 2000) and the
loss of any of these endemic species due to the effects of NIPS is both locally and
globally highly significant. There is also an economic cost to wild NIPS. New
Zealand currently spends an estimated $60 million per year on control, either at the
border to prevent the introduction of undesirable NIPS or controlling NIPS that are
already present (Williams & Timmins, 2002), with further costs of $1.2 billion per
year attributable to pastoral weeds (Bourdôt et al., 2007).
NIPS, also known as exotic, alien, non-native and introduced species, are those species
that have been introduced into an area by accidental or intentional human activity.
Some of these NIPS naturalise. Wild NIPS can be further classified as casual or fully
naturalised. Casual NIPS can thrive and sometimes reproduce in an area but do not
form self-sustaining populations unless there are repeated introductions of propagules.
Fully naturalised NIPS sustain populations for many generations and are not reliant on
repeated introductions (Pyšek et al., 2004; Richardson et al., 2000b). Many wild NIPS
initially classified as casual have subsequently become fully naturalised.
Complete catalogues of wild NIPS can be very useful for comparative analyses of the
factors affecting naturalisation and spread (Cadotte et al., 2006a). Reliable databases
of these wild NIPS in given regions or countries which summarise the historical
knowledge of generations of botanists are important for historical reconstruction
leading to predictive understanding of future wild NIPS (Pyšek et al., 2002b).
Because of its insularity and recent history of European colonisation, New Zealand is
one of the few countries in the world where such catalogues, with associated historical
information, are available for the majority of the wild NIPS.
A dataset of the New Zealand wild NIPS therefore offers a valuable case study for
elucidating the factors that drive NIPS invasions worldwide. Here, after presenting an
7
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overview of the New Zealand history of plant introductions and botanical collections, I
describe the collation of the dataset of wild NIPS recorded in New Zealand by the year
2000 and possible issues with the dataset. I compare this wild NIPS list with similar
lists from other countries or regions. I describe the collation of historical,
biogeographical and biological attributes that are hypothesised to have an important
role in the initial naturalisation and subsequent spread of NIPS, and describe the
composition of the wild NIPS in terms of these attributes. The historical,
biogeographical and some biological attributes were readily available for all wild
NIPS in my database while other biological attributes were available for a proportion
of the wild NIPS. I used these attributes for the analyses in the chapters examining the
date of discovery and the distribution of the wild NIPS throughout New Zealand in the
year 2000.

2.1. Plant introductions to New Zealand
Maori brought food crops, for example, kumara (Ipomoea batatas), taro (Colocasia
esculenta) and yam (Dioscorea alata), on their voyage of discovery (Williams &
Cameron, 2006) and this tradition has been continued by Europeans and other
migrants since 1769. Cook gave potatoes (Solanum tuberosum) to a Maori chief in
Mercury Bay in 1770 and du Fresne planted wheat (Triticum aestivum), maize (Zea
mays) and potatoes in the first European garden in the Bay of Islands in 1771 (Leach,
1984). Cook planted cabbages (Brassica olearacea), turnips (Brassica rapa), parsnips
(Pastinaca sativa) and carrots (Daucus carota) and other vegetables in the
Marlborough Sounds in 1773 and 1774. By 1801, Maori were cultivating potatoes and
other crops for trade with visiting ships (Leach, 1984). As the supply of food for the
settlers from abroad was unpredictable, it was essential to cultivate vegetables, grains,
pulses and herbs (Raine, 1995).
As organised settlement began in the 1840s, there was a shift from the interests of the
missionaries, whalers and timber merchants to making wide use of the land for
agriculture and pastoralism (Arnold, 1987). From Britain, New Zealand was seen as a
land of enormous potential with wide open spaces suitable for agricultural production
(Holland et al., 2002). With the arrival of large numbers of sheep and cattle, there was
a need for large tracts of grazing land leading to the regular burning of forest,
grassland and shrubland communities, and pastures were improved by the addition of
NIPS, such as ryegrasses (Lolium spp.), clovers (Trifolium spp.), etc.. Today, New
8
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Zealand’s primary industries (horticulture, agriculture and forestry) are directly
dependent on 140 plant species, almost all of which are introduced (Williams &
Timmins, 2002). However, most plant species were not introduced for the primary
industries.
Along with the horticultural, agricultural and forestry NIPS came the ornamental NIPS
and those serving other purposes. Beginning in 1864, Acclimatisation Societies were
naturalised throughout the country to import NIPS for several reasons, including
nostalgia for NIPS that reminded settlers of home, to supply specialist timber and to
establish potential industries such as the silk industry (McDowall, 1994). Since the
arrival of Europeans, around 25,000 NIPS are officially acknowledged to have been
deliberately introduced (Ministry of Agriculture and Forestry, 2006), – although some
people put the figure as high as 40,000 (e.g. Douglas, 2005).
Inadvertently, along with the deliberately introduced plants and seeds, came
unintentionally introduced NIPS. Maori may have brought between six and ten
unintentional introductions (Leach, 2005; Williams & Cameron, 2006). Solander and
Banks, botanists who accompanied Captain James Cook on his first voyage to New
Zealand in 1769, recorded two of these wild NIPS – Oxalis corniculata and
Sigesbeckia orientalis – NIPS which are thought to have been accidentally transported
around the Pacific by the Polynesians (Leach, 2005). Europeans similarly brought the
traditional weed species that had been associated with humans for thousands of years
(Leach, 2005).
However, it is not only the accidentally introduced NIPS that naturalised. The wild
NIPS of New Zealand also include many deliberately introduced NIPS. The first
naturalisation of a deliberately cultivated NIPS may have been the wild cabbage
(Brassica olearacea), recorded as being widely distributed around the Bay of Islands
in 1807 (Savage, 1807).

2.2. Botanical records
Since Europeans first set foot on New Zealand in 1769, botanists have been recording
the plant species, both native and non-indigenous. The continuing interest in the flora
has led to excellent records of the dates and localities of discoveries of the wild NIPS
of New Zealand. Several publications have listed the known flora of New Zealand at
points in New Zealand’s history, most notably (Allan, 1961; Cheeseman, 1906; Edgar
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& Connor, 2000; Healy & Edgar, 1980; Hooker, 1855; Kirk, 1899; Moore & Edgar,
1976; Webb et al., 1988). There has been strong interest in the wild NIPS with some
publications specifically on this subset of the flora, particularly “A handbook of the
naturalised flora of New Zealand” (Allan, 1940), “Flora of New Zealand Volume III:
Adventive cyperaceous, petalous & spathaceous monocotyledons” (Healy & Edgar,
1980) and “Flora of New Zealand Volume IV: Naturalised pteridophytes,
gymnosperms, dicotyledons” (Webb et al., 1988).
By the turn of the 19th century, more than 450 NIPS had been recorded as forming
wild populations (Kirk, 1899) and this number had increased to almost 800 wild NIPS
by 1940, although many of these were of minor or questionable occurrence (Allan,
1940). The next major publications were Volumes III to V of the Flora of New
Zealand. In 1980, 168 wild non-indigenous monocotyledonous species (excluding
Poaceae) were described in Volume III of the Flora of New Zealand (Healy & Edgar,
1980). In 1988, in a comprehensive review of the wild vascular NIPS of New Zealand
(excluding monocots), 1470 NIPS were accepted as having wild populations
(including 23 pteridophytes) with 1243 of these classified as fully naturalised and 227
as casual (Webb et al., 1988). The casuals were an underestimate as many casuals
within urban areas were ignored in the compilation of the Floras to make the project
feasible (P. Heenan, pers. comm.). Volume V of the Flora of New Zealand (Edgar &
Connor, 2000) describes 227 wild non-indigenous grass species – bringing the total to
1865 wild NIPS from these three volumes of the Flora of New Zealand. Regular
updates have been published recording corrections to previous records, range
extensions and new records of wild NIPS in New Zealand (e.g. Cameron & Esler,
1996; de Lange et al., 2004a; Heenan et al., 1998; Heenan et al., 2008; Webb et al.,
1995; Webb et al., 1989).
By 1998 “about 2068” vascular NIPS were reported as growing wild and 240 of these
were on the Department of Conservation (DOC) weed database as actual or potential
environmental weeds (Buddenhagen et al., 1998). Of these environmental weed
species, 74% were ornamental introductions, such as the widely distributed weeds
Lonicera japonica (Japanese honeysuckle), Clematis vitalba (old man’s beard) and
Hedychium gardnerianum (wild ginger) (Buddenhagen et al., 1998).
In 2000, 2108 wild NIPS (1732 fully naturalised and 376 casual) were reported by
Wilton and Breitwieser, who statistically describe the composition of the New Zealand
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Plant Names Database on which my list is partially based (Wilton & Breitwieser,
2000).
This paper updates these publications and presents the most complete analysis to date
of the composition of the wild NIPS of New Zealand in terms of taxonomy, date of
discovery, growth form, native region/s, and introduction and distribution in New
Zealand, and compares it with other regions where similar studies have been
conducted. The last comparable comprehensive examination of New Zealand’s wild
NIPS was Alan Esler’s studies of the Auckland region over 15 years ago (Esler, 1987a,
b, 1988a, b, c).

3.

NIPS list

I have compiled a comprehensive list of all 2252 NIPS recorded as wild in New
Zealand, that were first discovered by the year 2000 (Appendix 7.1). My list was
compiled from lists supplied by Aaron Wilton (Landcare Research Herbarium) based
on the New Zealand Plant Names Database (http://nzflora.landcareresearch.co.nz/), by
Peter Williams (Landcare Research, Nelson) from the Landcare Research Ecotraits
database (http://ecotraits.landcareresearch.co.nz/), and by Ewen Cameron (Auckland
War Memorial Museum Herbarium) based on Alan Eslers’s list of wild NIPS of the
Auckland region (Esler, 1987b) and including subsequent wild NIPS from this region.
Plant species nomenclature follow Volumes III-V of the Flora of New Zealand (Edgar
& Connor, 2000; Healy & Edgar, 1980; Parsons et al., 1995; Webb et al., 1988), and
taxonomic changes as reported (Cameron, 2000c, 2004). My list is to the species
level. Subspecies and varieties were removed to make the project practical and to
simplify subsequent analyses.
I confirmed each of the listed wild NIPS by checking it against an authoritative
reference, such as the Flora’s of New Zealand Volumes I-V (Allan, 1961; Edgar &
Connor, 2000; Healy & Edgar, 1980; Moore & Edgar, 1976; Webb et al., 1988),
updated lists from the New Zealand Journal of Botany (Connor, 2005a, b; Connor,
2005c; Edgar, 1998; Gardner & Early, 1996; Heenan et al., 1998; Heenan et al., 2002;
Heenan et al., 2004a; Heenan et al., 2008; Heenan et al., 1999; Heenan & Sykes,
2003; Sykes, 2003; Sykes & West, 1996; Webb et al., 1995; Webb et al., 1989) and
other publications (Cameron, 2000a, b, c, 2002, 2004; Cameron & Esler, 1996).
Through this process I added 37 wild NIPS and removed about 40 NIPS – many were
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synonyms, some had been reclassified as indigenous, some were only to the genus
level, two were based on cultivated specimens and two had been redetermined as
different species. See Issues with the Data below, for details.
I determined whether or not each wild NIPS had a congeneric wild NIPS or a
congeneric native species using “Flora of New Zealand I-V” (Allan, 1961; Edgar &
Connor, 2000; Healy & Edgar, 1980; Moore & Edgar, 1976; Webb et al., 1988) and
the New Zealand Plant Names Database (http://nzflora.landcareresearch.co.nz). I was
also interested in the proportion of wild NIPS in New Zealand that have wild
populations in other regions of the world. To determine this, I consulted numerous
lists of wild NIPS available from publications (Arroyo et al., 2000; Daehler, 1998;
Dana et al., 2001; Pyšek et al., 2002b; Randall, 2002; Stokes et al., 2004; Varnham,
2006; Wells, 1986; Wu et al., 2004b) and websites (http://www.nobanis.org/,
http://www.hear.org/, http://www.ufz.de/biolflor/overview/gattung.jsp,
http://www.hear.org/pier/, http://plants.usda.gov/cgi_bin/topics.cgi?earl=noxious.cgi,
http://www.nps.gov/plants/alien/list/all.htm, http://www.invasive.org/weeds.cfm,
http://www.ufz.de/biolflor/overview/gattung.jsp, http://www.ars-grin.gov/cgibin/npgs/html/index.pl). Randall’s (2002) comprehensive survey of species recorded
as wild NIPS globally was particularly useful.

3.1. Issues with the data
This catalogue of the wild NIPS recorded as discovered by the year 2000 is as
complete as possible. Most of the wild NIPS added to the original lists are casuals that
were discovered recently and published. However, some wild NIPS may still be added
or deleted as categorisation can change from indigenous to non-indigenous or vice
versa. For example, Crassula colorata and Utricularia geminiscapa have wild
populations and had been collected decades earlier but not published as wild NIPS
until recently, because of a change in classification from indigenous to non-indigenous
(de Lange et al., 2004a; Heenan et al., 2004b). Another example is Pittosporum
undulatum. In 1988 it was considered indigenous as it may have been naturally
introduced from Australia by means of the fruit sticking to birds (Webb et al., 1988),
but in 2002 this species was accepted as a wild NIPS as it is now more widely
cultivated and wild populations have been found in more localities. However, it is
accepted that there may also be an indigenous component (Heenan et al., 2002). In
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New Zealand, with its recent history of colonisation, it is generally easier for botanists
to distinguish indigenous species from non-indigenous species compared with other
regions of the world which have a much longer history of colonisation (see Pyšek et
al., 2002b; Williamson, 2002b).
Of the wild NIPS removed from the original list, two – Alnus acuminata and Briza
poaemorpha – were based on cultivated specimens and nine are no longer considered
to be non-indigenous, for example Juncus kraussii and Solanum americanum,
although there is continuing confusion over some species. For example, Gnaphalium
luteo-album (synonym Pseudognaphalium luteo-album), was published as a wild
NIPS by Esler (1987b), but is listed as non-endemic native on the New Zealand Plant
Names Database, although it may have a non-indigenous component (E. K. Cameron,
pers. comm. 6 October 2005). Six wild NIPS were rejected as there were no
supporting specimens for the records, for example Knautia arvensis and Verbascum
phoeniceum (Webb et al., 1988).
Some wild NIPS recorded by earlier botanists were rejected in the past but then
accepted later. For example, a specimen of Prunella laciniata was rejected in 1978, as
it was thought to have been recorded in error for P. x hybrida (Sykes, 1978), but the
same collection was reinstated as P. laciniata in 1989 (Webb et al., 1989). Lepidium
ruderale had been previously rejected (Webb et al., 1988) but then reinstated when
supporting specimens were found (Webb et al., 1995)
Some wild NIPS have been redetermined. For example, Abies alba was on the
Auckland list but was later redetermined as Abies nordmannia. Many other NIPS that
were on original lists are now synonyms for the wild NIPS on my list. For example,
Aleurites fordii is now accepted as Vernicia fordii, Helminthotheca echinoides was
Picris echinoides and Solanum betaceum was Cyphomandra betacea (Cameron,
2000c).
Another problem occurs when the taxonomy of a genus is revised. For example the
publication of the revision of the Passiflora spp. in New Zealand (Heenan & Sykes,
2003) resulted in nine species being recorded as wild NIPS in New Zealand compared
with six in Volume IV of Flora of New Zealand (Webb et al., 1988).
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3.2. Numbers of NIPS
Of the 2252 wild NIPS discovered by the year 2000 in New Zealand, 1788 (79%) are
classified as fully naturalised and 464 (21%) are considered to be casual. Around 5%
of the casual NIPS have only been collected once or twice or are found at only one or
two sites, and some of these may no longer be present in the wild. For example,
Micrargeria filiformis was collected in 1932 in the Waikato and Acroptilon repens was
collected in 1955 in Marlborough but neither has been collected since. Others have
been eradicated, for example Menyanthes trifoliata (Webb et al., 1988) and Zizania
palustris (Edgar & Connor, 2000).
Department of Conservation (DOC) now classify 319 of the NIPS on my list as current
or potential environmental weeds (the total list of 328 species also includes ferns and
fern allies and indigenous species with large human-mediated range expansions)
(Howell, 2008), compared with the 240 species reported in 1998 (Buddenhagen et al.,
1998). Environmental weeds “can significantly and adversely affect the long-term
survival of native species, the integrity or sustainability of natural communities, or
genetic variation within indigenous species” (Owen, 1998, p1). Of the species on my
list, 317 are fully naturalised and two are casual NIPS. The two casual NIPS
(Vaccinium corymbosum and Ficus macrophylla), discovered in 1987, are on the list
because they have wild populations elsewhere and are potential invaders of natural
areas of New Zealand. Vaccinium corymbosum has wild populations in the British
Isles (Fitter & Peat, 1994) and Ficus macrophylla is a listed weed by the Pacific Island
Ecosystem at Risk project (PIER) (http://www.hear.org/pier/) and Hawaiian
Ecosystems at Risk project (HEAR) (http://www.hear.org/). The earliest discovered
example of a naturalised environmental weed NIPS is Pinus pinaster. A wild
population of this NIPS was discovered by 1830 yet it is still widely cultivated in
plantations, parks, domains, gardens and shelter belts throughout the country (Webb et
al., 1988). The most recently discovered naturalised environmental weed is Ochna
serrulata, an ornamental shrub, still cultivated, and discovered wild in 1997 (Heenan
et al., 1999).
The wild NIPS of New Zealand are represented by 162 families, with four families
each having more than 100 wild NIPS (Table 1). Forty-five families have contributed
only one wild NIPS, and a further 75 families have contributed less than ten wild NIPS
(Table 1). Eighty-one new families (12 with casual NIPS only) have been added to the
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wild flora and have contributed 339 wild NIPS. Seven of these new families have
added 10 or more wild NIPS to New Zealand’s vascular seed plant species (Table 1).
The total New Zealand wild seed plant flora (including indigenous species) is now
represented by 191 families, 1140 genera and 4149 species (updated using Wilton &
Breitwieser, 2000). Within the wild seed plant flora, 85% of the families contain NIPS
(42% contain only NIPS), 81% of the genera contain NIPS (71% contain only NIPS)
and 54% of the species are NIPS. Of the 2252 wild NIPS 24% (20% fully naturalised)
have a native congener, 77% (63% fully naturalised) have a wild non-indigenous
congener and 88% (76% fully naturalised) have wild populations in other regions of
the world.
Compared with some other countries, New Zealand has a large number (2252) of wild
NIPS, especially when compared with the 1896 known indigenous species (Wilton &
Breitwieser, 2000) (Table 2). The size of the indigenous vascular seed plant flora is
still growing as discoveries are made and taxonomy is revised. It is estimated that
about 200 species of this flora remains to be described (de Lange et al., 2006).
When the size of the region is accounted for, New Zealand, with more than 414 wild
NIPS/logn(area), has the richest wild non-indigenous flora known globally (Table 2
(and see Vitousek et al., 1997; Weber, 1997). With New Zealand’s recent history of
European colonisation (less than 250 years) and low human population density of less
than 15 inhabitants per km2, this is very surprising. The Czech Republic, with a
human population density of 131 inhabitants per km2 and a history of human-induced
plant invasions dating back more than 6000 years, is considered to have a rich wild
non-indigenous flora with 281 wild NIPS/logn(area) (Pyšek et al., 2003a). The high
human density, diverse climatic and geographic conditions and dense networks of
roads and railways are considered to have contributed to the rich wild non-indigenous
flora of that country (Pyšek et al., 2002a; Pyšek & Prach, 2003; Pyšek et al., 2003a).
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Table 1 The number of fully naturalised and casual wild NIPS per family discovered by the year
2000, shown in decreasing order. Also shown is the % of the total wild NIPS from each family
and whether or not a family is native to New Zealand.
Family
Fully Casual % of Native Family
Fully Casual % of Native
NaturWild family
NaturWild family
alised
NIPS
alised
NIPS
Poaceae
259
21 12.43 Yes Plantaginaceae
7
2
0.40 Yes
Asteraceae
183
62 10.88 Yes Berberidaceae
7
0
0.31 No
Fabaceae
99
18
5.20 Yes Passifloraceae
6
3
0.40 Yes
Rosaceae
84
30
5.06 Yes Polemoniaceae
6
2
0.36 No
Brassicaceae
66
10
3.37 Yes Primulaceae
6
2
0.36 Yes
Lamiaceae
58
17
3.33 Yes Hydrocharitaceae
6
1
0.31 No
Solanaceae
49
12
2.71 Yes Violaceae
6
1
0.31 Yes
Caryophyllaceae
46
10
2.49 Yes Fumariaceae
6
0
0.27 No
Cyperaceae
45
1
2.04 Yes Portulacaceae
5
3
0.36 Yes
Scrophulariaceae
43
15
2.58 Yes Agavaceae
5
2
0.31 Yes
Liliaceae
43
3
2.04 Yes Cupressaceae
5
2
0.31 Yes
Iridaceae
39
2
1.82 Yes Lythraceae
5
2
0.31 No
Juncaceae
35
1
1.60 Yes Urticaceae
5
1
0.27 Yes
Apiaceae
31
6
1.64 Yes Buddlejaceae
5
0
0.22 No
Polygonaceae
30
6
1.60 Yes Polygalaceae
5
0
0.22 No
Myrtaceae
27
23
2.22 Yes Celastraceae
4
3
0.31 No
Crassulaceae
26
11
1.64 Yes Fagaceae
4
3
0.31 No
Salicaceae
25
1
1.15 No Apocynaceae
4
1
0.22 Yes
Ranunculaceae
22
10
1.42 Yes Cistaceae
4
1
0.22 No
Malvaceae
22
7
1.29 Yes Moraceae
4
1
0.22 Yes
Boraginaceae
22
1
1.02 Yes Linaceae
4
0
0.18 Yes
Geraniaceae
20
5
1.11 Yes Commelinaceae
4
0
0.18 No
Chenopodiaceae
20
2
0.98 Yes Caesalpinaceae
3
4
0.31 No
Euphorbiaceae
19
6
1.11 Yes Acanthaceae
3
3
0.27 No
Pinaceae
19
3
0.98 No Araliaceae
3
3
0.27 Yes
Onagraceae
18
5
1.02 Yes Alismataceae
3
2
0.22 No
Mimosaceae
14
4
0.80 No Lauraceae
3
2
0.22 Yes
Amaranthaceae
14
2
0.71 No Alstroemeriaceae
3
1
0.18 Yes
Oxalidaceae
13
3
0.71 Yes Arecaceae
3
1
0.18 Yes
Oleaceae
13
1
0.62 Yes Balsaminaceae
3
1
0.18 No
Ericaceae
12
4
0.71 Yes Nymphaeaceae
3
1
0.18 No
Caprifoliaceae
12
3
0.67 No Resedaceae
3
1
0.18 No
Clusiaceae
12
1
0.58 Yes Rhamnaceae
3
1
0.18 Yes
Aizoaceae
11
6
0.75 Yes Betulaceae
3
0
0.13 No
Papaveraceae
11
6
0.75 No Callitrichaceae
3
0
0.13 Yes
Proteaceae
11
6
0.75 Yes Gentianaceae
3
0
0.13 Yes
Convolvulaceae
11
5
0.71 Yes Haloragaceae
3
0
0.13 Yes
Rubiaceae
10
2
0.53 Yes Phytolaccaceae
3
0
0.13 No
Campanulaceae
9
7
0.71 Yes Tropaeolaceae
3
0
0.13 No
Verbenaceae
9
4
0.58 Yes Valerianaceae
3
0
0.13 No
Araceae
8
2
0.44 No Asclepiadaceae
2
3
0.22 No
Cucurbitaceae
8
0
0.36 Yes Dipsacaceae
2
3
0.22 No
Grossulariaceae
8
0
0.36 Yes Aceraceae
2
2
0.18 No
Bignoniaceae*
7
4
0.49 Yes Anacardiaceae
2
2
0.18 No
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Family

Fully Casual % of Native Family
Fully Casual % of Native
NaturWild family
NaturWild family
alised
NIPS
alised
NIPS
Cactaceae
2
2
0.18 No Ceratophyllaceae
1
0
0.04 No
Hydrangeaceae
2
2
0.18 No Dioscoreaceae
1
0
0.04 No
Ulmaceae
2
2
0.18 No Elaeagnaceae
1
0
0.04 No
Vitaceae
2
2
0.18 No Epacridaceae
1
0
0.04 Yes
Casuarinaceae
2
1
0.13 No Gunneraceae
1
0
0.04 Yes
Flacourtiaceae
2
1
0.13 No Lardizabalaceae
1
0
0.04 No
Juglandaceae
2
1
0.13 No Lemnaceae
1
0
0.04 Yes
Menyanthaceae
2
1
0.13 Yes Limnocharitaceae
1
0
0.04 No
Tamaricaceae
2
1
0.13 No Melianthaceae
1
0
0.04 No
Taxodiaceae
2
1
0.13 Yes Musaceae
1
0
0.04 No
Cannabaceae
2
0
0.09 No Ochnaceae
1
0
0.04 No
Lentibulariaceae
2
0
0.09 Yes Orchidaceae
1
0
0.04 Yes
Myoporaceae
2
0
0.09 Yes Pittosporaceae
1
0
0.04 Yes
Nyctaginaceae
2
0
0.09 Yes Pontederiaceae
1
0
0.04 No
Zingiberaceae
2
0
0.09 No Potamogetonaceae
1
0
0.04 Yes
Plumbaginaceae
1
5
0.27 No Simaroubaceae
1
0
0.04 No
Melastomataceae
1
3
0.18 No Taxaceae
1
0
0.04 Yes
Rutaceae
1
3
0.18 Yes Tiliaceae
1
0
0.04 Yes
Hydrophyllaceae
1
1
0.09 No Magnoliaceae
0
3
0.13 No
Orobanchaceae
1
1
0.09 No Meliaceae
0
2
0.09 Yes
Saxifragaceae
1
1
0.09 No Calyceraceae
0
1
0.04 No
Thymelaeaceae
1
1
0.09 Yes Clethraceae
0
1
0.04 No
Araucariaceae
1
1
0.09 Yes Cunoniaceae
0
1
0.04 Yes
Begoniaceae
1
1
0.09 No Ebenaceae
0
1
0.04 No
Cannaceae
1
1
0.09 No Hamamelidaceae
0
1
0.04 No
Cornaceae
1
1
0.09 Yes Limnanthaceae
0
1
0.04 No
Hippocastanaceae
1
1
0.09 No Luzuriagaceae
0
1
0.04 No
Actinidiaceae
1
0
0.04 No Myrsinaceae
0
1
0.04 Yes
Aloeaceae
1
0
0.04 No Nothofagaceae
0
1
0.04 Yes
Annonaceae
1
0
0.04 No Platanaceae
0
1
0.04 No
Aponogetonaceae
1
0
0.04 No Punicaceae
0
1
0.04 No
Aquifoliaceae
1
0
0.04 No Sapindaceae
0
1
0.04 Yes
Basellaceae
1
0
0.04 No Sarraceniaceae
0
1
0.04 No
Buxaceae
1
0
0.04 No Smilacaceae
0
1
0.04 Yes
Capparaceae
1
0
0.04 No Theaceae
0
1
0.04 No
Caricaceae
1
0
0.04 No Viscaceae
0
1
0.04 Yes
Centrolepidaceae
1
0
0.04 Yes Zygophyllaceae
0
1
0.04 No
*Note that Bignoniaceae is only represented in the native flora by a single NIPS on the Three
Kings Islands north of the North Island of New Zealand

However, New Zealand, with wild NIPS accounting for 54% of the total flora, is not
so high when compared with some smaller islands. For example, the wild nonindigenous flora in the Azores Archipelago comprises 69% of the total flora (18
excluded species, 65 species of uncertain native range and 24 hybrid species were
excluded from the number in Table 2), although this ranges from 52-69% on the
varying islands (Silva & Smith, 2004). Wild NIPS comprise more than 82% of the
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total flora of Ascension, almost 70% of Rodrigues, 67% of Tristan da Cunha and just
under 65% of Bermuda (Vitousek et al., 1997).
Table 2: The number of wild NIPS, native species, % of total regional flora consisting of wild
NIPS, the area, number of wild NIPS per log10 of the area (as used by Vitousek et al., 1996;
Weber, 1997), population density and source of the information for a range of islands and
countries or regions in the world, in order of decreasing numbers of wild NIPS.
Country/
Wild
Native
% wild
Area
Wild
Popu- Reference
Region
NIPS
species
NIPS of
(km2)
NIPS
lation
total
per density
flora
log10 (inhab(area)
itants
per
km2)
Islands
New
2252
1896
54.3
268,680
414.8
<15
Zealand
British Isles
1642
1515
52.0
244,872
304.7
(Williamson,
2002a), but see
discussion
Japan
1195
372,488
214.5
(Enomoto, 1997)
Hawaii
946
1744
35.2
16,764
223.9
(Pimental et al.,
2002)
Azores
690
205
77.1
2325
204.5
(Silva & Smith,
Archipelago
2004)
Taiwan
340
3876
8.1
35,800
74.7
640 (Wu et al., 2004a)
Singapore
204
2324
8.1
685
71.9
(Pandit et al., 2006)
Corsica
126
8682
32.0
30.0 (Lloret et al., 2005;
Sardinia
99
24090
22.6
67.9 Lloret et al., 2004)
Majorca
83
3656
23.3
201.5
Crete
82
8700
20.8
61.1
Malta
66
246
27.6
1569.1
Countries/Regions
Australia
2681
25,000
9.7 7,686,848
389.4
(Groves, 2002)
NSW
1253
4677
21.1
792,150
212.4
(Orchard, 1999)
NT
356
3604
9.0 1,331,900
58.1
As above
QL
1165
8106
12.6 1,707,520
186.9
As above
SA
1230
2850
30.1
As above
Tasmania
717
1572
31.3
As above
Victoria
820
2773
22.8
224,983
153.2
As above
WA
1223
7463
10.3
(Keighery &
Longman, 2004)
Czech
1378
2754
33.3
78,864
281.4
131 (Pyšek et al., 2002b)
Republic
California
1025
4844
17.5
411,020
182.6
74.9 (Vitousek et al.,
1997)
Italy
990
5811
14.6
301,262
180.7
(Viegi, 2001)
Chile
707
5364
11.6
756,626
120.3
<18 (Castro et al., 2005)
Mexico
618
22,968
2.7 1,953,201
98.2
(Villasenor &
Espinosa-Garcia,
2004)
Germany
480
2850
14.4
356,330
(Scherer-Lorenzen et
al., 2000)
Switzerland
362
2505
12.6
41,288
(Gassmann &
Weber, 2005)
Israel
123
4.1
(Dafni & Heller,
≈2900
1990)
Northern
1002-4 6,000,000
14-30
(Le Floc'h et al.,
Africa
200
1990)
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The wild NIPS of New Zealand also have a large number of wild non-indigenous
families (162) and genera (922) when compared with other regions of the world. For
example, wild NIPS are from 99 families and 542 genera in the Czech Republic
(Pyšek et al., 2003a), 98 families and 372 genera in the Azores Archipelago (Silva &
Smith, 2004), 80 families in Switzerland (Gassmann & Weber, 2005) and 60 families
with 222 genera in Taiwan (Wu et al., 2004a),
More than 50% of the wild NIPS in New Zealand are from only 10 of the 162 families
represented in this flora (Table 1). Four of the five wild non-indigenous families with
the most wild NIPS in New Zealand – Poaceae, Asteraceae, Fabaceae and
Brassicaceae, (Table 1) (Williams et al., 2001), are ranked the most speciose globally
and are over-represented in the non-indigenous flora when compared with the
proportion of these families in the global flora (Pyšek, 1998). In Taiwan, 44% of the
340 wild NIPS are from only three families – Fabaceae, Asteraceae and Poaceae (Wu
et al., 2004a). Almost 50% of the 690 wild NIPS in Chile come from the three most
speciose families, which are Poaceae (151), Asteraceae (92) and Fabaceae (as
Papilionaceae) (62) (Arroyo et al., 2000). Switzerland, with only 102 wild NIPS, has
only four families (Asteraceae, Rosaceae, Brassicaceae and Fabaceae) with more than
five fully naturalised NIPS (Gassmann & Weber, 2005).

4.

Year of discovery

To determine the first year of discovery for each wild NIPS, when possible I went
back to the original record as cited in the checklists and additional records of wild
NIPS (Connor & Edgar, 1994; Edgar, 1998; Edgar & Connor, 1991a, b; Edgar & Gibb,
1996; Edgar & Shand, 1987; Forde & Edgar, 1995; Garnock-Jones, 1979, 1981a, b,
1987; Given, 1979, 1982, 1984a, b; Heenan et al., 1998; Heenan et al., 2002; Heenan
et al., 2004a; Heenan et al., 1999; Sykes, 1978, 1981a, b, c, d, 1982a, b, c, 1996;
Webb, 1978, 1980, 1981, 1987; Webb et al., 1995; Webb et al., 1989). The year I used
was the earliest collection or publication as accepted by the checklists, unless I found
evidence of an earlier date, such as collections from the electronic records in the
Landcare Research Allan Herbarium (21st December 2004) and the Auckland
Herbarium (7th December 2004). For example, Podalyria sericea had earlier been
rejected by Webb (1980) as no specimen had been found for Kirk’s 1869 record (Kirk,
1869), but Auckland Herbarium has an undated specimen collected from a deserted
garden in Titirangi by Cheeseman. This was recorded as a “first record: new record”
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wild NIPS in 1995 based on collections made in Wellington in 1992 (Webb et al.,
1995) and the range was extended by additional records in 1999 (Heenan et al., 1999).
Heenan et al. (1999) also included reference to Cheeseman’s undated specimen. Since
this must have been collected before Cheeseman’s death in 1923, this puts the first
record of discovery prior to 1923, not 1992. Where undated specimens collected by
Kirk or Cheeseman are the first record of discovery, I have used 1898 for Kirk and
1922 for Cheeseman as conservative estimates for the date of discovery as Kirk died in
1898 and Cheeseman in 1923.
By going back to the original publications of the first records of discovery more
accurate years of discovery have been obtained. Also, access to the electronic herbaria
records has revealed earlier records, although these records were not checked for
misidentifications. Known examples of misidentification include a specimen
identified as Sisymbrio irio, first recorded in 1955 (Healy, 1948) but later reidentified
as S. orientale so the first record for S. irio is now 1994 (Webb et al., 1995). Often
these misidentifications are only found when researchers are conducting an
investigation into one family, genus or species. Such detailed investigation of original
specimens was beyond the scope of this study.
There were 60 examples where a digitised herbarium record puts the year of discovery
earlier than the published records. For example, the first published record for
Camelina alyssum was 1969 (Healy, 1969) but there is a 1940 collection in the Allan
Herbarium which is electronically catalogued. Also, if a publication was based on a
field trip made several years earlier, I used the latest year of the trip as the year of
discovery. For example, “U.S. Exploring Expedition, Botany” Volume I was not
published until 1854 but it is a record of Wilkes expedition from 1838-1842 so I have
used 1842 as the year of discovery for any wild NIPS recorded from this publication.
Likewise, “Voyage de l'Astrolabe” was published in 1835 (Dumont d'Urville et al.,
1835) but is a record of a voyage around New Zealand during 1826 and 1827 so I have
used 1827 as the year of discovery for any wild NIPS recorded from this publication.
According to Atkinson and Cameron (1993) more than eight NIPS have naturalised
per year since significant European contact with New Zealand began, but when the
casual NIPS were included the rate increased to around 12 wild NIPS per year
(Williams & Timmins, 2002). At the regional level, Esler (1988b) estimated that on
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average about four NIPS naturalised per year in Auckland, making Auckland possibly
the city with the most diverse wild non-indigenous flora in the world (Esler, 1987a).
My data show that, since 1769, an average of 9.7±0.87 wild NIPS (7.7±0.76 fully
naturalised) have been discovered per year (in all cases, means are followed by the
standard error of the mean). The rate of discovery was less up to and including 1940
and increased after 1940, (the year the last major record of wild NIPS was published
(Allan, 1940) prior to Flora of New Zealand – Volume IV (Webb et al., 1988)). Before
1941, 6.2±.96 wild NIPS were discovered on average per year, but since then 19.7±1.2
wild NIPS have been discovered per year (t = -8.63, d.f. = 135.5, p-value = <0.0001).
Repeating this for the fully naturalised NIPS only, prior to 1941 the mean number of
NIPS discovered per year was 5.7±0.90 but since then this has more than doubled to
13.8±1.1 NIPS discovered per year (t = -5.60, d.f. = 136.4, p-value = <0.0001). This
and other patterns in the date of discovery are explored in depth in the following
chapter.
When considering the records of discovery, there are several obvious peaks in the
number of wild NIPS discovered per decade (Figure 1). The first is linked to the
publication of “Flora Novae Zelandiae” (Hooker, 1855) and the second to the
publication of “Handbook of the New Zealand flora” (Hooker, 1867). Collectors in
New Zealand regularly sent specimens to the Kew herbarium, where Hooker was the
director (Galloway, 1998). Several botanists were travelling the country from the
1870s recording the species they found. Some focused predominantly on the native
species (e.g. Petrie, see bibliography in Hamlin (1958)), but Kirk, who travelled
through much of New Zealand from the 1860s through to the late 1890s (Hamlin,
1965), was interested in all species. He published numerous articles on the flora of the
areas he visited (e.g. Kirk, 1870a; Kirk, 1870b, 1877c, 1885, 1896), including articles
that focused only on the wild NIPS (e.g. Kirk, 1869, 1872a, c, 1877c, 1887), and
culminated with “The students' flora of New Zealand and the outlying islands” (Kirk,
1899). Other botanists were also publishing lists in the 1870s which included wild
NIPS (e.g. Armstrong, 1872; Buchanan, 1872; Cheeseman, 1879; Thomson, 1874). In
the 1930s Allan published an update on the wild NIPS (Allan, 1935) prior to the 1940
publication of “A handbook of the naturalised flora of New Zealand” (Allan, 1940).
Healy published four updates on the wild NIPS of New Zealand during the 1940s
(Healy, 1943, 1944, 1946, 1948) and another five in the 1950s (Healy, 1953, 1957,
21

Chapter 2: Natural history
1958, 1959a, b). During the 1980s, Protected Natural Area Surveys were conducted
(Myers et al., 1987), Esler published his list of the wild NIPS in Auckland (Esler,
1987b) and most of the checklists of wild NIPS on which Volume IV of the New
Zealand Flora (Webb et al., 1988) was based, were published (Garnock-Jones, 1981a,
1987; Given, 1982; Heenan et al., 2002; Sykes, 1981b; Webb, 1981).
When the collections in the Allan Herbarium, New Zealand’s largest herbarium, have
been fully electronically databased, a more complete record of the first discoveries
will be possible – approximately 25% of the collections have been digitised so far
(Aaron Wilton, pers. comm., 2005).

No. of species discovered per decade
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Figure 1 The number of wild NIPS discovered in New Zealand by decade. Letters indicate
significant publications above the decades in which they occurred: Ho1 = Hooker (1855), Ho2 =
Hooker (1867) K = Kirk (1870a; 1870b; 1870c; 1870d; 1872a; 1872b; 1872c; 1872d; 1877a; 1877b;
1877c; 1878a; 1878b), A=Allan (1940), H = Healy (1943; 1944; 1946; 1948; 1953; 1954; 1957;
1958; 1959a; 1959b), F = Flora of New Zealand Volume IV (Webb et al., 1988).
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5.

Native range – number and specific region/s

I also collated the native region/s, mainly from volumes III-V of the Flora of New
Zealand (Edgar & Connor, 2000; Healy & Edgar, 1980; Webb et al., 1988) and the
Germplasm Resources Information Network (GRIN) website (http://www.arsgrin.gov/cgi-bin/npgs/html/index.pl) (Appendix 7.2). I used the Kew region code
from the “World Geographical Scheme for Recording Plant Distributions” (Hollis &
Brummitt, 1992). This divides the terrestrial world into 19 regions, which I also
grouped into larger regions for further analyses (Table 3). Antarctica and the
subantarctic islands is the 19th region, but no NIPS on my list are native to this region.
Table 3: The 19 regions of the world according to the Kew scheme (Hollis & Brummitt, 1992) and
my larger regions used in the analyses.
Kew Region
Areas covered
Larger region
1
Europe
Eurasia
2
Orient, North Africa and Atlantic Islands
Eurasia
3
Northern Asia
Temperate Asia
4
Eastern Asia
Temperate Asia
5
India
Tropical Asia
6
Indo-China, Malay Islands, Malay Peninsula, New
Tropical Asia
Guinea, Philippines, South China Sea Islands
7
Australia
Australia
8
New Zealand
NA
9
Fiji Islands, Hawai’ian Islands, Melanesia, Micronesia,
Tropical Asia
New Caledonia, S. E. Polynesia, Samoan Islands
10
Cameroons and Congo, Tropical Africa, St Helena and
Africa
Ascension
11
Madagascar and Mascarenes
Africa
12
Southern Africa
Africa
13
North America
North America
14
Central America (includes Mexico)
South America
15
West Indies and Caribbean
South America
16
East tropical South America
South America
17
West tropical South America
South America
18
Temperate South America
South America
19
Antarctica and the subantarctic islands
NA

Almost 45% of New Zealand’s wild NIPS are native to Europe but the majority (79%)
of these are also native in other areas (Table 4). When the native areas were grouped
into my larger regions (Table 3) the greatest proportion (49%) of the wild NIPS were
native to Eurasia with 59% of these native to this region only. More than quarter
(28%) of the NIPS are native to multiple regions. Of the 1204 wild NIPS with
multiple native areas, almost twice as many wild NIPS (801) are native to Europe
compared with the 403 wild NIPS that are not native to there. For the grouped
regions, almost three quarters (72%) of the 632 wild NIPS from multiple regions are
native to the Eurasia region. The greatest numbers of the 1048 wild NIPS with only
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one native area are from Australia (218) closely followed by Europe (207). But for the
wild NIPS classified as environmental weeds by DOC, 26 (25%) with only one native
area are from East Asia and 26 (20%) from Southern Africa followed by 24 from
Australia and 20 from Europe, suggesting that species native to East Asia and
Southern Africa only may be of proportionately greater threat to New Zealand than
species native to other areas.
The majority (55%) of all wild NIPS and the environmental weeds (54%) of New
Zealand have multiple native areas (Table 5). However, only 41% of the casual wild
NIPS have multiple native areas.
Table 4: Native region(s) of the wild NIPS of New Zealand. If a NIPS is native to more than one
region it is considered a representative of each of the regions.
Total number of NIPS
Number of NIPS native to this region
Region
native to region
only
Eurasia
1103
647
Europe
1008
207
Orient
879
45
Temperate Asia
517
114
North Asia
305
1
East Asia
388
107
Tropical Asia
340
16
India
315
14
Indochina
77
0
Pacific Islands
27
1
Australia
278
218
North America
261
117
South America
381
253
Central America
199
54
West tropical South America
194
17
East tropical South America
181
8
West Indies
65
1
Temperate South America
202
33
Africa
276
190
Tropical Africa
124
16
Madagascar
43
5
Southern Africa
217
139
Unknown
15
Hybrid/Cultivated
66
Table 5 Number of Kew and grouped regions that the wild NIPS of New Zealand are native to.
Number of
Number of NIPS from Kew regions
Number of NIPS from grouped regions
regions
1
983
1555
2
584
380
3
260
158
4
154
44
5
104
25
6 or more
87
10
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As with many other countries or regions, for example Mexico (Villasenor & EspinosaGarcia, 2004), North America (Baker, 1986) and the sub-Antarctic islands (Frenot et
al., 2005), the majority of the wild NIPS are native to the temperate Old World
(Eurasia). This is not surprising given the colonisation history of New Zealand and
most of the world, the patterns of trade, and the activities of the Acclimatisation
Societies. Some wild NIPS native to other regions may still have arrived in New
Zealand from Britain/Western Europe as they may have already been introduced to
Britain for horticulture or agriculture well before New Zealand was discovered. NIPS
are likely to still be arriving in New Zealand by these circuitous routes (Clinehams,
2004).

6.

Growth form and plasticity

Growth forms had been collated by Peter Williams (Landcare Research) and Alan
Esler (Esler, 1987b) for many of the wild NIPS. I completed the list, mainly using the
species descriptions in the “Flora of New Zealand” volumes III, IV and V (Edgar &
Connor, 2000; Healy & Edgar, 1980; Webb et al., 1988) and Flora updates in the New
Zealand Journal of Botany (Edgar, 1998; Heenan et al., 1998; Heenan et al., 2002;
Heenan et al., 2004a; Heenan et al., 2008; Heenan et al., 1999; Sykes & West, 1996;
Webb et al., 1995; Webb et al., 1989) (Appendix 7.2). Where necessary, I also used
other sources such as the Pacific Island Ecosystems at Risk (PIER) database
(http://www.hear.org/Pier/scinames.htm), the United States Department of Agriculture
Natural Resources Conservation Services plants database
(http://plants.usda.gov/index.html) and other websites which describe species, for
example Desert-Tropicals.com (http://www.desert-tropicals.com/) and Floridata
(http://www.floridata.com/main_fr.cfm?state=Welcome&viewsrc=welcome.htm). I
used the categories as defined by Alan Esler in his catalogue of the wild NIPS of urban
Auckland (Esler, 1987b). These are annuals, biennials, herbaceous perennials, shrubs,
trees, aquatics, vines, large monocots and parasites (Table 6).
About 10% of the NIPS have multiple classifications, showing a degree of phenotypic
plasticity, for example Beta vulgaris and Oenothera stricta can both be annuals,
biennials or short-lived perennial herbaceous NIPS (Webb et al., 1988).
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Table 6 Wild NIPS classified according to growth form. Note – the total number is greater than
2252 as some NIPS with multiple growth forms are listed under each growth form.

Number of Growth form
NIPS
Gymnosperms
Dicotyledons

Monocotyledons

35 Trees
1714 Annuals
Biennials
Perennial herbaceous
Shrubs
Trees
Aquatic
Parasites
Vines
503 Annuals
Biennials
Perennial herbaceous
Aquatic
Vines
Large monocotyledons

Number
of NIPS

Casual

35
479
123
554
366
190
28
11
137
103
10
358
28
6
22

7
90
12
138
112
63
5
5
25
9
2
21
3
3
3

Environ
-mental
weeds
16
7
8
36
88
48
8
0
40
2
0
60
11
3
7

Of the 319 wild NIPS in my list classified as environmental weeds by DOC, 62% are
woody NIPS, for example many Acacia spp., Salix spp. and many Pinus spp.. These
are regarded as posing the biggest threat to the natural environments of New Zealand
(Owen, 1998).
New Zealand has a relatively low proportion (27%) of wild annual NIPS when
compared with some other regions of the world, which, interestingly, parallels a
similar paucity of annuals in New Zealand’s native flora (Lee et al., 2001). Of a
proportion of the wild vascular NIPS in Chile, 53.7% are annuals (Castro et al., 2005),
31.5% of the wild NIPS from Switzerland are annuals (Gassmann & Weber, 2005),
about 33% of the wild NIPS from Taiwan are annuals (Wu et al., 2004a), 45.7% from
the Azores islands (Silva & Smith, 2004) and 44.0% of the wild NIPS of the Czech
Republic are annuals (Pyšek et al., 2002b). However, New Zealand has a relatively
large proportion of woody wild NIPS (30%). The proportion of the wild NIPS
classified as woody is 12.2% in the Czech Republic (Pyšek et al., 2002b), 21.3% in
Switzerland (Gassmann & Weber, 2005), 13.0% in the Azores islands (Silva & Smith,
2004), just under 20% in the British Isles (Crawley et al., 1997) and 45% in Northern
Africa (Le Floc'h et al., 1990).
For the analyses, I created four growth form categories – “short-lived herbaceous
species”, “long-lived herbaceous species”, “short-lived woody species” and “trees” –
and, using the descriptions I classified all NIPS into these categories. As I wanted to
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capture the time to reproductive maturity with these categories, I took a conservative
approach. NIPS with two or more growth forms have been categorised by the
probable shorter life form. For example, Plectranthus ciliatus can be a perennial herb
or a subshrub (Webb et al., 1988) and was therefore classified as a long-lived
herbaceous species.

7.

Introduction and distribution

Initially, I had three categories for the possible mode of introduction – deliberate,
accidental or both. I classified as “accidental” those wild NIPS that are assumed to
have arrived accidentally and for which I found no record of them ever having been
deliberately cultivated, for example seed contaminants, or those arriving with
merchandise or ballast, and also species that are classified as possible seed
contaminants by Germplasm Resources Information Network (GRIN) taxonomy for
plants database (http://www.ars-grin.gov/cgi-bin/npgs/html/index.pl). GRIN has
information on almost 80 000 species and infra-species of economic importance and is
maintained by the United States National Plant Germplasm System of the Agricultural
Research Service, United States Department of Agriculture and the Integrated
Taxonomic Information System. I classified any wild NIPS that has been cultivated in
New Zealand at any time as “deliberate”, and any that also arrived accidentally were
classified as “both”. Datura ferox is classified as “accidental” even though it was
imported as bird seed because it was never deliberately cultivated (Healy, 1969; Webb
et al., 1995).
For the deliberate introductions, I also placed each wild NIPS into two broad use
categories. Previous authors (e.g. Buddenhagen et al., 1998) have emphasised that the
majority of wild NIPS were horticultural introductions, therefore I felt it important to
divide this category of deliberate introductions to reflect the density and spread of
purposeful plantings. The categories I used were ornamental and utilitarian.
Ornamental NIPS were defined as those that are, or have been, used for ornamental or
amenity plantings, particularly in home gardens and urban parks, and include
aquarium and lawn species. Ornamental NIPS have no other uses. Utilitarian NIPS
were defined as those that are, or have been, used for ecosystem services in the rural
landscape, for commercial crops, for agriculture or for forestry. Examples of uses of
NIPS for ecosystem services include shelter belts (Populus yunnanensis), rural hedges,
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wood lots, land stabilisation (Salix spp.), sand binding (Lupinus arboreus), and shade.
Commercial crops include, for example, woody fruit crops (e.g., Vitis vinifera, Prunus
persica), or bee fodder. Agricultural NIPS include any herbaceous species that are, or
have been, commercially grown for pastures or crops in the rural landscape (e.g.,
Lolium perenne), including green manure, vegetables etc. Forestry NIPS are those tree
species that are, or have been, used for commercial timber production, such as Pinus
radiata.
From this information, for the analyses I created five categories that combined the
possible mode of introduction with distribution –“No use” for the wild NIPS that were
only accidentally introduced and/or distributed, “Ornamental (A)” for the wild NIPS
that were deliberately introduced and distributed as an ornamental NIPS but were also
accidentally introduced and/or distributed, “Ornamental (D)” for the wild NIPS that
were only deliberately introduced and distributed for ornamental purposes, “Utilitarian
(A)” for the wild NIPS that were deliberately introduced and distributed for utilitarian
purposes but were also introduced and/or distributed accidentally and “Utilitarian (D)”
for the wild NIPS that were only deliberately introduced and distributed for utilitarian
purposes (Appendix 7.2).
I obtained direct references on the mode of introduction and distribution for many of
the NIPS (Adams, 1915; Cheeseman, 1900; Cockayne, 1916; Colenso, 1885; Curl,
1876, 1878, 1879; Esler, 1987a, b; Guthrie-Smith, 1907; Healy, 1969; Healy & Edgar,
1980; Kirk, 1895; Ludlam, 1868; Mason, 1896, 1902; Webb et al., 1988). If I could
not do this and a NIPS was listed as cultivated in any New Zealand gardening
reference that I consulted, such as “Gaddum’s plant finder” (Gaddum, 1999), New
Zealand gardening books (e.g. Bryant, 1995; Griffiths, 1994; Macoboy et al., 1991;
Sheat & Schofield, 1995) or New Zealand nursery catalogues (e.g. Arthur Yates & Co.,
1929, 1943; Arthur Yates & Co. Ltd., 1965; Duncan & Davies, 1927, 1952, 1963;
Yates New Zealand, 1987, 1990), I assumed that it had been deliberately introduced
and distributed for ornamental use. Peter Williams (Landcare Research) determined
the mode of introduction and distribution for 237 of the wild NIPS for which I could
not find references. For example, I had found information on two of the Austrostipa
spp. and Peter Williams determined that the remaining seven wild Austrostipa spp. had
been accidentally introduced and/or distributed. I also made judgements according to
my personal knowledge of the current use of the wild NIPS. Finally, if there was still
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no record anywhere and a NIPS was in the “The new Royal Horticultural Society
dictionary: Index of garden plants” (Griffiths, 1994) I listed it in the ornamental
horticultural category as a deliberate introduction and distribution. This left ten wild
NIPS with an unknown mode of introduction and distribution – Briza uniolae, Bromus
valdivianus, Centipeda cunninghamii, Cryptocarya obovata, Isolepis australiensis,
Juncus platyphyllus, Paspalum vaginatum, Rubus echinatus, Sporobolus diandrus and
Stellaria neglecta – so their introduction and distribution was classified as “None”.
Because I have stopped at the species level, if there have been several subspecies I
have combined the information. This may have led to inaccuracies in some cases. For
example, the cultivated carrot and wild carrot are both Daucus carota, although the
cultivated carrot is usually treated as subsp. sativus and the wild carrot as subsp.
carota (Webb et al., 1988). If a garden book uses scientific names it is often only to
the species level, for example Daucus carota in Sheat and Schofield (1995).
Of the 2252 wild NIPS in New Zealand by 2000, 54% were deliberately introduced
and distributed, 31% were accidentally introduced and/or distributed and 15% were
both deliberately and accidentally introduced and/or distributed. Overall, when the
mode of introduction is classified as deliberate or accidental only, 69% were
deliberately introduced and 46% were accidentally introduced. New Zealand has a
lower percentage of accidentally introduced wild NIPS when compared with the
Czech Republic where 57% of the wild NIPS were accidentally introduced. However,
a higher percentage (16%) were both accidentally and deliberately introduced to New
Zealand when compared with the Czech Republic, where only 7.4% were possibly
introduced by both modes (Pyšek et al., 2002b).
The majority (77%) of the deliberately introduced wild NIPS were introduced for
ornamental use, as in many other regions, including the British Isles (Crawley et al.,
1997), the Czech Republic (Pyšek et al., 2003b), the Azores Archipelago (Silva &
Smith, 2004) and Mediterranean islands (Lambdon & Hulme, 2006a).

8.

Additional biological attributes

These seven additional biological attributes – mode of dispersal, dispersule mass,
flowering phenology (start of flowering and flowering duration), vegetative
reproduction, life strategy, and plant height – are also hypothesised to explain why
some NIPS naturalise earlier than others and why some of these wild NIPS have
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become more widely distributed. While information was not as readily available as
for the previous attributes, I collated as many records as possible so that I could
analyse a subset of the original dataset and compare the results with the results for the
full dataset (Appendix 7.3). Information for these extra attributes for the wild NIPS in
New Zealand came from volumes III-V of the Flora of New Zealand (Edgar &
Connor, 2000; Healy & Edgar, 1980; Webb et al., 1988), Landcare Research’s
Ecotraits database (http://ecotraits.landcareresearch.co.nz/) and from several websites
such as the LEDA traitbase – a database on life history traits of the Northwest
European flora (Kleyer et al.), BiolFlor – a search and information system on vascular
plants in Germany (http://www.ufz.de/biolflor/index.jsp), Seed Information Database
(SID) (http://www.rbgkew.org.uk/data/sid/), British Ecological Society Flora Database
(Ecoflora) (http://www.ecoflora.co.uk/), publications (Atkinson, 1997; Grime, 1979;
Williams et al., 2005), and data supplied by C. Buddenhagen (Hawaii Invasive Species
Council) and L. Burrows (Landcare Research, New Zealand). Table 7 shows the
source for each of the additional biological attributes.
Table 7: Sources of information for the additional biological attributes that were not available for
all NIPS in my dataset.
Dispersal FlowerVegetative
Strategy
Dispersule
Height
ing
repromass
duction
Floras of New Zealand
X
X
X
X
X
Ecotraits
X
X
X
X
LEDA
X
X
X
X
BiolFlor
X
X
X
X
X
X
SID
X
X
Ecoflora
X
X
Atkinson
X
Grime
X
X
X
X
X
X
Williams
X
X
X
Buddenhagen
X
Burrows
X
X
X

The complete set of 21 attributes was available for a subset of 544 (including 30
casual) wild NIPS. This is not a random subset of my full list. Compared with the full
dataset, more of these wild NIPS were discovered earlier (84% discovered pre 1950
c.f. 55% overall), more are native to Eurasia (91% c.f. 49%), more have multiple
native regions (82.7% c.f. 53.4%), more are herbaceous NIPS (88% c.f. 71%), more
were accidentally introduced to New Zealand (77% c.f. 46%) and all are naturalised
elsewhere. Some families are over-represented (e.g. Caryophyllaceae (5% c.f. 2.5%)
and Brassicaceae (7% c.f. 3%)) and others are under-represented (e.g. Crassulaceae
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(0.4% c.f. 1.6%) and Iridaceae (0.2% c.f. 2%)) or not represented at all (e.g.
Mimosaceae and Proteaceae). Likewise some genera are over-represented (e.g.
Veronica (2.4% c.f. 0.7%)), some under-represented (e.g. Rubus 0.6% c.f. 1.2%), three
of the genera with 10 or more species are not represented (Acacia, Eucalyptus and
Pelargonium) and 25 of the 72 genera with five to nine species are not represented.
8.1.1. Mode of dispersal
I used six categories of dispersal – animal (internal and external), explosive, water,
wind or multiple (for wild NIPS with two or more of the previous modes) and
unspecialised (includes dispersal by humans).
8.1.2. Dispersule mass
I used the class categories as defined by Hodgson et al. (1995) for dispersule mass – "
0.20 mg, 0.21 – 0.50 mg, 0.51 – 1.00 mg, 1.01 – 2.00 mg, 2.01 – 10.00 mg, > 10mg.
8.1.3. Vegetative reproduction
I recorded whether or not NIPS could reproduce vegetatively, i.e. from rhizomes or
corms, bulbs or tubers, creeping stems, root suckers, stem fragments or tillers.
8.1.4. Start of flowering
The categories I used for the start of flowering were spring, summer and
autumn/winter. Autumn and winter were merged as only 133 (11%) of the wild NIPS,
for which data on this attribute was available, start flowering in either of these seasons.
For wild NIPS with no New Zealand information, where information was available
from the northern hemisphere, I used either the season recorded or added six months
to the month flowering started and equated it to the New Zealand season. For
example, Galinsoga quadriradiata had no flowering information in Flora IV (Webb et
al., 1988) but the start of flowering was recorded as early summer for Europe (Kleyer,
1995).
8.1.5. Flowering duration
I used three categories for flowering duration – short (less than three months), medium
(three to six months) and long (more than six months).

31

Chapter 2: Natural history
8.1.6. Life strategy
Plant species can be classified as competitors, ruderals or stress-tolerators or
combinations of these as defined by Grime (1979; 2001). I used the life strategy
categories as defined by Hodgson et al. (1995) based on Grime (1979) – competitor
(C), ruderal (R), stress-tolerator (S), competitive-ruderal (CR), stress-tolerant
competitor (SC), stress-tolerant ruderal (SR), CSR strategist (CSR). Some wild NIPS
were intermediate between two of these categories, for example C/SC, so I classified
these into the multiple category for example SC.
8.1.7. Plant height
I used the height categories defined by Kleyer (1995) – " 299 mm, 300 – 599 mm, 600
– 999 mm, 1.0 – 1.5 m, 1.6 – 3.0 m, 3.1 – 6.0 m, 6.1 – 15 m, # 15.1 m.
Table 8 summarises each attribute collected for the database. It includes the categories
for each attribute, the number of fully naturalised and casual NIPS in each category for
the full dataset of 2252, the environmental weeds and the subset of 544 NIPS with the
complete set of attributes.

9.

Conclusion

To improve prediction for future naturalisations/invasions, wild NIPS inventories for
countries or large regions are essential. Inventories, such as this New Zealand one,
have huge potential for comparative analyses (Cadotte et al., 2006a), and for
determining historical patterns. This inventory is the basis for the following analyses
of the naturalisation and distribution of the wild NIPS in New Zealand.
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Table 8: The number of fully naturalised and casual NIPS in each category for each of the
attributes collected for the complete dataset of 2252 NIPS, the 319 environmental weeds and the
subset of 544 NIPS with the complete set of additional biological attributes. The year of discovery
and the tabled attributes are used in the analyses presented in the following two chapters.
Full dataset
Environmental
Subset with
(2252)
weeds
additional
(319)
biological
attributes
(544)
Attribute
Categories
Natur- Casual
Natur- Casual
Natur- Casual
alised
alised
alised
Year of
N/A
discovery
Number of
Hybrid/cult
47
18
6
0
5
0
native regions 1
728
255
140
2
87
2
2
487
97
88
0
160
10
3
217
43
41
0
91
5
4
132
22
42
0
81
5
5
91
13
55
4
6 or more
86
16
35
4
Native to
No
849
300
194
2
48
2
Eurasia
Yes
939
164
123
0
466
28
Native to
No
1367
368
232
2
294
12
temperate Asia Yes
421
96
85
0
220
18
Native to
No
1504
408
270
2
375
22
tropical Asia
Yes
284
56
47
0
139
8
Native to
No
1579
395
283
1
504
30
Australia
Yes
209
69
34
1
10
0
Native to
No
1579
410
281
1
452
22
North America Yes
209
54
36
1
62
8
Native to
No
1488
383
247
2
482
27
South America Yes
300
81
70
0
32
3
Native to
No
1576
400
265
2
497
29
Africa
Yes
212
64
52
0
17
1
Growth form
Short-lived herb
569
114
20
0
210
9
Long-lived herb
764
162
127
0
244
15
Short-lived woody
302
118
108
1
31
2
Trees
153
70
62
1
29
4
Multiple
No
1611
428
297
2
449
28
growth forms
Yes
177
36
20
0
65
2
Naturalised
No
69
208
6
0
0
0
elsewhere
Yes
1719
256
311
2
514
30
Native
No
1327
388
262
2
359
23
congener
Yes
461
76
55
0
155
7
Naturalised
No
370
162
87
1
87
7
congener
Yes
1418
302
230
1
427
23
Introduction/
No use
614
87
40
0
237
11
spread
Ornamental &
202
17
39
0
112
4
accidental
Ornamental –
664
316
146
1
72
10
deliberate only
Utilitarian &
105
4
28
0
54
1
accidental
Utilitarian –
203
40
64
0
39
4
deliberate only
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(Cont’d)

Full dataset
(2252)

Attribute

Categories

Dispersal mode

Animal
Ballistic
Unspecialised
Water
Wind
Multiple
" 0.20 mg
0.21 – 0.50 mg
0.51 – 1.00 mg
1.01 – 2.00 mg
2.01 – 10.00 mg
> 10.00 mg
No
Yes
Autumn/winter
Spring
Summer
Short < 3
Medium 3 – 6
Long > 6
Competitive (C)
Ruderal (R)
Stress-tolerator (S)
Competitive ruderal
(CR)
Stress-tolerant
competitor (SC)
Stress-tolerant
ruderal (SR)
CSR strategist
(CSR)
" 299 mm
300 – 599 mm
600 – 999 mm
1.0 – 1.5 m
1.6 – 3.0 m
3.1 – 6.0 m
6.1 – 15.0 m
> 15.0 m

Dispersule mass

Vegetative
reproduction
Start of
flowering
(season)
Flowering
duration
(months)
Life strategy

Plant height

Natural
-ised

Casual

Environmental
weeds
(319)

Natural
-ised

Casual

Subset with
additional
biological
attributes
(514)
Natural
Casual
-ised
117
9
7
2
91
2
27
4
99
8
173
5
124
8
106
2
69
6
84
4
75
4
56
6
204
10
310
20
37
2
280
14
197
14
240
21
197
9
77
0
70
7
61
5
20
0
113
2
33

5

51

3

166

8

50
134
120
89
68
16
15
22

8
9
5
2
2
1
1
2
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Chapter 3: Estimating the year of
naturalisation of the wild non-indigenous
seed plant species of New Zealand using
interval-censored time-to-event analysis.
Accidental plant introductions are "certainly the source or mode in which by far the
greatest number of such aliens have come to these Islands. Agricultural seeds are
especially responsible for the majority of our most common weeds" (Thomson, 1900).
“Mr J. B. Armstrong has pointed out, with, I think, much truth, that the vigorous
growth of weeds in a new colony is in large part due to seeds being introduced from
many different countries, and thus securing cross-fertilisation between plants whose
ancestors grew under widely different conditions” (Hutton, 1883).

1.

Introduction

In the process of naturalisation and subsequent spread by non-indigenous species, at
least four stages are recognised (Duncan et al., 2003; Kolar & Lodge, 2001;
Theoharides & Dukes, 2007; Williamson, 1996). Firstly, species need to be
transported, deliberately or accidentally, to a region outside their native range.
Secondly, species having survived transportation, then colonise the new region.
Thirdly, some of these species naturalise by establishing wild populations, and
fourthly, some of these species then spread through the new region. For nonindigenous plant species (NIPS) the timing of the third stage – naturalisation – has
been recognised as important in the subsequent spread of wild NIPS. Studies of the
geographic distribution of wild NIPS at a point in time showed NIPS that naturalised
earlier were generally more widely distributed because they had had longer to spread
(Castro et al., 2005; Rejmánek, 2000; Rozefelds & Mackenzie, 1999; Scott & Panetta,
1993). NIPS that naturalise earlier than other species may be more suited to the
environment and/or have attributes that allow these species to spread faster. The
patterns of naturalisations of NIPS can also determine the subsequent composition of
the flora due to interactions with native flora and other wild NIPS (Pyšek et al.,
2003b).
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Naturalisation is an interaction between humans as vectors and propagators, and
biological and ecological characteristics of the NIPS (Kowarik, 2003; Pyšek et al.,
2003b; Williamson, 2006). Because humans determine how, why, and from where
NIPS are introduced, both purposefully and inadvertently, social and economic factors
determine which NIPS are introduced to a region. Biogeographical factors then
determine whether there is a match in climate between the native region and the
region of introduction. Finally, ecological factors then determine which NIPS are able
to utilise the environments available and which ones ultimately reproduce and
naturalise (Williamson, 2006). Human propagation and dispersal also influence
which NIPS can naturalise earlier than others. Therefore the combination of all these
factors determines which NIPS naturalise earlier than others.
However, naturalisation, like the second stage (colonisation), is difficult to research
due to a lack of detailed records. Pyšek et al. (2003b) researched the naturalisation of
65% of the wild NIPS in the Czech Republic, the only other large-scale study of
naturalisation that I am aware of. They examined the importance of native region,
introduction, life history, Grime’s life strategy, onset of flowering, mode of dispersal
and propagule size. NIPS that naturalised earlier in the Czech Republic tended to be
early flowering species that utilised all three Grime strategies (competitive, ruderal
and stress tolerant), of European origin, and were deliberately introduced and
distributed for utilitarian purposes.
In my research of the third stage in the naturalisation and spread of the New Zealand
wild NIPS – naturalisation, my first aim was to estimate the year of naturalisation of
the NIPS from the dates of discovery. To do this, I used interval-censored time-toevent analysis, also known as survival analysis or failure-time analysis. Because the
exact point of naturalisation of the NIPS can never be determined, researchers have
used the year of discovery or minimum residence time as a surrogate for time of
naturalisation. However, to improve understanding of the process of naturalisation
and spread, the closer we can estimate the year of naturalisation, the better we can
understand the process, which in turn improves the chances for future predictions.
One way to deal with the uncertainty in the date of naturalisation is to use intervalcensored time-to-event analysis – a technique which is useful for analysing events
which cannot be directly observed, but which must have occurred during an interval.
For example, a NIPS must have naturalised in the interval between the year when the
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previous botanical survey was conducted (assuming a wild population of a NIPS was
not overlooked during this previous survey), and the year it was discovered, therefore
time-to-event analysis models can be used to estimate the timing of the naturalisation.
Once I had estimated the year of naturalisation, my second aim was to determine the
importance of several biogeographical, taxonomic, human and biological attributes in
determining why some NIPS naturalised earlier than others. The null hypothesis was
that all NIPS had the same opportunity to arrive in New Zealand and that the
naturalisation was random and independent of any of these factors.
New Zealand, a group of isolated islands, with less than 250 years of European
colonisation, possesses very detailed information about the wild NIPS as botanists
have been collecting and recording these species since Europeans first set foot on
New Zealand in 1769. Since then many New Zealand botanists have been interested
in the wild NIPS, with the first book on the flora of New Zealand, which included
wild NIPS, being published in 1855 (Hooker, 1855). It is estimated that less than 10
of the 2252 wild NIPS recorded by 2000, were Polynesian introductions present when
Europeans arrived (Leach, 2005; Williams & Cameron, 2006), therefore more than
99.5% of the wild NIPS have naturalised since 1769. Because of the recent European
colonisation, this dataset is globally unique in its comprehensiveness and detail.
New Zealand’s excellent records allowed me to determine an interval during which
each NIPS naturalised then, using time-to-event analysis methods, I could estimate the
actual year of naturalisation. To my knowledge, this is the first time this approach has
been applied to modelling this stage in the naturalisation and spread process of NIPS.
By analysing this large dataset using multi-factorial time-to-event analysis, I could
determine the significance of independent variables that are hypothesised to affect the
time of naturalisation of NIPS, once the effects of the other significant variables were
taken into account.
In the analyses, I used biogeographical, taxonomic, human and biological data to
determine the role of 14 attributes, available for the complete dataset of 2252 wild
NIPS, and hypothesised to affect the time of naturalisation. For a subset of 544 NIPS
with an additional seven biological attributes that are also hypothesised to affect the
timing of naturalisation but were not available for the complete dataset, I repeated the
analyses on all 21 attributes. This research used a new technique and provided an
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opportunity to compare the findings from the Czech Republic, a continental region
with a long history of human occupation (Pyšek et al., 2003b), with the findings for a
group of temperate islands with a much more recent history of European colonisation.

2.

Methods

2.1. Database of the wild NIPS
I compiled a list of the 2252 wild NIPS that were discovered by the year 2000 in New
Zealand. See Chapter 2 for detailed information on the compilation and description of
my list of wild NIPS.

2.2. Statistical analyses
The statistical programme R version 2.7.1 and associated packages (R Development
Core Team, 2007) were used for all analyses.
2.2.1. Interval-censored estimation of year of naturalisation
I recorded the year of discovery for each of the wild NIPS on my list. This was either
the year the first specimen of a wild NIPS in a herbaria was collected or publication
year of the first article listing that NIPS as wild. For a detailed description of the
determination of the year of discovery, see Chapter 2. I therefore had dates of
discovery but needed to estimate the year of naturalisation, which was unobserved. I
could estimate the interval within which naturalisation was likely to have occurred by
assuming that a NIPS first naturalised between the year of discovery and the
publication of the previous list of wild NIPS that would have included the NIPS if it
had been known to be wild at that point in time.
The earlier publication could have been a list of wild NIPS present in a particular
region of New Zealand, for example wild NIPS present in Otago (Thomson, 1874) or
Canterbury (Healy, 1969), or a national list of wild NIPS from a taxonomic group, for
example grasses (Armstrong, 1872) and panicoid grasses (Edgar & Shand, 1987). For
example, Senecio serpens was not on the list of wild NIPS published for Canterbury
in 1969 (Healy, 1969) and was first discovered from Banks Peninsula, Canterbury in
1987 (Webb et al., 1988). I have therefore assumed that this NIPS must have
naturalised sometime between 1969 and 1987.
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Assuming that Europeans introduced all the NIPS in my database, none of these NIPS
could have been recorded as wild prior to James Cook returning to New Zealand on
his second voyage in 1772 so 1772 is the minimum year of discovery. The earliest
botanical records of wild NIPS are from the publication of the “Voyage de
Decouvertes de L'Astrolabe: Botanique” (Dumont d'Urville et al., 1835) which lists
wild NIPS discovered during a trip to New Zealand in 1827.
I can then use interval-censored time-to-event analysis to estimate the year of
naturalisation, by assuming that the year of naturalisation (X) occurs between the year
of publication of the previous list (T1) and the year of discovery (T2) (Fox, 2001;
Klein & Moeschberger, 1997). Because few statistical packages allow for intervalcensored time-to-event analysis, most researchers commonly make the assumption
that the event of interest occurs at the beginning, end or mid-point of an interval
(Giolo, 2004). Making the assumption of exact times can sometimes lead to
unreliable results and conclusions because of biased estimates (Giolo, 2004; Lindsey
& Ryan, 1998; Odell et al., 1992). Using interval-censored time-to-event analysis,
also known as survival or failure-time analysis, overcomes this problem.
I used interval-censored time-to-event analysis to estimate the survival function, S(t),
which is the probability that an individual ‘survives’ to time t. In most studies, this
takes the value 1 at the start of the study (t=0, when all individuals are ‘alive’) and
declines through time as individuals are removed from the population, until time = 1
at which point all individuals have died. However, my study starts with no
individuals being ‘alive’ or discovered and the individuals are added to the population
through time. I set the ‘starting’ date at the year 2000, when all the NIPS in my study
had wild populations (S(t) = 1). I then reversed my variables by subtracting the
earliest possible year of naturalisation (i.e. year of previous publication) and latest
year (i.e. the year of discovery) from the year 2001 and used these two new variables
as the interval response variable.
Using the survival package in R, I estimated the cumulative proportion of
naturalisations using an analogue Product-Limit non-parametric estimator, which is
based on Turnbull’s estimator, as implemented in R by Giolo (2004). Turnbull’s nonparametric estimator has no closed form and is an iterative procedure which gives a
maximum likelihood estimate of a distribution function, using the idea of selfconsistency to build a simple algorithm (Klein & Moeschberger, 1997; Turnbull,
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1976). I then analysed the significance of the attributes that are hypothesised to
determine time of naturalisation, using the cumulative proportion of naturalisations as
the response variable.
2.2.2. Fitting the model
As the predictors are assumed to affect the time to naturalisation (i.e. failure-time)
multiplicatively, I used accelerated failure-time (AFT) models (Fox, 2001) which can
be used for interval-censored data. An AFT model takes the form:
Ti = exp(ß0 + ß1xi1 + … + ßkxik + !i )

(Equation 1)

where Ti is a variable denoting the time to naturalisation for the ith NIPS, xi1,…, xik are
the values of k predictor variables that might account for variation in naturalisation
times, ß0,…, ßk are unknown parameters to be estimated, and $i is a random error term.
I estimated the unknown parameters in the model by maximum likelihood taking into
account the interval-censoring of the time to naturalisation. A distribution for the
random error term must be specified when fitting an AFT model.
To select the error distribution for the models, I tested the fit of the distributions
frequently used in continuous models (exponential, Weibull, Gaussian, logistic, lognormal and log-logistic) (Tableman & Kim, 2004) by fitting the response variable to
models without any predictor variables with each distribution, using the survival
package in R. I calculated the Akaike Information Criterion (AIC)
AIC = - 2*log-likelihood + 2*nparameters

(Equation 2)

where the log-likelihood is from the summary of the model and nparameters is the
number of parameters in the model. I then selected the distribution that gave the
lowest AIC (Crawley, 2003; Klein & Moeschberger, 1997; Tableman & Kim, 2004) –
in this case the Weibull distribution – for my models (Figure 5).
For a Weibull distribution, the formulae to calculate the survivor function S(t) and
mean time to naturalisation E(T) are:
S(t) = exp(–(%t)&)

(Equation 3)

mean E(T) = %-1'(1+1/&)
(Equation 4)
where % is a scale parameter and & is a shape parameter and t is the time from time 0,
i.e. the time when all my NIPS were naturalised. If & > 1 the Weibull hazard function
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is monotone increasing, if & < 1 it is monotone decreasing and if & = 1 the hazard
function is constant (Fox, 2001; Tableman & Kim, 2004).
To determine the significance of the predictor variables that are hypothesised to affect
the time of naturalisation (listed in the species attributes below), I first checked the
significance of each of these variables individually using interval-censored time-toevent analysis with a Weibull distribution (Appendix 1). Significance is tested using
the Likelihood Ratio Test (LRT). Next, I built a maximal model using the 14
attributes that are complete for the full dataset (number of native regions, seven
specific native regions, whether or not a wild NIPS had multiple growth forms, the
growth form, introduction and distribution, and whether or not the wild NIPS had a
naturalised congener, a native from the same genus, or was naturalised elsewhere). To
obtain the minimal adequate model (MAM), I simplified the maximal model by
testing the significance of each variable when added to the model last, then removing
the least significant variable. I repeated this until all variables were significant at P <
0.05. For significant variables with three or more levels, I tested for significant
differences between levels of variables using a priori determined contrasts (Crawley,
2003).
To test whether any of the seven additional biological attributes that are not available
for all wild NIPS in my dataset were significant (mode of dispersal, dispersule mass,
whether or not a NIPS can reproduce vegetatively, start of flowering, flowering
duration, life strategy, and height), I repeated the analysis on the subset of 544 wild
NIPS (20%) which have the complete set of all 21 attributes. I added these seven
additional attributes to the 14 predictor variables listed above, then determined the
MAM as described above.
To calculate the differences in the estimated year of naturalisation for the levels of
each variable, I created a dummy dataset with every combination of each level for
each significant variable then used the model coefficients and Equation 4 to calculate
the mean estimated number of years since naturalisation for each level of each
significant predictor variable. I then calculated the difference in years between each
level for each significant variable, using the first level as the reference level.
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2.3. NIPS attributes
Detailed information about the sources and collation of the data for the following
predictor variables is available in the previous chapter. Table 9 includes all predictor
variables used in the analyses, the number of categories and the categories for each
variable, and the anticipated effect of each variable. Below, I explain the rationale for
including the variables in the analyses. The 14 attributes that were available for the
full dataset of 2252 (1773 fully naturalised and 479 casual) are followed by the seven
additional biological attributes that were available for the subset of wild 544 NIPS
(514 fully naturalised and 30 casuals).
2.3.1. Native range – number and specific regions
Attribute 1: Number of native regions: Many studies relate the success of
naturalisation of NIPS to a match in climates between the native range of a NIPS and
the region into which the NIPS is introduced (Mack, 1995; Panetta & Mitchell, 1991;
Reichard & Hamilton, 1997) – those with wider native ranges are adapted to a wider
range of climates (Goodwin et al., 1999) are therefore likely to naturalise earlier.
Also, NIPS with a wider native range are more available to humans and are more
likely to be transported to new locations (Goodwin et al., 1999). For detailed
information on determining the native range/s and the regions see Chapter 2. To test
the hypothesis that NIPS with a wider native range are likely to naturalise earlier, I
totalled the number of native regions for each wild NIPS. Fewer than 100 wild NIPS
were native to six or more regions so I made this the largest category. Wild NIPS that
were of hybrid or cultivated origin were classified as having no native regions. The a
priori orthogonal contrasts I used for the number of native regions were one native
region compared with two native regions; one and two regions compared with three;
one, two and three regions compared with four; one to four regions compared with
five; one to five regions compared with six or more; and NIPS of hybrid/cultivated
origin compared with the rest.
Attribute 2 – 8: Specific native regions: Because information about introduction is
largely unavailable for large datasets of wild NIPS, native regions can, to some extent,
be used as a surrogate for introduction history. Because New Zealand was colonised
by Europeans and the bulk of the imports of plant material were (and, to a lesser
extent, still are) from this region (Figure 2), NIPS from Eurasia are likely to have been
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introduced earlier. In a previous study, NIPS from families native to Europe and the
temperate regions were found to naturalise earlier in the Czech Republic (Pyšek,
1998). Because NIPS from the Old World have been transported by humans and have
evolved with human induced disturbance for a very long period, they are hypothesised
to naturalise earlier than NIPS from the New World (di Castri, 1989; Gray, 1879). To
test the hypothesis that NIPS from Old World regions naturalise earlier, I determined
whether or not the native range of each NIPS included “Eurasia”. NIPS native to
other regions may have advantages or disadvantages compared with other NIPS, that
determine their ability to naturalise earlier. For example, NIPS native to tropical
regions may not as easily naturalise in New Zealand when compared with NIPS from
temperate regions. NIPS from regions geographically closer to New Zealand may
also be imported earlier and may naturalise earlier. I therefore wanted to determine
whether the native range including other specific regions was significantly associated
with earlier or later naturalisation in New Zealand, so I determined whether or not the
native range of each NIPS also included “Temperate Asia”, “Tropical Asia”,
“Australia”, “Africa”, “North America” or “South America”.
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Temperate Asia
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South America
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Africa
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Figure 2: Cumulative year 2000 $ value of imports (x 1000,000) from regions of the world as
used in the analyses.
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2.3.2. Growth form and plasticity
Attribute 9: Growth form – NIPS with a short life cycle, such as annuals and
biennials, are likely to naturalise and be discovered earlier as the populations will
establish and expand more rapidly than populations of NIPS which take longer to
mature and reproduce. Annuals often occupy ruderal or disturbed sites therefore
annual NIPS are more likely to take advantage of the disturbed sites created by the
settlers (Mack, 2003). Also, New Zealand has very few annuals in the native flora
(Esler, 1987a; Lee et al., 2001), which may increase opportunities for annual NIPS to
naturalise. To test the hypothesis that short-lived herbaceous NIPS naturalise earlier, I
classified all wild NIPS into four categories – “short-lived herbaceous species”,
“long-lived herbaceous species”, “short-lived woody species” or “trees”. See Chapter
2 for detailed description of the categories and determination of growth form, and
sources of information. The a priori orthogonal contrasts for growth forms were
short-lived herbaceous species versus long-lived herbaceous species, short-lived
woody versus trees, and herbaceous versus woody species.
Attribute 10: Plasticity – NIPS that exhibit multiple growth forms may be able to
adapt to a wider range of environments, therefore these species may naturalise earlier
than NIPS with only one growth form (Agrawal, 2001; Yeh & Price, 2004). I created
a plasticity variable – NIPS with more than one growth form were recorded as “Yes”
and those with only one growth form were recorded as “No”.
2.3.3. Introduction and distribution
Attribute 11: Deliberately introduced and distributed utilitarian NIPS are likely to be
more widely distributed and cultivated earlier in the history of colonisation, therefore
they are likely to naturalise earlier than solely ornamental NIPS (Pyšek et al., 2003b).
Also, NIPS that are inadvertently transported by humans may arrive with deliberately
introduced products which could also have been widely distributed, therefore
enhancing the opportunity to naturalise earlier as they may have been exposed to a
wider range of environments. However, import standards have been tightened, so the
likelihood of accidental introductions has been considerably reduced more recently.
To test the hypothesis that utilitarian NIPS naturalise earlier, I used the five categories
described in Chapter 2 – “None” for NIPS that were accidentally introduced and/or
distributed and have had no known deliberate use, “Ornamental (A)” for NIPS that
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were introduced and/or distributed accidentally and also cultivated for ornamental
purposes, “Ornamental (D)” for NIPS that were introduced and distributed
deliberately for ornamental use and are not known to have been accidentally
introduced and/or distributed at any stage, “Utilitarian (A)” for NIPS that were
introduced and/or distributed accidentally and also cultivated for utilitarian purposes
and “Utilitarian (D)” for NIPS that were introduced and distributed deliberately for
utilitarian use and are not known to have been accidentally introduced and/or
distributed at any stage. Utilitarian NIPS are those used for agriculture, amenity
planting, horticulture (such as orchards) and forestry. Some utilitarian NIPS can also
be used ornamentally. For example, NIPS from the Fabaceae family are often
valuable crops for agriculture as they fix atmospheric nitrogen, and some are also
cultivated as ornamentals (Webb et al., 1988), for example Hedysarum coronarium
and Lotus corniculatus. For the analyses, I have also made the assumption that the 10
wild NIPS with an unknown method of introduction were accidentally introduced
and/or distributed, as I was unable to find any records of them having been cultivated
at any stage. The a priori orthogonal contrasts for introduction and distribution were
Ornamental (A) versus Ornamental (D), Utilitarian (A) versus Utilitarian (D),
Ornamental (both A and D) versus Utilitarian (both A and D), and No Use versus the
rest.
2.3.4. Taxonomy
Attribute 12: Naturalised elsewhere: NIPS that have naturalised in non-native
regions elsewhere may possess attributes that increase the chances of establishing a
wild population in New Zealand. They may be more likely to be associated with
humans which means they could be more widely distributed and more likely to arrive
in a new region earlier, leading to earlier naturalisation. They may also be more able
to utilise human-disturbed sites. To determine whether a wild NIPS was naturalised
elsewhere, I consulted numerous lists of wild NIPS available from publications
(Arroyo et al., 2000; Daehler, 1998; Dana et al., 2001; Pyšek et al., 2002b; Randall,
2002; Stokes et al., 2004; Varnham, 2006; Wells, 1986; Wu et al., 2004b) and
websites (http://www.ufz.de/biolflor/overview/gattung.jsp,
http://plants.usda.gov/cgi_bin/topics.cgi?earl=noxious.cgi,
http://www.nps.gov/plants/alien/list/all.htm, http://www.hear.org/,
http://www.ufz.de/biolflor/overview/gattung.jsp, http://www.invasive.org/weeds.cfm,
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http://www.hear.org/pier/, http://www.ars-grin.gov/cgi-bin/npgs/html/index.pl,
http://www.nobanis.org/). Randall’s (2002) comprehensive survey of species
recorded as wild NIPS globally was particularly useful.
Attribute 13: Native congener: Darwin (1859) in “The Origin of Species” suggested
that NIPS with a native congener were likely to be subjected to more intense
competition and therefore less likely to naturalise. While some researchers have
found support for this hypothesis (Mack, 1996; Rejmánek, 1996), others have shown
that having a native congener increased the chances of NIPS naturalising, presumably
because there are already niches that are suitable for the species, or they may share
characteristics that promote the chances of survival (Daehler, 2001; Duncan &
Williams, 2002a). Having a native congener may therefore mean that NIPS naturalise
earlier as they could have an advantage over the NIPS without a native congener. To
determine whether a wild NIPS was from a genus that also included native species, I
consulted the Floras of New Zealand (Allan, 1961; Edgar & Connor, 2000; Healy &
Edgar, 1980; Moore & Edgar, 1976; Webb et al., 1988) and the Landcare Plant Names
Database (http://nzflora.landcareresearch.co.nz/).
Attribute 14: Naturalised congener: Some genera of species have a higher
proportion of wild NIPS than other genera (Kolar & Lodge, 2001). NIPS from these
genera may possess attributes that give them an advantage over NIPS from other
genera, therefore they may naturalise earlier. I determined whether a wild NIPS had a
wild congener from my list.
2.3.5. Additional biological attributes
These seven additional attributes (attribute 15-21) are not available for the complete
dataset.
Attribute 15: Mode of dispersal: Cultivated NIPS that can disperse seeds further
away from the parent population are likely to naturalise earlier. However, the natural
mode of dispersal may be of less importance, as humans are often the main vector for
dispersal of seeds (Noble, 1989). The categories I used were animal (internal and
external), wind, water, ballistic, multiple and unspecialised.
Attribute 16: Dispersule mass: NIPS that produce lighter dispersules are likely to
produce more dispersules, and dispersules that are more easily dispersed, have higher
rates of germination, and overcome dormancy more easily and seedlings with higher
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relative growth rates (see Rejmánek & Richardson, 1996) are more likely to naturalise
earlier.
I used the class categories as defined by Hodgson et al. (1995) – " 0.20 mg, 0.21 –
0.50 mg, 0.51 – 1.00 mg,1.01 – 2.00 mg, 2.00 – 10.00 mg and >10mg.
Attribute 17: Vegetative reproduction: NIPS that can reproduce vegetatively have
been found to be more invasive as they are not reliant on having other plants nearby
(Kolar & Lodge, 2001; Reichard & Hamilton, 1997; Richardson et al., 1990),
therefore they are likely to naturalise earlier. I recorded whether or not the wild NIPS
were able to reproduce vegetatively.
Attribute 18: Start of flowering: In their study of the historical patterns of the wild
NIPS of the Czech Republic, Pyšek et al (2003b) found that NIPS that flowered
earlier in the season were more likely to have naturalised earlier. They hypothesised
that NIPS that flowered later were sometimes unable to set seed because the climate
in the native range did not perfectly match the climate in the new region. This could
also be the case in New Zealand. The categories I used were spring, summer and
autumn/winter.
Attribute 19: Flowering duration: A longer flowering period can increase the
reproductive output (Baker, 1974; Gerlach & Rice, 2003) and if seeds are produced
over a longer period there may also be a greater opportunity for naturalisation as there
could be an increased chance of a disturbance event occurring (Lake & Leishman,
2004). A longer flowering period can be a measure of plasticity which can benefit a
NIPS (Perrins et al., 1992). NIPS that flower for longer are likely to naturalise earlier.
I used three categories for flowering duration – short (less than three months),
medium (three to six months) and long (more than six months).
Attribute 20: Life strategy: NIPS can be classified as competitors, ruderals or
stress-tolerators or combinations of these as defined by Grime (1979; 2001). NIPS
that are ruderals or combine another strategy with a ruderal strategy would be
expected to naturalise earlier, as these are the NIPS that take advantage of the
disturbances, particularly those created by humans. Also, NIPS that combine another
strategy with a ruderal strategy would be expected to naturalise earlier. I used the life
strategy categories as defined by Hodgson et al. (1995) based on Grime (1979) –
competitor (C), ruderal (R), stress-tolerator (S), competitive-ruderal (CR), stress47
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tolerant competitor (SC), stress-tolerant ruderal (SR), competitive, stress-tolerant,
ruderal strategist (CSR). Some NIPS were intermediate between two of these
categories, for example C/SC, so I classified these into the multiple category i.e. SC.
Attribute 21: Plant height: In a comparison of naturalised and non-naturalised
congeners taller plants were found to be more invasive (Goodwin et al., 1999;
Richardson et al., 1990). Taller NIPS may have an advantage and therefore naturalise
earlier. I used the categories defined by Kleyer (1995). Table 9 lists all attributes,
hypothesised to determine which NIPS naturalise earlier, the number of categories,
the categories and the hypothesised effect of the attributes.
2.3.6. Imports
The arrival of NIPS is likely to be strongly linked to imports. Since 1859, detailed
records of the imports of products from regions of the world have been collated by
Statistics New Zealand and its predecessors. As volume was not available for all the
imports of seeds and plants, I recorded the value from the different countries then
collated this data to get the values imported from the regions used as predictor
variables in my analyses. I also collated the consumers price index (CPI) data so that
I could convert the import values to a year 2000 $ value. I had two sources of CPI,
the first provided data from 1891 – 1989 (Statistics New Zealand, 1990) and the
second from 1914 – 2000 (Statistics New Zealand, 2002). The correlation between
the two sets was greater than 0.9999. I extrapolated the first CPI set to 2000 using the
factor created by dividing the mean of the first set by of CPIs by the mean of the
second set. To calculate the CPI prior to 1891, I calculated the regression equation for
the CPI from 1891 – 1914 then extrapolated the CPI for 1859 – 1891 using this
equation (Figure 3). Trends in import data may help explain the significance of some
native region(s) of NIPS.
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Table 9: The number and name of the categories for the 21 predictor variables, and the
anticipated effect of the variables used in the analyses estimating the year of naturalisation of the
NIPS of New Zealand.
Predictor variables
Number
Categories
Anticipated effect
of
categories
Number of native
7
0 (hybrid/cultivated), 1 – 6+
NIPS with more native
regions
regions naturalise earlier
Native to Eurasia
2
Yes/No
Yes earlier
Native to temperate
2
Yes/No
Yes earlier
Asia
Native to tropical
2
Yes/No
Yes later
Asia
Native to Australia
2
Yes/No
Yes earlier
Native to North
2
Yes/No
Yes earlier
America
Native to South
2
Yes/No
Yes later
America
Native to Africa
2
Yes/No
Yes later
Growth form
4
Short-lived herbs, Long-lived
Short-lived earlier than
herbs, Short-lived woody, Trees
long-lived, herbs earlier
than woody species
Multiple growth
2
Yes/No
Yes earlier
forms
Utilitarian earlier than
Introduction and
5
No use (accidental only),
distribution
Ornamental & accidental,
ornamental, deliberate
Ornamental – deliberate only,
earlier than accidental
Utilitarian & accidental, Utilitarian
– deliberate only
Naturalised
2
Yes/No
Yes earlier
elsewhere
Native congener
2
Yes/No
Yes earlier
Naturalised congener
2
Yes/No
Yes earlier
Dispersal mode
6
Animal, Ballistic, Unspecialised,
Multiple earlier, wind earlier
Water, Wind, Multiple
than other single modes
Start of flowering
3
Autumn/winter, Spring, Summer
Spring earlier
Flowering duration
3
Short (<3 months), Medium (3-6
Longer earlier
months), Long (>6 months)
Vegetative
2
Yes/No
Yes earlier
reproduction
Life strategy
7
Competitor (C), Ruderal (R),
Those including an R
Stress-tolerator (S), Competitivestrategy earlier, those with
ruderal (CR), Stress-tolerant
multiple strategies earlier
competitor (SC), Stress-tolerant
ruderal (SR), CSR strategist (CSR)
Dispersule mass
6
" 0.20 mg, 0.21 – 0.50 mg, 0.51 – Lighter earlier
1.00 mg, 1.01 – 2.00 mg, 2.01 –
10.00 mg, # 10mg
Plant height
9
" 299 mm, 300 – 599 mm, 600 –
Taller earlier
999 mm, 1.0 – 1.5 m, 1.6 – 3.0 m,
3.1 – 6.0 m, 6.1 – 15 m, # 15.1 m
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Figure 3: The conversion factor used to convert the value of the imports to a year 2000 value.
The filled points were used to calculate the conversion factor for the years where data was not
available.

3.

Results

3.1. Records of discoveries
Figure 4 plots the number of wild NIPS discovered per decade for both sets of data –
the full dataset of 2252 wild NIPS and the subset of 544 wild NIPS with the seven
additional biological attributes. In general there has been an increase in the number of
discoveries through time but with a clear exception between 1860-1880 which
corresponds with the first publications describing the flora of New Zealand which
included wild NIPS (Hooker, 1855, 1867). For the subset of 544 with NIPS with
additional biological attributes, the pattern differs: these wild NIPS tended to be
discovered earlier, they are all naturalised elsewhere (therefore this attribute is not
included in the analyses of this subset) and they tend to be accidentally introduced,
herbaceous species that are native to multiple regions, including Eurasia. For the full
dataset of 2252 wild NIPS, the mean year of discovery was 1933 (±1.0 s.e.m.) and for
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the subset of 544 NIPS with the additional biological attributes it was 1900 (±1.8
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Figure 4: The number of wild NIPS discovered per decade for all 2252 NIPS (left) and the subset
of 544 wild NIPS with the seven additional biological attributes (right).

3.2. Estimation of year of naturalisation
The distribution with the lowest AIC, which represents the best fit for my model, was
the Weibull. Figure 5 graphs Turnbull’s estimator of the year of naturalisation derived
from my interval-censored data and demonstrates how well the Weibull, which I used
in my analyses, fits my data.
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Figure 5: Turnbull’s nonparametric estimator of the proportion of wild NIPS naturalised
through time for the interval-censored data and the fitted Weibull distribution. The equation for
the fitted line is exp ( - (exp ( - 4.38) * t )(1/0.65)), where t = time (years).

3.3. Significant predictors
3.3.1. Predictors tested individually
When tested individually, all predictors, except whether or not the native region
included Australia or North America, were statistically significant at the P <0.05 level
(Appendix 3.1). As expected, wild NIPS that tended to naturalise earlier: had more
native regions; had a native range that included Eurasia or temperate Asia; had a
native range that did not include South America or Africa; were short-lived
herbaceous species; had multiple growth forms; were accidentally introduced with an
additional use; were naturalised elsewhere; had a native congener; had a naturalised
congener. Contrary to my hypothesis that wild NIPS with a native range in tropical
Asia would naturalise later because of a mis-match in climate, these wild NIPS tended
to naturalise earlier. For the subsets of wild NIPS with the additional biological
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attributes, as expected wild NIPS that tended to naturalise earlier were more likely to:
have multiple modes of dispersal; lighter dispersules; start flowering in spring; flower
for longer; be ruderal strategists; and be shorter. Unexpectedly, wild NIPS that tended
to naturalise earlier were not more likely to reproduce vegetatively.
3.3.2. Summary of multivariate analyses
Introduction and distribution, growth form, number of native regions, and whether or
not the native range included temperate Asia were retained in the minimum adequate
models (MAM) estimating the time of naturalisation of the wild NIPS for both sets of
data (Table 10). In both cases, the effect of the predictors was the same. Herbaceous,
utilitarian species that were also accidentally introduced and/or distributed, native to
more regions but not including temperate Asia tended to naturalise earlier.
Table 10: The significant predictors retained in the MAM for the full dataset of wild NIPS and
the subset of NIPS with additional biological attributes. The category for each predictor that
tended to naturalise earlier is shown.
Predictor
Full dataset of wild NIPS
Subset with additional
biological attributes
Introduction and distribution
Utilitarian (Accidental also)
Utilitarian (Accidental also)
Native to Eurasia
Yes
Native to Australia
Yes
Native to temperate Asia
No
No
Native to South America
No
Native to North America
No
Number of native regions
5
5 & 6+
Growth form
Herbs
Herbs
Native congener
Yes
Naturalised elsewhere
Yes
Flowering duration
Longer
Dispersal
Animal

3.3.3. All wild NIPS
When the predictors, available for the full dataset of 2252 NIPS, were added to a
multi-factorial model, only nine of these 14 predictors were retained in the MAM
determining the estimated year of naturalisation (Table 11). These predictors were:
introduction and distribution; whether or not a wild NIPS was naturalised elsewhere;
growth form; number of native regions; whether or not the native range of a wild
NIPS included Eurasia, temperate Asia, South America or Australia; and whether or
not a wild NIPS had a native congener. Interestingly, when the predictors were tested
individually, being native to Australia was not statistically significant, but once the
effect of the other predictors was accounted for in the multi-factorial model, this
predictor was retained in the MAM estimating the year of naturalisation. Due to the
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large number of predictors I did not incorporate any interactions in my analyses.
However, the study of the discoveries of wild NIPS in the Czech Republic found no
significant interactions between the predictors used in that study (Pyšek et al., 2003b).
As hypothesised, wild NIPS classified as utilitarian naturalised earlier relative to wild
NIPS classified as ornamental. However, contrary to the findings in the Czech
Republic (Pyšek et al., 2003b), wild NIPS that were accidentally introduced,
particularly if they also had a use, naturalised earlier relative to those that were
intentionally introduced only. Other results also supported my hypotheses. Wild
NIPS naturalised elsewhere naturalised on average 28 years earlier in New Zealand.
There was a clear ‘age’ gradient, with annual or biennial herbaceous wild NIPS,
which reproduce at an early age, naturalising much earlier than the woody species,
particularly the trees (which tend to be much older before they reach reproductive
maturity). Wild NIPS with a native range in Eurasia or Australia naturalised earlier,
and those with a native range in South America naturalised later. The estimated year
of naturalisation tended to get earlier as the number of native regions increased,
except for the wild NIPS native to six or more regions, which tended to naturalise
about the same time as all other wild NIPS, except those native to five regions.
Darwin’s naturalisation hypothesis has not been supported in this study as wild NIPS
with a native congener tended to naturalise on average five years earlier than those
without a native congener. Contrary to my hypothesis that wild NIPS native to
temperate Asia would naturalise earlier, because of a better match in climate, these
wild NIPS tended to naturalise on average seven years later than species not native to
this region.
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Table 11: Predictors retained in the minimum adequate model estimating the year of
naturalisation for the 2252 wild non-indigenous seed plant species of New Zealand. The
parametric survival model with Weibull distribution used interval censored data of date of
discovery (year of discovery was subtracted from year 2001). The degrees of freedom (d.f.),
likelihood ratio test (LRT), and P value for each of the predictor variables are shown. The
coefficient ("), standard error, number of species (N) and estimated difference in the mean year
of naturalisation relative to the reference category, which is the first level in each category of the
predictor variable, for each category are listed.
Predictor

Introduction/
spread

d.f.

Growth form

Native to
Australia

Intercept

4.2021

0.0818

0.0497
-0.3836
0.2290
-0.0991

LRT

P

205.4

<0.0001

0.0446
0.0343
0.0600
0.0498

1

74.1
No
Yes

0.3571

45.4
Short lived herbs
Long lived herbs
Short lived woody
Long-lived woody
Short-lived herbs vs longlived herbs
Short-lived woody vs
trees
Herbs vs woody

-0.0776
-0.1575
-0.3592

-0.1309
-0.0839
-0.0060
-0.0081
0.1850
-0.0421

14.8
0.1324

7.7
-0.1045

7.5
-0.1138

683
926
420
223

0
+5
+9
+19

65
983
584
260
154
104
102

0
+8
+5
0
0
-13
+2

1149
1103

0
-9

1735
517

0
+7

1871
381

0
+8

6.8
0.0767

1715
537

0
-5

1974
278

0
-7

0.0092

0.0297

1

5.5
0.0988

0.0062

0.0413

1

No
Yes

0
-28

0.0055

0.0374

1

No
Yes

277
1975

0.1670
0.0174
0.2240
<0.0001
0.6000
0.8630
0.0001

0.0343

1

No
Yes

0
-4
+20
-17
+6

0.0001
<0.0001
<0.0001

0.0759
0.0810
0.0883
0.0971
0.1011
0.1075

1

No
Yes

701
219
980
109
243

0.0117

28.6

No
Yes

Difference in
year of
naturalisation

<0.0001

0.0308
0.0420
0.0532

6
0 (Hyb/Cult)
1
2
3
4
5
6+
1 vs 2
1 & 2 vs 3
1 – 3 vs 4
1 – 4 vs 5
1 – 5 vs 6 or more
Hybrid/cult vs rest

Number of
NIPS
(N)

<0.0001
<0.0001
<0.0001
0.1170
<0.0001

0.0391

3

Number of
native
regions Contrasts
Native to
Europe/
Orient
Native to
temperate
Asia
Native to
South
America
Native
congener

Std.
Error

None
Ornamental & Accidental
Ornamental (Deliberate)
Utilitarian & Accidental
Utilitarian (Deliberate)
Orn(A) vs Orn(D)
Util(A) vs Util (D)
Orn vs Util
No use vs rest

Growth
form Contrasts
Number
of native
regions

Coefficient
(")

4

Introduction/
spread Contrasts
Naturalised
elsewhere

Category

0.0424

0.0187
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3.3.4. Subset of wild NIPS
All wild NIPS in the subset of 544 species with all of the seven additional biological
attributes were naturalised elsewhere, therefore the maximal model contained 20
predictor variables – 13 of the 14 original attributes plus the additional seven
biological attributes. As discussed earlier, this subset was not a random subset of the
total dataset. It contained a disproportionately high number of herbs with native
ranges that included Eurasia. The MAM retained seven of the initial 20 predictors
(Table 12). Four of these predictors were common to both the full dataset of wild
NIPS and this subset of wild NIPS: introduction and distribution, growth form, the
number of native regions, and whether or not the native range included temperate
Asia. The patterns for these predictors were consistent with the full dataset: wild
NIPS classified as utilitarian naturalised before wild NIPS classified as ornamental
and those that were also introduced and/or distributed accidentally naturalised earlier
than those that were only deliberately introduced and distributed; the ‘age’ gradient
was again very evident in growth form; the trend for wild NIPS with more native
regions to naturalise earlier was very evident (without the exception of the wild NIPS
native to six or more regions as these naturalised earliest); and wild NIPS native to
temperate Asia naturalised on average 16 years later than species not native to this
region.
Whether or not the native range of a wild NIPS included North America was
significant for this subset of NIPS but it was not retained in the MAM of the complete
dataset. Wild NIPS with a native range in North America naturalised on average 17
years later than those without a native range in this region.
Two of the additional biological attributes were also retained in the MAM. Wild
NIPS that flowered for longer naturalised earlier; and wild NIPS that were animal
dispersed naturalised earlier while wild NIPS with no specialised mode of dispersal
naturalised latest, although interestingly there appeared to be little difference between
species with no specialised mode and those that were dispersed by wind or water.
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Table 12: Predictors retained in the minimum adequate model estimating the year of
naturalisation for the subset of the 544 wild non-indigenous seed plant species of New Zealand
with seven additional biological attributes as listed in the methods. The parametric survival
model with Weibull distribution used interval censored data of date of discovery (year of
discovery was subtracted from year 2001). The degrees of freedom (d.f.), likelihood ratio test
(LRT), and P value for each of the predictor variables are shown. The coefficient ("), standard
error, number of species (N) and estimated difference in the mean year of naturalisation relative
to the reference category, which is the first level in each category of the predictor variable, for
each category are listed.
Predictor

Introduction/
spread

d.f.

Flowering
duration Contrasts
Mode of
dispersal

Intercept

5.051

0.152

LRT

P

49.1

<0.0001

Estimated
difference
in year of
naturalisation

248

0

0.037

116

+3

-0.271
0.142
-0.009

0.049
0.050
0.060

82
55
43

+33
-21
+1

77
206
261

0
+3
+33

126
107
31
9
178
93

0
+18
+14
-2
+7
+21

219
259
33
33

0
+9
+17
+32

474
70

0
+17

306
238

0
+16

14.2
Long
Medium
Short

Number
of NIPS

-0.024

2
-0.097
-0.157

<0.0001
0.0272
<0.0001
0.2220
0.0008

0.043
0.043
0.0616
0.0015

5

18.6
Animal
Wind
Water
Ballistic
Multi
Unspecialised
Animal vs wind
Animal & wind vs water
Animal, wind & water vs
ballistic
Animal, wind, water &
ballistic vs multi
Unspec vs rest

-0.138
-0.108
0.013
-0.050
-0.164

0.0014
0.5260
0.3900
0.8460
13.5

Short-lived herbs
Long-lived herbs
Short-lived woody
Trees
Short-lived herbs vs
long-lived herbs
Short-lived woody vs
trees
Herbs vs woody

-0.068
-0.127
-0.259

0.0365
0.1030
6.3
-0.126

5.9
-0.123

0.0023
0.0120

0.048

1
No
Yes

0.0123
0.0037

0.032
0.069
0.071

1
No
Yes

0.0022

0.043
0.066
0.112
0.040
0.046

3

Growth form
- Contrasts

Native to
North
America
Native to
temperate
Asia

Std.
Error

None
Ornamental &
Accidental
Ornamental (Deliberate)
Utilitarian & Accidental
Utilitarian (Deliberate)
Orn(A) vs Orn(D)
Util(A) vs Util (D)
Orn vs Util
No use vs rest

Dispersal Contrasts

Growth form

Coefficient
(")

4

Introduction/
spread Contrasts
Flowering
duration
(months)

Category

0.051

0.0153
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Predictor
(Cont’d)

Number of
native regions

d.f.

Category

Coefficient
(")

Std.
Error

6

Number of
native regions
Contrasts

Hybrid/
cultivated
1
2
3
4
5
6 or more
1 vs 2
1 –2 vs 3
1 – 3 vs 4
1 – 4 vs 5
1 – 5 vs 6 or more
Hybrid/cult vs rest

-0.077
-0.013
0.067
0.064
0.164
0.170

LRT

P

13.5

0.0354

0.150
0.147
0.153
0.157
0.160
0.166

N

Estimated
difference
in year of
naturalisation

5

0

89
170
96
86
59
39

+10
+2
-10
-9
-21
-26

0.1430
0.0228
0.1800
0.0058
0.0467
0.6770

3.4. Imports
Imports were dominated by grass and clover seeds (utilitarian NIPS that were often
also accidentally introduced and/or distributed as contaminants) until about 1920,
reflecting New Zealand’s reliance on agriculture. Other seeds, such as vegetables and
flowers, accounted for only a small proportion of the imports until they started
increasing more rapidly about 1910 (Figure 6A). The plants category includes
seedlings and ‘live’ plants.
To some degree, the patterns of cumulative discoveries by native region, for wild
NIPS native to only one region (Figure 6B), shadow the patterns of cumulative
imports from the same regions (Figure 2). Imports from Eurasia have dominated
since European settlement of New Zealand, particularly until the late 1930s when
World War II began, and discoveries of wild NIPS from this region have stayed
reasonably steady. Australia and North America have also been constant sources of
imports, and the patterns of discoveries reflects this pattern for wild NIPS native to
Australia, but interestingly, the discoveries of wild NIPS native to North America are
lower than would be expected from the import data. Imports from temperate Asia
started to increase sharply from the late 1970s, and there has also been a sharp
increase in discoveries of wild NIPS from this region, but, interestingly, this increase
started earlier, around the 1950s. At the other end of the scale, imports from Africa,
South America and tropical Asia (apart from a sharp increase in the early 1940s) have
remained relatively low. This pattern is reflected in the discoveries of wild NIPS from
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tropical Asia, but there has been a marked increase in the discoveries of wild NIPS
native to Africa and South America since around the 1940s.

Cumulative Imports ($ year 2000)

1000

Grass & Clover Seeds
Other Seeds
Plants

A

1000

800

800

600

600

400

400

200

200

0

0
1860

1900

1940

1980

Eurasia
Australia
Africa
North America
South America
Temperate Asia
Tropical Asia

1860

1900

1940

B

1980

Year
Year
Figure 6: A – Cumulative year 2000 $ value of plant imports (x 1000,000) by type of import. B –
Increase with time of the cumulative number of wild NIPS from the native regions, for NIPS with
one only one native region.

4.

Discussion

Data from New Zealand show that several factors are important determinants of the
year of naturalisation of NIPS. Typically, NIPS that naturalised earlier were shortlived herbs, introduced for utilitarian purposes and also accidentally introduced and/or
distributed, with more native regions (Table 11 &Table 12). For example, discovered
before 1875, were Digitaria sanguinalis, Vicia sativa and the three Melilotus spp. on
my list, all short-lived herbs with multiple native regions including Eurasia, that are or
were utilitarian and have also been recorded as impurities (Healy, 1969). The effect
of some significant predictors can be partially related to human activity. For example,
the history of imports into New Zealand can be used to explain, to some degree, the
importance of introduction and distribution and native range Figure 2 & Figure 6A.
Biogeography, taxonomy and biology of the wild NIPS also help explain the patterns
seen in the naturalisations.

4.1. Human activities and biogeography
Introduction date is a likely key factor determining date of naturalisation. Although
the time of introduction can sometimes be determined for small sets of NIPS, for
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example, economically important species such as the clovers (Trifolium spp.)
(Gravuer et al., 2008), the time of introduction is rarely known for larger sets of NIPS.
Therefore, analyses of the date of discovery or period of naturalisation make the
assumption that the wild NIPS were introduced around the same time, or that
introduction year is randomly distributed across predictors. This is known to not be
the case for region of origin, since early trade was dominated by goods from Europe.
It is logical that the patterns of naturalisations may reflect changes in patterns of
introduction, rather than intrinsic differences between wild NIPS.
Initially, the focus of the explorers and early settlers of New Zealand was on
providing sustenance. Early explorers brought NIPS to cultivate for sustenance.
Captain Cook planted potatoes (Solanum tuberosum), parsnips (Pastinaca sativa),
turnips (Brassica rapa) and carrots (Daucus carota) in the Marlborough Sounds in
1770 (Williams & Cameron, 2006). Crozet, a French explorer, planted seeds of
vegetables, fruit and grains in the Bay of Islands in 1772 (Thomson, 1922). Until the
1840s when the main influx of European settlers began, most Europeans in New
Zealand were transitory sealers and whalers. From 1840, a wider range of NIPS was
introduced with the settlers. From 1861, Acclimatisation Societies were established
throughout the country, to introduce plants (and animals) for various purposes
(McDowall, 1994). By 1864, Julius von Haast, an early explorer of New Zealand, had
seeds of more than 700 species of NIPS which he was hoping to establish (von Haast,
1948). As well as sustenance species, woody NIPS were cultivated for shelter and
firewood. Notes on the cultivation and acclimatisation of more than 80 species of
conifers, more than 100 other tree, shrub and climber species, and many ornamental
species, which included more trees and shrubs as well as flowering bulbs, were
detailed in an essay in 1868 (Ludlam, 1868). These were a selection of the species the
author was growing successfully. The author also lamented that the government had
not established a botanical garden for the collection and propagation of various
species from overseas, “which would be a credit and pleasure to its inhabitants, and a
source of utility in providing them with plants of a beautiful character”. Along with
these deliberate introductions came other NIPS that were accidentally introduced
and/or distributed.
In contrast to the wild NIPS of the Czech Republic, where wild populations of
deliberately introduced NIPS were discovered much earlier than accidentally
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introduced NIPS (Pyšek et al., 2003b), wild NIPS accidentally introduced into, then
distributed around New Zealand, particularly if they also had a use, naturalised earlier
than wild NIPS that were only deliberately introduced and distributed. More than
98% (690) of the wild NIPS with no use were herbs, almost 58% (399) of those were
short-lived, and the native region for 65% (461) of them included Eurasia. For
example, Trifolium micranthum, an accidentally introduced and/or distributed annual,
with a native range in Eurasia, was discovered wild in 1842. Other examples include,
Cichorium intybus, a utilitarian, perennial herb assumed to have also been
accidentally introduced and/or distributed (Esler, 1987b), discovered wild in 1867 and
Trifolium repens, introduced and distributed commercially and also a known seed
contaminant (Gravuer, 2004), another perennial herb which was discovered wild in
1864.
The importance of whether or not the native ranges of wild NIPS include certain
regions can be related to changes in import patterns over time. As with the Czech
Republic (Pyšek et al., 2003b), wild NIPS native to Eurasia tended to naturalise
earlier than species not native to this region. The authors suggest for the Czech
Republic, that this result is due to geographic proximity and a match in climate.
However, for New Zealand this result is definitely not linked to geographic proximity,
but it can be linked to import patterns, and a match in climate. Until the 1940s, when
trade patterns were disrupted because of World War II, the majority of the imports of
seeds and plants were from Eurasia, with a steady supply from Australia and North
America (Figure 2). Geographic proximity, partial climate-match and import history
explain why wild NIPS native to Australia tended to naturalise earlier. The proportion
of plant and seed imports from temperate Asia was minimal until about 1980 and wild
NIPS native to this region tended to naturalise later than NIPS not native to temperate
Asia. However, discoveries of wild NIPS from this region had started to increase
from about 1950, suggesting that at least some of these species may have been
introduced via another region. Although having a native range that included Africa
was not significant in either analysis, there has been a steady increase in discoveries
of wild NIPS native to this region (Figure 6B). The proportion of imports from this
region have been minimal (Figure 2), again suggesting that many of these wild NIPS
may have been introduced via other regions because of the long history of the
translocation of NIPS by settlers and explorers. Import data may again help explain
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why wild NIPS native to South America tended to naturalise later than wild NIPS not
native to this region. It is more difficult to explain why, in the subset of wild NIPS
with additional biological attributes, wild NIPS native to North America tended to
naturalise later. However, as mentioned earlier, this subset is not a random subset of
the complete dataset; therefore this result may be an artefact of this subset which is
dominated by wild NIPS native to Eurasia. Separating the effects of native region
biogeography from differences in introduction date among regions is currently
impossible. Detailed nursery data will be needed to properly assess if there is any Old
World advantage to wild NIPS. However, not all results related to native range can
directly be linked to import patterns.
Wild NIPS with more native regions naturalised earlier than wild NIPS with fewer
native regions, as hypothesised. These wild NIPS are likely to be adapted to a wider
range of climates and therefore more likely to be able to take advantage of
opportunities to colonise new locations. These wild NIPS may also be more abundant
in their native ranges, therefore increasing the chances of being transported to other
regions. By the time New Zealand was discovered, Europeans already had access to a
wide range of NIPS from other regions. NIPS from other regions that were already
well naturalised in Europe would have greater chances of being introduced to New
Zealand via Europe, in turn increasing the chances of being introduced earlier to New
Zealand, leading to earlier naturalisation. Even after accounting for factors related to
human activity and biogeography, other traits were also important. In general, these
were consistent with the hypotheses I generated at the start.

4.2. Taxonomy
Having a native congener proved advantageous for the wild NIPS in this study as
these species tended to naturalise before species without a native congener (Table 11).
As with some other studies (Daehler, 2001; Duncan & Williams, 2002a), this
contradicts Darwin’s naturalisation hypothesis and the competitive exclusion or biotic
resistance hypotheses that contend that native species or communities will outcompete
or resist wild NIPS with similar attributes. The presence of pollinators or dispersers
that benefit native species may also advantage these wild NIPS and help them
naturalise earlier. However, recent work suggests that results may be influenced by
the scale of the study and abundances of native congeners (Diez et al., 2008).
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As hypothesised, wild NIPS naturalised elsewhere tended to naturalise earlier than
wild NIPS not recorded as naturalised in other parts of the world (Table 11). These
wild NIPS have often evolved with human disturbance and are suited to colonise new
areas. They are often the species that hitch-hike with humans or are extensively
cultivated.

4.3. Biology
Biological traits were also important in explaining patterns in the naturalisation of
wild NIPS. As hypothesised, short-lived herbs tended to naturalise earlier than the
longer-lived herbs, and much earlier than woody species (Table 11 & Table 12).
Almost 90% of the wild NIPS that were discovered by 1880 were herbaceous species,
with 50% of them being annuals or biennials, for example Cotula turbinata – an
annual that was accidentally introduced with ballast. Other examples include Lolium
temulentum, Agrostemma githago and Centaurea cynara – herbs that have been
associated with humans since the earliest times (Sykora, 1990). They could be
classified as “ideal weeds” as they are all annuals that grow rapidly from seedling to
reproductive maturity (Baker, 1965, 1974; Bazzaz, 1986; Roy, 1990). However, the
percentage of herbaceous NIPS naturalising has decreased in more recent times with a
marked increase in the percentage of woody NIPS discovered since 1960, with shortlived woody species accounting for almost 30% and trees for 16%.
Some woody NIPS must have been planted before the main influx of settlers began in
1840, as the first tree species to be discovered wild in New Zealand was Pinus
pinaster, a deliberately cultivated species that was first recorded wild in 1830. Other
woody NIPS such as blue gums (Eucalyptus spp.), poplars (Populus spp.) and willows
(Salix spp.) were widely planted in the early days of colonisation, as by 1868 Ludlam
was encouraging settlers to cultivate woody species other than these (Ludlam, 1868).
However, woody wild NIPS generally naturalised later than herbaceous species as
they have a considerable time lag between introduction and the first record of
discovery of a wild population, presumably due to a delay in reaching reproductive
maturity. For example, a study of woody NIPS in Brandenburg, with known histories
of introduction, showed time lags ranging from less than 50 years to more than 300
years, with an average of 147 years (Kowarik, 1995). Also, see Mulvaney (2001) for
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the history of naturalisations of ornamental woody NIPS with known introductions, in
south-eastern Australia
For the subset of species with the seven additional attributes, two attributes were
important (Table 12). As hypothesised, NIPS that flowered for longer tended to
naturalise earlier, but onset of flowering was not significant, in contrast with the
results from the Czech Republic where onset of flowering was highly significant but
duration much less so (Pyšek et al., 2003b). This could reflect New Zealand’s less
predictable maritime climate compared with the strong continental seasonality of the
Czech Republic. Longer flowering may lead to more seeds being produced over a
longer period, which, as well as increasing reproductive output (Baker, 1974; Gerlach
& Rice, 2003), can increase the chance of a disturbance occurring which can provide
an opportunity for a NIPS to colonise an area (Lake & Leishman, 2004).
Also, in contrast to the Czech Republic (Pyšek et al., 2003b), mode of dispersal
proved to be significant in predicting the time of naturalisation. NIPS that were
dispersed by animals tend to naturalise earlier than species with no specialised mode
of dispersal or those dispersed by other means. Fruits or seeds gathered by
vertebrates, birds in particular, can be moved, sometimes long distances, from areas of
cultivation to safe, invadable wild places. They may also be dispersed to similar
habitats, which can enhance the opportunities for the species to germinate. Seeds of
NIPS dispersed by wind and other methods are more randomly dispersed and may not
land in habitats suitable for germination.

5.

Conclusion

This study has shown the importance of combinations of traits in determining the
patterns of naturalisation. Biogeographical, historical and biological attributes have
all helped explain these patterns in New Zealand. In summary, NIPS that naturalised
earlier tended to be utilitarian, accidentally introduced and/or distributed, herbaceous
species with a wide native range that included Eurasia or Australia, but not temperate
Asia. Species that flowered for longer and were animal dispersed also tended to
naturalise earlier.
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Appendix 3.1
Table 13: The significance of individual predictors that are hypothesised to affect the year of
naturalisation of the wild NIPS of New Zealand are listed. Degrees of freedom (d.f.), chi-squared
values (!2) and P values are listed for each predictor. Categories, coefficients and standard
errors, from the parametric survival model with Weibull distribution for interval censored data
of date of discovery, the number of wild NIPS in each category and the difference in the
estimated year of naturalisation between the category and the reference category are shown.
Significance of the a priori contrasts are included.
Predictor

Introduction
and distribution

d.f.

4.608

1
1

508.90

<0.0001

0.022

701

0

4.647
4.020
4.801
4.309
-0.314
-0.246
0.111
0.033

0.040
0.020
0.057
0.038
0.022
0.034
0.020
0.006

219
980
109
243

-4
+40
-19
+23

4.598
4.396
4.050
4.030

0.024
0.021
0.031
0.042

683
926
420
223

0
+16
+38
+39

-0.101

0.016

-6.46

<0.0001

-0.010
-0.229
4.550

0.026
0.015
0.019

-0.39
-15.08
199.86

0.6960
<0.0001
<0.0001

1103

-27

4.437

0.015

177.00
153.21

<0.0001
<0.0001

1975

-35

4.207
4.198
4.445
4.524
4.563
4.717
4.542
-0.123
-0.068
-0.044
-0.057
-0.009
0.042
4.568

0.079
0.021
0.027
0.039
0.051
0.062
0.063
0.017
0.014
0.013
0.013
0.011
0.012
0.035

65
983
584
260
154
104
102

0
+0.5
-16
-23
-26
-40
-24

-7.45
-4.76
-3.24
-4.40
-0.81
3.60
38.18

<0.0001
<0.0001
0.0012
<0.0001
0.4210
0.0003
<0.0001

340

-18

Yes

4.417

0.016

26.50

<0.0001

1720

-12

Yes

4.577

0.044

24.51

<0.0001

213

-18

Yes
Yes
Yes
Yes
Yes
Yes

4.490
4.257
4.473
4.290
4.330
4.334

0.028
0.034
0.029
0.040
0.039
0.040

22.10
15.02
14.64
5.67
1.74
1.40

<0.0001
0.0001
0.0001
0.017
0.19
0.24

537
381
517
276
278
263

-11
+9
-9
+7
n.s.
n.s.

Short lived herbs
Long lived herbs
Short-lived woody
Trees
Short-lived herbs vs
long-lived herbs
Short-lived woody vs
trees
Herbs vs Woody
Yes
Yes

6

1
1

P

Estimated
difference
in year of
naturalisation

3

Number of
native regions
– Contrasts

Tropical Asia
Naturalised
congener
Multiple
growth forms
Native
congener
South America
Temperate Asia
Africa
Australia
North America

Std.
Error

!2

Number
of NIPS
in each
category

None
Ornamental &
Accidental
Ornamental (Deliberate)
Utilitarian & Accidental
Utilitarian (Deliberate)
Orn (A) vs Orn (D)
Util (A) vs Util (D)
Orn vs Util
No use vs rest

Growth forms
– Contrasts

Eurasia
Naturalised
elsewhere
Number of
native regions

Coefficient
(")

4

Introduction/
spread –
Contrasts
Growth forms

Category

0 (Hyb/Cult)
1
2
3
4
5
6 or more
1 vs 2
1 & 2 vs 3
1 – 3 vs 4
1 – 4 vs 5
1 – 5 vs 6 or more
Hyb/cult vs rest
Yes

-14.17
-7.21
5.45
5.44
245.99

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

1
1
1
1
1
1
1
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Predictor
(cont’d)

d.f.

Category

Coefficient
(")

Biological Attributes – data not available for all NIPS
Height
8
<0.100mm (1)
4.488
0.100–0.299mm (2)
4.552
0.300–0.599mm (3)
4.599
0.600-0.999mm (4)
4.598
1.00-1.49m (5)
4.576
1.50-2.99m (6)
4.360
3.00-5.99m (7)
4.170
6.00-14.99m (8)
4.138
#15.00m (9)
4.037
Height –
1 vs 2
0.032
1 & 2 vs 3
0.026
Contrasts
1 – 3 vs 4
-0.013
1 – 4 vs 5
-0.003
1 – 5 vs 6
0.034
1 – 6 vs 7
0.051
1 – 7 vs 8
0.043
9 vs rest
0.044
Mode of
5
dispersal
Multiple
4.760
Unspecialised
4.520
Water
4.510
Explosive
4.500
Wind
4.440
Animal
4.440
Mode of
Animal vs wind
0.077
dispersal –
Animal & wind vs
Contrasts
water
0.002
Animal, wind & water
vs ballistic
0.004
Animal, wind, water &
ballistic vs multiple
-0.048
Unspecialised vs rest
0.007
Life strategy
6
C
4.517
R
4.771
S
4.452
CR
4.769
SC
4.598
SR
4.793
CSR
4.675
Life strategy –
R vs S
0.160
Contrasts
R & S vs C
0.032
R, S & C vs SR
-0.053
R, S, C & SR vs CR
-0.027
R, S, C, SR & CR vs
CS
0.010
CSR vs the rest
-0.004
Flowering
2
duration
Short
4.547
(months)
Medium
4.629
Long
4.708
Flowering
Short vs medium
-0.041
duration –
Contrasts
Long vs rest
-0.040

Std.
Error

0.122
0.054
0.033
0.034
0.039
0.033
0.049
0.050
0.050
0.066
0.025
0.014
0.010
0.007
0.008
0.007
0.006

!2

P

179.82

<0.0001

0.48
1.07
-0.91
-0.32
4.60
6.59
6.25
7.41
98.05

3.92

0.0001

0.022

0.10

0.9240

0.028

0.13

0.8960

0.009
0.006

-5.07
1.15
47.88

<0.0001
0.2500
<0.0001

0.012
0.005

Estimated
difference
in year of
naturalisation

23
118
320
292
231
316
146
139
140

0
-5
-9
-9
-7
+10
+22
+23
+29

232
343
67
21
381
288

-15
+7
+7
+8
+13
0

159
109
24
190
39
70
231

0
-23
-14
-24
+5
-7
-26

582
429
202

+14
+7
0

0.6300
0.2860
0.3620
0.7460
0.0000
0.0000
0.0000
0.0000
<0.0001

0.030
0.027
0.061
0.109
0.026
0.036
0.020

0.034
0.040
0.086
0.031
0.067
0.050
0.028
0.047
0.019
0.015
0.008

Number
of NIPS
in each
category

3.39
1.64
-3.55
-3.29

0.0007
0.1000
0.0004
0.0010

0.87
-0.71
20.33

0.3820
0.4800
<0.0001

0.020
0.023
0.033
0.015

-2.76

0.0057

0.012

-3.33

0.0009
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Predictor
(cont’d)

d.f.

Dispersule
weight

5
<0.2mg (1)
0.21-0.50 mg (2)
0.51-1.00 mg (3)
1.01-2.00 mg (4)
2.01-10.00 mg (5)
>10.00 mg (6)

Dispersule
weight –
Contrasts
Vegetative
reproduction
Start of
flowering
(Season)
Start of
flowering Contrasts

Category

1 vs 2
1 & 2 vs 3
1 – 3 vs 4
1 – 4 vs 5
6 vs rest

!2

P

26.69

<0.0001

Coefficient
(")

Std.
Error

4.586
4.685
4.659
4.657
4.557
4.447

0.033
0.038
0.042
0.042
0.036
0.037

0.050
0.008
-0.003
0.018
0.030

0.025
0.016
0.012
0.008
0.007

1.99
0.50
-0.28
2.22
4.53

0.0467
0.6200
0.7760
0.0263
<0.0001

4.524

0.019

11.26
6.05

0.0008
0.049

4.510
4.624
4.600
-0.012

0.041
0.020
0.022
0.014

-0.84

0.4020

0.034

0.015

2.34

0.0192

Number
of NIPS
in each
category

Estimated
difference
in year of
naturalisation

242
178
143
148
207
194

0
-9
-7
-6
+2
+11

738

+8

133
605
482

0
-9
-7

1
Yes
2
Autumn/winter
Spring
Summer
Spring vs summer
Autumn/winter vs rest
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Chapter 4: Why are some non-indigenous
plant species more widely distributed in
New Zealand?
“Everything in modern landscape gardening depends on the use of foreign trees and
shrubs. No residence in the modern style can have a claim to be considered as laid
out in good taste, in which all the trees and shrubs employed are either foreign ones,
or improved varieties of indigenous ones.” (British horticulturalist J. C. Loudon,
1838) (quoted in Bradbury, 1995)

1.

Introduction

Humans, either inadvertently or deliberately, have been transporting species to new
regions for thousands of years. Transport is the first stage in the process of
naturalisation and subsequent spread of non-indigenous species. A subset of the nonindigenous species having survived transport, then colonise a new region (second
stage). A further subset of the species which have colonised a new region become
naturalised by establishing wild populations (third stage). Some of these species, to
persist, may be reliant on continual introductions from external sources and can be
classified as ‘casual’. Others that establish self-sustaining wild populations are
classified as ‘fully naturalised’. Some of these naturalised species spread and become
more widely distributed (fourth stage) (Duncan et al., 2003; Kolar & Lodge, 2001;
Theoharides & Dukes, 2007; Williamson, 1996; Williamson, 2006). This chapter
focuses on the fourth stage of the naturalisation and spread process of plants –
understanding why some of the non-indigenous plant species (NIPS) become more
widely distributed than others.
NIPS attributes – biological, biogeographical or historical – that are important in
determining the outcome of an introduction, change with the stage in the invasion
process (transport, colonisation, naturalisation, spread) (Gravuer et al., 2008; Kolar &
Lodge, 2001). The challenge is to describe and explain which attributes are important
at which stage, then eventually use this knowledge to help predict the future
distribution of NIPS. As Williamson (2006) states, description is comparatively easy,
explanation is much harder and prediction may never be feasible. However, increased
understanding of which attributes have allowed some wild NIPS to become more
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widely distributed than other wild NIPS (i.e. recorded in more regions by a certain
point in time) may enhance the ability to help predict the eventual distribution of
NIPS, whether or not they are already present in a new region.
Spread can be studied in two ways. Firstly, the rate of spread of wild NIPS can be
calculated, then the effect of attributes hypothesised to determine the rate of spread
can be tested. The effect of environmental attributes can be tested on the spread of a
single species, for example Opuntia stricta (Foxcroft et al., 2004), the effect of
biological attributes can be tested on a subset of a taxonomic group, for example three
Impatiens spp. (Perrins et al., 1993), and the effect of a single attribute (relative
growth rate) can be tested on a group of NIPS represented by a single growth form
across an area over a period of time, for example naturalised woody plants
(Bellingham et al., 2004). Secondly, the effect of a number of attributes can be tested
on the distribution for a group of wild NIPS at a certain point in time. For example,
Castro et al. (2005) determined the effect of minimum residence time,
biogeographical origin and life cycle on the distribution of 428 wild NIPS in Chile,
and Harris et al. (2007) analysed the effect of minimum residence time,
biogeographical origin and reason for introduction on the distribution of 179 wild
non-indigenous vines in Australia. Minimum residence time, determined from the
time a wild population was discovered, was the only significant predictor for the
distribution of the wild NIPS in Chile (Castro et al., 2005), and the vines in Australia
(Harris et al., 2007). For these two examples, only a limited number of the variables
hypothesised to determine the geographic distribution of wild NIPS were tested.
In this study I examine the importance of a wider range of historical, biogeographical,
biological and taxonomic attributes on the distribution of the wild NIPS that had been
recorded in New Zealand by the year 2000. I use a large historical dataset of all 2252
wild NIPS that were introduced to New Zealand no more than 250 years ago when
Europeans first set foot on the land. I also study the effect of the same attributes on a
subset of 319 of these species that have been determined by the Department of
Conservation (DOC) to be a threat or potential threat to the natural environments of
New Zealand. For a further subset of 544 species, I have additional biological
attributes that I could not collate for the complete dataset. As this subset is not
randomly selected from my complete dataset, the results may be biased. Compared
with the full dataset, a high proportion of the species are herbaceous, the native range
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of many species includes Eurasia and all species are naturalised elsewhere. I compare
the results for these three datasets and for each of these datasets, I test the following
hypotheses in relation to the geographic distribution in New Zealand:
•

Wild NIPS that were discovered earlier will be more widely distributed
(Castro et al., 2005; Harris et al., 2007; Wu et al., 2004a);

•

Wild NIPS with a wide native range will be more widely distributed than those
with a narrow native range (Goodwin et al., 1999);

•

Wild NIPS with a native range that includes Eurasia will be more widely
distributed that those with a native range that does not include Eurasia (di
Castri, 1989; Gray, 1879);

•

Herbaceous wild NIPS will be more widely distributed than woody wild NIPS
(Baker, 1965; Cadotte et al., 2006a);

•

Wild NIPS classified as utilitarian will be more widely distributed than wild
NIPS classified as ornamental (Kowarik, 2003);

See the NIPS attributes section of the methods for a full justification of each of these
hypotheses.

2.

Methods

2.1. New Zealand and its regions
New Zealand, lies between latitudes 34˚ and 47˚S and longitudes 166˚ and 179˚E,
with an area of 268,680 km² and includes two large islands and many smaller islands.
It has a diverse climate with sharper contrasts between the dry east and wet west than
north and south because of the chain of mountains that extend the length of the
country. The nearest large landmass, Australia, is about 1600 km to the west.
For the purpose of this study New Zealand was divided into 10 regions – five in the
North Island and five in the South Island. These approximate the regions used by the
Flora of New Zealand Volumes I-V (Allan, 1961; Edgar & Connor, 2000; Healy &
Edgar, 1980; Moore & Edgar, 1976; Webb et al., 1988) and are correlated loosely
with the political regions. The regions are Northland/Auckland, Waikato/Bay of
Plenty, Taranaki, East Coast, Wellington, Nelson/Marlborough, Westland, Canterbury,
Otago and Southland (Figure 7). These regions primarily run from north to the south
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but some parts are also divided east to west because of the mountain ranges. Using
fewer larger regions ensures greater accuracy. There was too much uncertainty in the
distribution information to be able to determine the distribution of such a large
number of species at a finer geographic scale.

Figure 7: Outline of New Zealand showing the ten regions used in this study.

2.2. NIPS list, status and regional presence
I compiled a list of the NIPS that were recorded as wild (either fully naturalised or
casual) by the year 2000 in New Zealand (2252 species). See Chapter 2 for detailed
information on the compilation of this list. The 319 NIPS classified as environmental
weeds by DOC were determined from “Consolidated list of environmental weeds in
New Zealand” (Howell, 2008).
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Peter Williams (Landcare Research, unpublished data) had determined the presence of
many of the wild NIPS in the 10 regions of New Zealand using the New Zealand
Flora series (cited above). I confirmed the presence by the year 2000 of each of the
wild NIPS in these regions from the sources cited above and updates to the New
Zealand Flora series (Heenan et al., 1998; Heenan et al., 2002; Heenan et al., 2004a;
Heenan et al., 1999; Webb et al., 1995; Webb et al., 1989), then supplemented this
information using electronic lists of specimens from the Allan Herbarium (supplied by
Aaron Wilton, Landcare Research, 2000) and the Auckland War Memorial Museum
Herbarium (supplied by Ewen Cameron 2004). Casual wild NIPS, which had been
recorded as present in a region by the year 2000, were recorded as present in that
region even if they had not persisted long term. Wild NIPS which have been
eradicated were also recorded as present in the regions in which they had been
naturalised in the past. I totalled the number of regions (out of 10) in which each wild
NIPS was found to provide a measure of spread. One species, Epilobium montanum,
has been recorded only from the Chatham Islands (a group of off shore islands to the
east), and a further 13 NIPS have been recorded only from the Kermadec Islands (a
group of off shore islands to the north). For the purposes of these analyses, the
number of regions for these NIPS was one.
Of the 2252 NIPS, 464 are classified as casual, and around 80% have been recorded in
only one or two regions of New Zealand (Figure 8). Seven are no longer present as
they have been eradicated, and others are no longer present as they were dependent
upon repeated introductions and the source has disappeared. For example, a number
of NIPS native to Australia, such as Crassula colorata and Austrostipa nitida, were
recorded from a site in Nelson/Marlborough and were suspected of arriving with
imported merino sheep. Some of the NIPS from this site have not been collected
since the 1940s (Webb et al., 1988).

2.3. Statistical analysis
The distribution of the number of regions per wild NIPS was strongly bimodal (Figure
8) (dividing the country into more regions would likely have made the distribution
less bimodal by flattening out the tail). Therefore I analysed the data in two ways.
1. The response variable for the first set of analyses was whether or not each wild
NIPS had been recorded in all ten regions of New Zealand. I used generalised
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linear models (GLMs) with a binomial distribution and a logit link function to
test the significance of the predictor variables.
2. The response variable for the second set of analyses, conducted on the fully
naturalised NIPS recorded in less than 10 regions of New Zealand, was the
number of regions in which each fully naturalised NIPS had been recorded. I
used GLMs with a Poisson distribution and log link function to determine the
significance of the predictor variables.
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Figure 8: The number of fully naturalised (solid bars) and casual (hashed bars) wild NIPS that
have been recorded in one to ten regions of New Zealand.

Because some wild NIPS will remain casual and others will fully naturalise, possibly
due to different attributes, initially I separated the casuals and the fully naturalised
NIPS and tested the significance of each predictor, individually, on the casual and the
fully naturalised NIPS. When tested individually, none of the predictors were
significant for the casual NIPS so these NIPS were removed from any further
analyses. This was not surprising as 90% of casual NIPS occurred in only one or two
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regions, so there was little variation to explain. Appendix 4.1 contains the results of
the analyses of the fully naturalised NIPS testing the significance of the individual
predictors, for predicting whether or not each fully naturalised NIPS was recorded in
all 10 regions (Table 22), and, for the fully naturalised NIPS recorded in less than 10
regions, for predicting the number of regions each fully naturalised NIPS was
recorded in (Table 23).
Next, I built statistical models for each of the analyses for my datasets. The initial
models were the maximal models and included all predictors. I simplified the models
using stepwise selection to select the model with the lowest Akaike Information
Criterion (AIC), which equates to the model with the best fit. This method repeatedly
adds and drops predictors, individually, from the end of the model and computes a
table of the changes in fit. This multivariate approach to modelling allows the
significance of each variable to be tested independently, after controlling for the
effects of the other variables retained in the model with the best fit.
Wild NIPS that naturalised earlier have had more time to become more widely
distributed, therefore I needed to account for this, before testing the effect of the other
predictors. I was interested in further exploring the effect of the predictors, with more
than two categories, that were retained in the final model. Therefore, I tested for
significant differences between categories within the predictor, using the available
degrees of freedom to test a priori determined contrasts, as described in the
description of the attributes below (Crawley, 2003).
I had three sets of data – the full dataset, the DOC environmental weeds and the
subset of wild NIPS with additional biological attributes that were not available for all
wild NIPS. The first analyses, determining whether or not wild NIPS were recorded
in all 10 regions, were conducted on the 1788 fully naturalised NIPS and the 319
environmental weeds (the 317 fully naturalised plus two casual NIPS) using the
attributes that I have for all NIPS as the predictors, and on the subset of 514 fully
naturalised NIPS for which I had data for an additional seven biological attributes (see
Chapter 2). See the NIPS attributes section below. The second analyses, determining
the number of regions wild NIPS are recorded in, were conducted on the fully
naturalised NIPS recorded in less than 10 regions. The first dataset consisted of the
1492 fully naturalised NIPS, the second was the 257 environmental weeds and the
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third dataset was the 329 fully naturalised NIPS with the additional biological
attributes.
Using the coefficients from the final models, I calculated either, the predicted
probability of being in all 10 regions, or the predicted mean number of regions, for
each combination of the predictors that were significant in the final models. I then
calculated the mean for each category of each of these predictors.

2.4. NIPS attributes
The attributes detailed below have been hypothesised to affect the distribution of wild
NIPS. The first set of 15 attributes were available for all NIPS: the year of discovery;
the number of native regions; whether or not the native region included Eurasia,
temperate Asia, tropical Asia, Australia, North America, South America or Africa; the
growth form; whether or not a NIPS had multiple growth forms; mode of introduction
and spread; and whether or not a NIPS had a naturalised congener, a native congener
or was naturalised elsewhere. The second set of seven attributes were complete for a
non-random subset of the total dataset: mode of dispersal, dispersule mass, whether or
not a NIPS can reproduce vegetatively, flowering phenology (start of flowering and
duration), life strategy and plant height. For detailed information on the compilation
of the year of discovery and other attributes, see Chapter 2.
2.4.1. Year of discovery
Attribute 1: Several studies of the spread of wild NIPS have shown that the year of
discovery (the year the first wild population of a NIPS was observed), or the
minimum residence time (time from the first record of discovery to the present), are
important predictors of geographical spread; wild NIPS that have been naturalised for
longer are, in general, more widely distributed because they have had longer to spread
(Castro et al., 2005; Pyšek & Jarošík, 2005; Pyšek et al., 2003b; Rejmánek, 2000;
Rozefelds & Mackenzie, 1999).
2.4.2. Native range – number and specific regions
Attribute 2: Number of native regions: The spread of wild NIPS has been linked to
a similarity in climates between the native range and the introduced region where a
wild NIPS is spreading (Mack, 1995; Panetta & Mitchell, 1991; Reichard &
Hamilton, 1997) – wild NIPS with wider native ranges are usually adapted to a wider
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range of climates (Goodwin et al., 1999) and therefore likely to be more widely
distributed. I created contrasts to determine which levels of the attribute were
significantly different. I tested for a difference between wild NIPS with one native
region compared with wild NIPS with two native regions; one and two regions
compared with three; one, two and three regions compared with four; one to four
regions compared with five; one to five regions compared with six or more; and wild
NIPS of hybrid/cultivated origin compared with the rest.
For the subset of 319 wild NIPS determined by the DOC to be environmental weeds,
less than 11% of these weeds had four or more native regions so I made this the
largest category for this subset. If this variable was significant, I created contrasts as
above without the comparisons using five and six regions.
Attribute 3-9: Specific regions: Because wild NIPS from Eurasia have evolved with
human induced disturbance for a very long period they may be more widely
distributed as they may utilise the widespread human-modified and disturbed areas
more easily than other NIPS (di Castri, 1989; Gray, 1879). Wild NIPS from other
regions – Temperate Asia, Tropical Asia, Australia, North America, South America
and Africa – may have attributes that either aid or restrict distribution. For example,
wild NIPS from tropical regions may have a restricted distribution in New Zealand
because of the temperate climate in New Zealand. To test these hypotheses, I
determined whether or not the native range of each wild NIPS included the seven
larger regions listed above.
2.4.3. Growth form and plasticity
Attribute 10: Growth form: It is hypothesised that wild NIPS with a short life cycle,
such as annuals and biennials, are the more successful at spreading rapidly because
they have a shorter generation time and often greater propagule pressure (Baker,
1965; Cadotte et al., 2006a). However, studies have found that longer-lived wild
NIPS can be more widely distributed (Castro et al., 2005; Sutherland, 2004). It is also
hypothesised that regions depauperate in certain growth forms may have more sites
for these growth forms to spread into and less competition from native species (Mack,
2003). New Zealand has very few annuals in the native flora (Esler, 1987a; Lee et al.,
2001) so introduced annuals, which often occupy ruderal or disturbed sites, may be
more widely distributed. To test these hypotheses, all wild NIPS on my list were
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placed into four categories – “Short-lived herbaceous species”, “Long-lived
herbaceous species”, “Short-lived woody species” and “Trees”. Annuals and
biennials were classified as short-lived herbaceous. Using published descriptions,
aquatic species, large monocotyledons, vines and parasites were placed into the above
four categories. Some wild NIPS show some degree of phenotypic plasticity, for
example Beta vulgaris and Oenothera stricta can both be annuals, biennials or
perennial herbaceous species (Webb et al., 1988). I took the conservative approach
when classifying these wild NIPS into the above categories and put them in the
shorter-lived category. The contrasts for this variable were short-lived herbaceous
versus long-lived herbaceous; short-lived woody versus trees; and herbaceous versus
woody.
Attribute 11: Plasticity: Wild NIPS that exhibit several growth forms may have an
advantage over wild NIPS with only one growth form, as they may be able to adapt to
a wider range of environments (Agrawal, 2001; Yeh & Price, 2004). Therefore I
created a plasticity variable for the analyses – wild NIPS with multiple growth forms
were classified as “Yes” and those with only one growth form were classified as
“No”.
2.4.4. Introduction and distribution
Attribute 12: The importance of introduction and distribution has been recognised by
many authors (Dehnen-Schmutz et al., 2007a, b; Gravuer et al., 2008; Kowarik, 2003;
Mack & Lonsdale, 2001). Wild NIPS that have been deliberately introduced are
likely to be more widely distributed and cultivated. However, wild NIPS that are
inadvertently transported by humans may be spread with deliberately introduced
products and could also be widely distributed (Kowarik, 2003). To test these
hypotheses, I used five categories for the assumed mode of introduction and
subsequent distribution – “No use” for NIPS that were accidentally introduced and/or
distributed and have had no known deliberate use, “Ornamental (A)” for NIPS that
were introduced and/or distributed accidentally and also cultivated for ornamental
purposes, “Ornamental (D)” for NIPS that were introduced and distributed
deliberately for ornamental use and are not known to have been accidentally
introduced and/or distributed at any stage, “Utilitarian (A)” for NIPS that were
introduced and/or distributed accidentally and also cultivated for utilitarian purposes
and “Utilitarian (D)” for NIPS that were introduced and distributed deliberately for
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utilitarian use and are not known to have been accidentally introduced and/or
distributed at any stage (See Chapter 3). Wild NIPS only documented as a
contaminant of seed, soil, or ballast, i.e. accidentally introduced, or with no
documented use in New Zealand were classified as “No use”. The remaining wild
NIPS were classified as either ornamental or utilitarian, then further separated into
those that had been or had not been accidentally introduced. Wild NIPS classified as
ornamental are those that have been planted in home gardens or parks and include
aquarium and lawn NIPS, and wild NIPS classified as utilitarian are those used for
agriculture, horticulture, forestry, land stabilisation, etc.. The contrasts I created for
this attribute were ornamental – accidental versus ornamental – deliberate only;
utilitarian – accidental versus utilitarian – deliberate only; ornamental (both
categories) versus utilitarian (both categories); and no use versus the rest.
2.4.5. Taxonomy
Attribute 13: Naturalised elsewhere: Studies attempting to predict invasions have
found that wild NIPS naturalised elsewhere are likely to be more invasive (Mack,
1996; Reichard & Hamilton, 1997; Richardson et al., 1990; Scott & Panetta, 1993).
These wild NIPS that are naturalised elsewhere may possess attributes that increase
their chances of being more widely distributed. Many have evolved with humans and
can utilise highly modified sites created by humans, or they can be widely distributed
through cultivation, either deliberately or accidentally (Arroyo et al., 2000; di Castri,
1989). See Chapter 3 for detailed information on the compilation of these attributes.
Attribute 14: Native congener: Darwin (1859) suggested that NIPS with a native
congener were likely to be subjected to more intense competition and therefore be less
able to naturalise. While some researchers have found support for this hypothesis
(Mack, 1996; Rejmánek, 1996) others have shown that having a native congener has
increased the chances of a NIPS naturalising because there is already a niche that is
suitable for the NIPS, or they may share characteristics that promote the chances of
survival (Daehler, 2001; Duncan & Williams, 2002b). Wild NIPS with native
congeners may be more widely distributed as there may be more niches available that
suit these wild NIPS rather than those without a native congener.
Attribute 15: Naturalised congener: Some families and genera have a higher
proportion of wild NIPS than other genera (Duncan & Williams, 2002b; Kolar &
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Lodge, 2001; Mack, 1996) which has led to the suggestion that they share some
attributes that contribute to their ability to become more widely distributed (Mack et
al., 2000). For example, the Rubus and Trifolium genera both have 26 species in my
dataset.
2.4.6. Additional biological attributes
Additional biological attributes are hypothesised to affect distribution but, as others
have found (Castro et al., 2005; Goodwin et al., 1999; Van der Veken et al., 2007), it
is difficult to obtain complete sets of attributes for all wild NIPS. The subset of 319
fully naturalised NIPS with the additional seven biological attributes (attributes 1522) is not a random subset of all the fully naturalised NIPS of New Zealand. As many
of the attributes were obtained from lists of wild NIPS from other countries, all wild
NIPS in this subset are naturalised elsewhere. Almost 80% of this subset was
accidentally introduced compared with just over 50% of all the fully naturalised NIPS.
A greater proportion (36% compared with 17%) occurred in all 10 regions of New
Zealand. Many of the families present in the New Zealand dataset are either not
represented or are under or over represented in this subset of data. For example, there
are no representatives from Poaceae or Myrtaceae but a greater proportion of wild
NIPS from Asteraceae are present in this subset. Herbaceous wild NIPS are overrepresented, wild NIPS with multiple native regions are under-represented but wild
NIPS that are native to Eurasia are over-represented, and wild NIPS with no use are
over-represented. See Chapter 2 for detailed information on the collation of these
additional biological attributes. The hypothesised effects of the seven additional
biological attributes are as follows:
Attribute 16: Mode of dispersal: Wild NIPS with adaptations, such as wings or
attachments on the seeds, which spread seeds away from the parent population would
increase the ability of the wild NIPS to establish new populations and become more
widely distributed (Baker, 1965; Rejmánek & Richardson, 1996; Van der Veken et al.,
2007). Six categories of dispersal were recognised – animal (internal and external),
explosive, water, wind or multiple (for wild NIPS with two or more of the previous
modes) and unspecialised (includes dispersal by humans) (Table 14). However, as
humans are often the main vector for dispersal of seeds, the natural mode of dispersal
may be of less importance than postulated (Noble, 1989). The contrasts created for
this variable were animal versus wind; animal and wind versus water; animal, wind
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and water versus explosive; animal, wind, water and explosive versus multiple; these
five levels versus unspecialised.
Attribute 17: Dispersule mass: Wild NIPS that produce smaller dispersules are
likely to produce more that are more easily dispersed. The seeds from these
dispersules may have higher rates of germination, and overcome dormancy more
easily and the seedlings have higher relative growth rates (see Rejmánek &
Richardson, 1996), therefore they are likely to be more widely distributed. I have six
categories for dispersule mass, as defined by Hodgson et al. (1995) – " 0.20 mg, 0.21
– 0.50 mg, 0.51 – 1.00 mg, 1.01 – 2.00 mg, 2.01 – 10.00 mg, # 10mg (Table 14). The
contrasts for this variable were one versus two; one and two versus three; one, two
and three versus four; one to four versus five; and one to five versus six.
Attribute 18-19: Flowering phenology: Start of flowering has been identified as a
significant variable in previous studies, with wild NIPS that were more abundant
flowering later (Lloret et al., 2005; Maillet & Lopez-Garcia, 2000). Also wild NIPS
that were more abundant in Ontario and the Mediterranean flowered for longer
(Cadotte et al., 2006b; Lloret et al., 2005). It is hypothesised that wild NIPS that
flower for longer time periods may have a greater reproductive output (Gerlach &
Rice, 2003; Maillet & Lopez-Garcia, 2000) which may help them be more easily
distributed or provide a competitive advantage. If seeds are produced over a longer
period there may be a greater opportunity for further colonisation as there could be an
increased chance of a disturbance event occurring (Lake & Leishman, 2004). As used
by Lloret et al (2005), there are three categories each for start of flowering
(autumn/winter, spring or summer), and flowering duration (short, medium or long)
(Table 14). The contrasts for the start of flowering are spring versus summer; and
spring and summer versus autumn/winter, and the contrasts for length of flowering are
long versus medium; and long and medium versus short.
Attribute 20: Vegetative reproduction: Wild NIPS that reproduce vegetatively are
not reliant on external factors such as the presence of pollinators, seed dispersers, or
other plants to spread locally. Many can also continue to spread each season whereas
other wild NIPS that are reliant on external factors may not spread some seasons.
However, many may be limited in distribution due to lack of long-range dispersal
(Van Kleunen & Johnson, 2007). On the other hand, aquatic wild NIPS, such as
Fallopia japonica (Brock et al., 1995) that regenerates freely from off-shoots and
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Eichhornia crassipes (Barrett, 1992) that regenerates from stolons, may be more
widely distributed as they can be easily dispersed by water. These wild NIPS may
naturally spread to adjacent regions, but they can also be widely distributed by
anthropogenic means as they are easily propagated. Wild NIPS are classified as “Yes”
or “No” for this variable (Table 14).
Attribute 21: Life strategy: Wild NIPS can be classified as competitors, ruderals or
stress-tolerators or combinations of these as defined by Grime (1979; 2001).
Different strategies are of importance at different stages of the naturalisation and
invasion process. Competitors may be more widely distributed as they can
outcompete other species whether native or non-indigenous. Wild NIPS that combine
two or three of these strategies may be more widely distributed as they can utilise
more opportunities. I used the life strategy categories as defined by Hodgson et al.
(1995) based on Grime (1979) – competitor (C), ruderal (R), stress-tolerator (S),
competitive-ruderal (CR), stress-tolerant competitor (SC), stress-tolerant ruderal (SR),
the category that combines all three strategies (CSR). If a wild NIPS was
intermediate between two of these categories, for example C/SC, I classified it into
the multiple category i.e. SC. This variable was not significant for any of the analyses
therefore I did not need to create any contrasts.
Attribute 22: Plant height: In a comparison of invasive and non-invasive congeners
taller plants were found to be more invasive (Goodwin et al., 1999; Pyšek et al., 1995;
Richardson et al., 1990). Taller wild NIPS may therefore have a competitive
advantage and may be more widely distributed. I have nine categories of plant height,
as defined by Kleyer (1995). As height was not significant for any of the analyses I
did not create contrasts for this variable.
Table 14 presents the predictor variables, the number of categories in each predictor,
the categories and the category hypothesise to be more widely distributed.
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Table 14: Predictors, the number of categories and the categories for each predictor used in the
analyses determining the effect of these predictors on the number of regions in which the fully
naturalised NIPS of New Zealand are found. The category of each predictor hypothesised to be
more widely distributed is also shown.
Predictor variables
No. of
Categories
More widely
categories
distributed
Year of discovery
Continuous numeric
Earlier
Number of native
7
0 - 6+, (0-4+ for environmental weeds)
More regions
regions
Native to Eurasia
2
Yes/No
Yes
Native to Temperate
2
Yes/No
Yes
Asia
Native to Tropical Asia
2
Yes/No
No
Native to Australia
2
Yes/No
No
Native to North
2
Yes/No
Yes
America
Native to South
2
Yes/No
No
America
Native to Africa
2
Yes/No
No
Growth form
4
Short-lived herbs, long-lived herbs,
Short-lived &
short-lived woody, trees
Herbs
Plasticity
2
Yes/No
Yes
Introduction and
5
No use (accidental only), ornamental &
Utilitarian,
distribution
accidental, ornamental – deliberate only,
especially if
utilitarian & accidental, utilitarian –
accidental also
deliberate only
Naturalised elsewhere
2
Yes/No
Yes
Native congener
2
Yes/No
?
Naturalised congener
2
Yes/No
Yes
Dispersal mode
6
Animal, ballistic, unspecialised, water,
Wind, Multiple,
wind, multiple
Animal
Smaller
Dispersule mass
6
" 0.20 mg, 0.21 – 0.50 mg, 0.51 – 1.00
mg, 1.01 – 2.00 mg, 2.01 – 10.00 mg, >
10mg
Vegetative reproduction
2
Yes/No
Yes
Start of flowering
3
Autumn/winter, spring, summer
Flowering duration
3
Short (<3 months), medium (3-6
Longer
months), long (>6 months)
Competitor
Life strategy
7
Competitor (C), ruderal (R), stresstolerator (S), competitive-ruderal (CR),
stress-tolerant competitor (SC), stresstolerant ruderal (SR), CSR strategist
(CSR)
Plant height
9
" 299 mm, 300 – 599 mm, 600 – 999
Taller
mm, 1.0 – 1.5 m, 1.6 – 3.0 m, 3.1 – 6.0
m, 6.1 – 15 m, # 15.1 m

3.

Results

The distribution of the number of regions in which the wild NIPS had been recorded
decreased steadily between one and nine regions of New Zealand, then peaked at 10
regions (Figure 8). The peak is an artefact of dividing New Zealand into only 10
regions. If the country was divided into more regions, the tail of the curve would
lengthen and this peak would likely flatten off. Almost 29% (645) of the wild NIPS
were recorded in only one region of New Zealand and just over 13% (298) of the wild
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NIPS were recorded in all 10 regions. However, if we just consider the fully
naturalised NIPS, the number of species recorded in one or 10 regions were very
similar (312 versus 296) and the decrease in fully naturalised NIPS recorded in
between two and nine regions was much more gradual. Almost 50% (319) of the wild
NIPS recorded in one region and 33% (100) recorded in two regions were classified
as casual. Of the remaining 45 wild NIPS classified as casual, 44 were recorded in
three or four regions, and one casual NIPS, Scandix pectin-veneris, had been recorded
in all ten regions. This wild NIPS, first discovered in 1867, and recorded as having
been scattered throughout New Zealand, is now classified as casual because it has not
been collected since 1930 (Webb et al., 1988). The environmental weeds were more
widely distributed than the full dataset and the subset of fully naturalised NIPS with
all additional biological attributes were even more widely distributed. The average
number of regions that the wild NIPS were recorded in was 4.66 (± 0.08 s.e.m.) for
the full dataset of 1788 fully naturalised NIPS, 5.5 for the 319 environmental weeds
and 6.41 (± 0.15 s.e.m.) for the subset of 516 (29%) fully naturalised NIPS for which
all the biological data was available.
As hypothesised, the year of discovery was highly significant in all analyses (Table
15), with fully naturalised NIPS that were discovered earlier having a greater chance
of being recorded in all 10 regions and likely be recorded in more regions. Because of
the significance of the year of discovery, to demonstrate the effect of significant
predictors with three or more categories (e.g., introduction and distribution or growth
form), I plotted the predicted responses against the year of discovery.

3.1. Summary of all models
Apart from the year of discovery, no predictor was consistently significant across all
analyses (Table 15). However, whether or not a wild NIPS had a native congener in
New Zealand, introduction and distribution, and whether or not the native range
included Eurasia were retained in four of the six final models, and whether or not the
native range included Australia was retained in three of the final six models. Having a
native congener or being a utilitarian species meant that fully naturalised NIPS tended
to be more widely distributed, and being native to Australia meant that fully
naturalised NIPS tended to be less widely distributed. However, results for having a
native range that included Eurasia were contradictory: having a native range that
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included this region meant that fully naturalised NIPS tended to be more widely
distributed in two of the six analyses, but less widely distributed in two analyses.
Wild NIPS that flowered for longer tended to be more widely distributed. For further
details refer to the individual models in the following section.
Table 15: Comparison of all significant variables for each of the two analyses for all three
datasets, with the number of NIPS in each dataset. The predictor and the category of the
predictor that has a greater chance of occurring in all 10 regions, or is likely to be in more regions
for the analyses of wild NIPS recorded in fewer than 10 regions, is shown.
Predictor
Fully naturalised
Environmental weeds
Subset with additional
NIPS (1788)
(319)
biological attributes
(514)
Likely to
Likely to
Greater
Greater
Greater
Likely to
chance of be in
chance of be in
chance of be in
more
more
being in
more
being in
being in
regions
regions
10
regions
10
10
regions
regions
regions
Year of discovery
Earlier
Earlier
Earlier
Earlier
Earlier
Earlier
Number of native
Fewer
regions
Native to Eurasia
Yes
Yes
No
No
Native to temperate
Yes
Asia
Native to Australia
No
No
No
Native to Africa
No
No
Native to North
Yes
America
Native to South
No
No
America
Multiple growth
Yes
Yes
forms
Growth form
Trees
Herbs
Trees
Introduction and
Util
Util
Util
Util
distribution
Naturalised congener
Yes
Native congener
Yes
Yes
Yes
Yes
Mode of dispersal
Multiple
Dispersule mass
Lighter
Start of flowering
Spring
Flowering duration
Longer
Longer

3.2. Wild NIPS recorded or not recorded in all 10 regions
3.2.1. All fully naturalised NIPS
Seven predictors were retained in the GLM model with the best fit, explaining
whether or not the 1788 fully naturalised NIPS were recorded in all 10 regions of New
Zealand: year of discovery; whether or not the native range included Australia, Africa
or Eurasia; whether or not a native congener was present in New Zealand;
introduction and distribution; and growth form. Table 16 includes the model
parameters and the mean predicted probabilities of occurring in all 10 regions for each
category of the predictors retained in the final model.
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Table 16: Predictors retained in the final model determining whether or not all fully naturalised
NIPS have been recorded in all 10 regions of New Zealand are listed. Using stepwise selection, I
fitted a GLM with binomial error structure and logit link to determine to determine the model
with the best fit. The categories for each predictor, the degrees of freedom, the estimate, standard
error, and the mean predicted probability of being in all 10 regions are shown. For introduction
and distribution predictor (A) – also accidentally introduced, (D) = deliberately introduced only.
Predictor
Categories
Degrees of Estimate
Std. Mean predicted
freedom
Error
probability
(Intercept)
55.834
4.465
Year of discovery
1 -0.030
0.002
Native to Australia
1
No
0.24
Yes
-1.624
0.371
0.09
Native to Africa
1
No
0.21
Yes
-0.835
0.318
0.12
Native congener
1
No
0.14
0.422
0.172
0.19
Yes
Native to Eurasia
1
No
0.15
Yes
0.372
0.180
0.18
Introduction and
4
distribution
None
0.14
Ornamental (A)
0.158
0.217
0.16
Ornamental (D)
-0.080
0.243
0.13
Utilitarian (A)
0.574
0.262
0.20
Utilitarian (D)
0.567
0.286
0.20
Growth form
3
Short-lived herbs
0.14
Long-lived herbs
0.067
0.176
0.14
Short-lived
0.185
0.293
0.15
woody
Trees
0.911
0.349
0.23

NIPS discovered wild in 1850 were predicted to have 2.5 times the chance of being
recorded in all 10 regions of New Zealand compared with NIPS discovered wild in
1900, which in turn had almost 4 times the chance of NIPS discovered wild in 1950.
To be recorded in all 10 regions of New Zealand, it was a disadvantage to have a
native range that included Australia or Africa, but having a native range that included
Eurasia, or having a native congener proved advantageous. Fully naturalised NIPS
without a native range in Australia had about 2.5 times the chance of being recorded
in all 10 regions of New Zealand compared with fully naturalised NIPS with a native
range in Australia; fully naturalised NIPS without a native range in Africa had 1.75
times the chance of being recorded in all 10 regions compared with fully naturalised
NIPS without a native range in Africa; fully naturalised NIPS with a native congener
had almost 1.5 times the chance of being recorded in all 10 regions compared with
fully naturalised NIPS that did not have a native congener; and fully naturalised NIPS
with a native range in Eurasia had 1.2 times the chance of being recorded in all 10
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regions of New Zealand compared with fully naturalised NIPS without a native range
in Eurasia (Table 16).

Probability of Being in 10 Regions
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Figure 9: The predicted probability of occupying all ten regions of New Zealand (top) and the
number of regions predicted to be occupied (bottom) for each introduction and distribution for
the fully naturalised NIPS (left) and the environmental weeds (right) against the year of
discovery. The P value in each graph is the significance of the variable in the final model. To
emphasise the trends revealed by the GLMs, the data has not been plotted. The order of the lines
is the same order as the legends for each graph.
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Figure 10: The predicted probability of occupying all ten regions of New Zealand (top) for the
subset of 514 fully naturalised NIPS with all biological attributes (left) and all 1788 fully
naturalised NIPS (right) and the number of regions predicted to be occupied by the 257
environmental weeds (bottom) for each growth form against the year of discovery. The P value in
each graph is the significance of the variable in the final model. To emphasise the trends revealed
by the GLMs, the data has not been plotted. The order of the lines is the same order as the
legends for each graph.

Ornamental wild NIPS had less chance of being recorded in all 10 regions of New
Zealand when compared with the utilitarian wild NIPS as shown by the contrast
between these two groups (Figure 9). This was the only significant contrast for
introduction and distribution (z = 2.17, P <0.05). Surprisingly, woody wild NIPS had
a greater chance of being recorded in all 10 regions of New Zealand when compared
with herbaceous wild NIPS (Figure 10), as shown by the significant contrast between
these two groups (z = 2.52, P <0.05).
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3.2.2. Environmental weeds
Six predictors were retained in the GLM model with the best fit explaining whether or
not the 319 environmental weeds were recorded in all 10 regions of New Zealand:
year of discovery; whether or not a native congener was present in New Zealand;
whether or not the native range included Australia, Africa or South America; and
introduction and distribution. Table 17 includes the model parameters and the mean
predicted probabilities of occurring in all 10 regions for each category of the
predictors retained in the final model.
Table 17: Predictors retained in the final model determining whether or not the environmental
weeds have been recorded in all 10 regions of New Zealand are listed. Using stepwise selection, I
fitted a GLM with binomial error structure and logit link to determine to determine the model
with the best fit. The categories for each predictor, the degrees of freedom, the estimate, standard
error, and the mean predicted probability of being in all 10 regions are shown. For introduction
and distribution predictor (A) – also accidentally introduced, (D) = deliberately introduced only.
Predictor
Categories
Degrees of
Estimate
Std. Error
Predicted
freedom
probability
(Intercept)
42.578
9.633
Year of discovery
1
-0.023
0.005
Australia
1
No
0.25
Yes
-2.541
1.054
0.05
Native congener
1
No
0.09
Yes
1.490
0.447
0.21
Introduction and
4
distribution
None
0.08
Ornamental (A)
1.175
0.622
0.16
Ornamental (D)
0.123
0.587
0.09
Utilitarian (A)
2.189
0.703
0.27
Utilitarian (D)
0.867
0.591
0.14
South America
1
No
0.21
Yes
-1.502
0.531
0.09
Africa
1
No
0.22
Yes
-1.658
0.630
0.08

Environmental weeds discovered in 1850 were predicted on average to have almost 2
times the chance of being recorded in all 10 regions of New Zealand compared with
environmental weeds discovered in 1900, which in turn have almost 2 times the
chances of environmental weeds discovered in 1950. Environmental weeds with a
native congener were advantaged – they were predicted to have 2.3 times the chance
of being recorded in all 10 regions compared with environmental weeds that did not
have a native congener. Environmental weeds with a native range that included
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Australia, South America or Africa had less chance of being recorded in all 10 regions
of New Zealand when compared with environmental weeds that did not include any of
these regions within their native range. Utilitarian environmental weeds that were
both deliberately and accidentally introduced and/or distributed also had a much
greater chance of being recorded in all 10 regions of New Zealand, especially when
compared with ornamental environmental weeds that were only deliberately
introduced and environmental weeds that had no use (Figure 9). All contrasts, except
for the contrast between the two ornamental categories, were significant: utilitarian
environmental weeds that were also accidentally introduced and/or distributed were
more widely distributed than utilitarian environmental weeds that were only
deliberately distributed (z = -2.13, P <0.05); ornamental environmental weeds were
less widely distributed than utilitarian environmental weeds (z = 2.13, P <0.05); and
environmental weeds with no use were less widely distributed than environmental
weeds with a use (z = -2.12, P <0.05).
3.2.3. Subset with additional biological predictors
Seven predictors were retained in the GLM model with the best fit, explaining
whether or not the 514 fully naturalised NIPS with the fourteen of the original fifteen
predictors and the additional seven biological predictors listed in the methods above,
were recorded in all 10 regions of New Zealand. Two of these predictors – flowering
duration and dispersule mass – were from the additional biological attributes. The
other predictors were: year of discovery; growth form; whether or not the native range
included Eurasia or South America; and whether or not a native congener was present
in New Zealand. Table 18 includes the model parameters and the mean predicted
probabilities of occurring in all 10 regions for each category of the predictors retained
in the final model.
Fully naturalised NIPS with the additional biological attributes that were discovered
wild in 1850 are predicted to have 1.75 times the chance of being recorded in all 10
regions of New Zealand compared with fully naturalised NIPS discovered wild in
1900, which in turn have three times the chance compared with fully naturalised NIPS
discovered wild in 1950. As hypothesised, as the period of flowering lengthened,
fully naturalised NIPS had increased chances of being recorded in all 10 regions.
Both contrasts were significant: medium duration versus short duration flowering (z =
-2.61, P <0.01) and long versus short and medium duration (z = -3.12, P <0.002). As
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the mass of dispersules increased the chances of being recorded in all 10 regions of
New Zealand tended to decrease, apart from the largest category. Some of the heavier
dispersules are fruit, which may contain a large number of small seeds. For example,
the dispersule for Berberis vulgaris is a fruit that weighs 203.6 mg according to
Biolflor (http://www.ufz.de/biolflor/index.jsp), and the seeds weigh 13 mg according
to Seed Information Database
(http://data.kew.org/sid/SidServlet?ID=3270&Num=CCK). Fully naturalised NIPS
with dispersules greater than 10 mg tended to have similar chances of being recorded
in all 10 regions of New Zealand as those with the lighter dispersules. However, only
one of the contrasts was significant: the first four categories with dispersule with a
mass <2.00mg versus dispersule mass of 2.20-10.00 mg (z = 3.62, P <0.0005).
Table 18: Predictors retained in the final model determining whether or not the fully naturalised
NIPS with the seven additional biological attributes have been recorded in all 10 regions of New
Zealand are listed. Using stepwise selection, I fitted a GLM with binomial error structure and
logit link to determine to determine the model with the best fit. The categories for each
predictor, the degrees of freedom, the estimate, standard error, and the mean predicted
probability of being in all 10 regions are shown.
Predictor
Categories
Degrees of Estimate Std. Error
Mean
freedom
predicted
probability
(Intercept)
73.768
8.346
Year of discovery
1
-0.038
0.004
Flowering duration
2
Long
0.47
Medium
-0.839
0.322
0.37
Short
-1.188
0.330
0.32
Dispersule mass
5
" 0.20 mg
0.45
0.21 – 0.50 mg
-0.150
0.328
0.43
0.51 – 1.00 mg
-0.447
0.374
0.39
1.01 – 2.00 mg
-0.437
0.351
0.39
2.01 – 10.00 mg
-1.561
0.408
0.26
> 10.00 mg
-0.348
0.435
0.41
Growth form
3
Short lived herbs
0.31
Long lived herbs
0.052
0.246
0.32
Short-lived woody
0.616
0.527
0.39
Trees
1.654
0.587
0.53
Native to Eurasia
1
No
0.45
Yes
-0.932
0.470
0.33
Native congener
1
No
0.36
Yes
0.362
0.249
0.41
Native to South America
1
No
0.44
Yes
-0.749
0.524
0.34
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Contrary to my hypothesis but consistent with the full dataset, for this subset of fully
naturalised NIPS with additional attributes, woody species had a greater chance of
being recorded in all 10 regions of New Zealand when compared with herbaceous
species. The contrast between herbs and woody species was the only significant
contrast (z = 2.66, P <0.01) (Figure 10). Also, contrary to my hypothesis and to the
earlier results for the full dataset, fully naturalised NIPS from this subset with a native
range that included Eurasia, tended to have less chance of being recorded in all 10
regions of New Zealand. Fully naturalised NIPS with a native congener or fully
naturalised NIPS with a native range that did not include South America had a greater
chance of being recorded in all 10 regions.

3.3. NIPS recorded in 1-9 regions
3.3.1. All fully naturalised NIPS
Five predictors were retained in the GLM model with the best fit explaining the
number of regions for the 1492 fully naturalised NIPS recorded in less than 10 regions
of New Zealand: year of discovery; whether or not the native range included
Australia; introduction and distribution; whether or not the fully naturalised NIPS had
multiple growth forms; and whether or not a naturalised congener is present in New
Zealand. Table 19 includes the model parameters and the mean predicted number of
regions occupied for each category of the predictors retained in the model with the
best fit.
Fully naturalised NIPS discovered wild in 1850 were predicted to occur in 1.5 times
the number of regions compared with fully naturalised NIPS discovered wild in 1900
which, in turn, were predicted to occur in 1.4 times the number of regions for fully
naturalised NIPS discovered wild in 1950. As for the earlier analyses of the chance of
being in all 10 regions for the fully naturalised NIPS and the environmental weeds,
having a native range that did not include Australia and being a utilitarian species that
was both deliberately and accidentally introduced and/or distributed (Figure 9) meant
that the fully naturalised NIPS were likely to be recorded in more regions. As before,
all contrasts for introduction and distribution were significant, except for the contrast
between the two ornamental categories; utilitarian fully naturalised NIPS that were
both deliberately and accidentally introduced and/or distributed were more widely
distributed than utilitarian fully naturalised NIPS that were only deliberately
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introduced and distributed (z = -2.26, P <0.05); ornamental fully naturalised NIPS
were less widely distributed than utilitarian fully naturalised NIPS (z = 2.37, P <0.02);
fully naturalised NIPS with no use were likely to be recorded in fewer regions than
fully naturalised NIPS with a use (z = -3.22, P <0.002). Additionally, having multiple
growth forms or a naturalised congener also meant that these fully naturalised NIPS
were likely to be recorded in more regions.
Table 19: Predictors retained in the final model determining the number of regions the 1492 fully
naturalised NIPS have been recorded in, for NIPS recorded in less than 10 regions of New
Zealand, are listed. Using stepwise selection, I fitted a GLM with Poisson error structure and log
link function to determine the model with the best fit. The categories for each predictor, the
degrees of freedom, the estimate, standard error, and the mean number of regions predicted to be
occupied for each category of each predictor are shown. For introduction and distribution
predictor (A) – also accidentally introduced, (D) = deliberately introduced only.
Predictor
Categories
Degrees Estimate
Std.
Mean
of
Error
number
freedom
regions
(Intercept)
14.066
0.686
Year of discovery
1
-0.007
<0.001
Native to Australia
1
No
4.5
Yes
-0.183
0.043
3.8
Introduction and
4
distribution
None
3.8
Ornamental (A)
0.034
0.047
3.9
Ornamental (D)
0.070
0.035
4.1
Utilitarian (A)
0.232
0.060
4.8
Utilitarian (D)
0.072
0.049
4.1
Multiple growth forms
1
No
3.9
Yes
0.103
0.045
4.4
Naturalised congener
1
No
4.0
Yes
0.071
0.035
4.3

3.3.2. Environmental weeds
Eight predictors were retained in the GLM model with the best fit, explaining the
number of regions for these 257 environmental weeds recorded in less than 10 regions
of New Zealand: year of discovery; number of native regions; growth form; whether
or not the native range included Eurasia, temperate Asia or North America;
introduction and distribution; and whether or not a native congener is present in New
Zealand. Table 20 includes the model parameters and the mean predicted number of
regions occupied for each category of the predictors retained in the final model.
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Table 20: Predictors retained in the final model determining the number of regions the 257
environmental weeds have been recorded in, for the weeds in less than 10 regions of New
Zealand, are listed. Using stepwise selection, I fitted a GLM with Poisson error structure and log
link function to determine the model with the best fit. The categories for each predictor, the
degrees of freedom, the estimate, standard error, and the mean number of regions predicted to be
occupied for each category of each predictor are shown. For introduction and distribution
predictor (A) – also accidentally introduced, (D) = deliberately introduced only.
Predictor
Categories
Degrees Estimate
Std.
Mean
of
Error
number
freedom
regions
(Intercept)
12.722
1.568
Year of discovery
1
-0.006
0.001
Number of native
4
regions
0 (Hybrid/cult)
7.1
1
0.090
0.229
7.8
2
0.045
0.233
7.5
3
-0.022
0.250
7.0
4 or more
-0.419
0.266
4.7
Growth form
3
Short-lived herbs
8.9
Long-lived herbs
-0.248
0.124
7.0
Short-lived woody
-0.473
0.133
5.6
Trees
-0.437
0.145
5.8
Native to Eurasia
1
No
6.0
Yes
0.257
0.079
7.7
Introduction and
4
distribution
None
5.7
Ornamental (A)
0.033
0.135
5.9
Ornamental (D)
0.222
0.110
7.2
Utilitarian (A)
0.406
0.157
8.6
Utilitarian (D)
0.143
0.129
6.6
Native to Temperate
Asia
No
6.2
Yes
0.180
0.078
7.4
Native congener
1
No
6.1
Yes
0.211
0.091
7.5
Native to North
1
America
No
6.1
Yes
0.207
0.101
7.5

Environmental weeds discovered in 1850 were predicted to occur in almost 1.4 times
as many regions compared with environmental weeds discovered in 1900, which in
turn were predicted to occur in 1.3 times as many regions as environmental weeds
discovered in 1950. Contrary to my hypothesis, as the number of native regions
increased, the number of New Zealand regions in which the environmental weeds
were predicted to be recorded tended to decrease. However, only one of the contrasts
for number of native regions was significant – environmental weeds with 1 – 3 native
regions were predicted to be recorded in more regions than environmental weeds with
4 or more native regions (z =3.79, P <0.0005). In contrast with the earlier results,
there was a clear ‘age’ gradient in growth form as hypothesised, with the number of
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regions in which the environmental weeds were predicted to be recorded decreasing
as the growth form moved from short-lived herbaceous through to trees. Two of the a
priori contrasts were significant. Short-lived herbs were more widely distributed than
long-lived herbs (z =-2.01, P <0.05) and herbs were more widely distributed than
woody environmental weeds (z =-3.86, P <0.0001). Having a native range that
include Eurasia temperate Asia or North America, or having a native congener all
proved advantageous with these environmental weeds predicted to be recorded in
more regions. Again, a similar pattern was seen when introduction and distribution
was examined. Utilitarian environmental weeds that were both deliberately and
accidentally introduced and/or distributed were predicted to occur in more regions of
New Zealand, however none of the a priori contrasts were significant (Figure 9).
3.3.3. Subset with additional biological predictors
Six predictors were retained in the final GLM model with the best fit, to explain the
number of regions for these 329 fully naturalised NIPS with all 21 attributes,
including the additional seven biological attributes, that were recorded in less than 10
regions of New Zealand. Three were from the initial set of attributes: year of
discovery; whether or not the native range included Eurasia; and whether or not a
fully naturalised NIPS had multiple growth forms. The other three were from the
additional biological attributes: season when flowering started; mode of dispersal; and
duration of flowering. Table 21 includes the model parameters and the mean
predicted number of regions occupied for each category of the predictors retained in
the final model.
Fully naturalised NIPS discovered in 1850 were predicted to occur in 6.8 regions
compared with 5.0 regions for fully naturalised NIPS discovered in 1900 and 3.6
regions for fully naturalised NIPS discovered in 1950. As hypothesised, fully
naturalised NIPS with multiple modes of dispersal were predicted to be recorded in
more regions of New Zealand than fully naturalised NIPS with no specialised mode or
those with a single mode. This contrast (animal, wind, water and ballistic versus
multiple modes) was the only significant contrast (z =-2.59, P <0.01). Fully
naturalised NIPS that started flowering in spring were predicted to be recorded in
more regions of New Zealand when compared with fully naturalised NIPS that started
flowering in summer or autumn/winter, although the only significant contrast was
between spring and summer flowering (z =-2.98, P <0.005). As with the earlier
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analysis of the subset of fully naturalised NIPS with the additional biological
attributes, contrary to my hypothesis, fully naturalised NIPS with a native range that
included Eurasia were predicted to be recorded in fewer regions of New Zealand
when compared with fully naturalised NIPS without a native range in Eurasia. Fully
naturalised NIPS that flowered for a shorter time were predicted to be recorded in
fewer regions. Only the contrast between short and medium duration of flowering
was significant (z =-2.13, P <0.05).
Table 21: Predictors retained in the final model determining the number of regions the fully
naturalised NIPS have been recorded in, for the subset of 329 NIPS with the additional biological
attributes recorded in less than 10 regions of New Zealand, are listed. Using stepwise selection, I
fitted a GLM with Poisson error structure and log link function to determine the model with the
best fit. The categories for each predictor, the degrees of freedom, the estimate, standard error,
and the mean number of regions predicted to be occupied for each category of each predictor are
shown.
Predictor
Category
Degrees of
Estimate Std. Error
Mean
freedom
number
regions
(Intercept)
Year of discovery
Dispersal

1
5
Animal
Wind
Water
Ballistic
Multiple
Unspecialised

Start of flowering

1.470
0.001

0.154
0.117
-0.278
0.225
-0.010

0.085
0.129
0.276
0.076
0.091

4.6
5.4
5.2
3.5
5.7
4.5

0.060
-0.009

0.126
0.130

4.6
5.4
4.5

-0.240

0.093

5.4
4.2

-0.016
-0.137

0.094
0.094

5.1
5.0
4.4

0.122

0.080

4.5
5.1

2
Autumn/winter
Spring
Summer

Native to Eurasia

1
No
Yes

Flowering duration

1
Long
Medium
Short

Multiple growth forms

1
No
Yes

4.

13.751
-0.006

Discussion

This historical dataset provides an excellent opportunity to examine which species
related attributes were important in determining the geographical distribution of the
wild NIPS. New Zealand has a large number of wild NIPS (2252) compared with
many other countries and regions (see Chapter 2). For example, the British Isles has
1642 (Williamson, 2002a), Italy 990 (Viegi, 2001) and Chile 707 (Castro et al.,
2005). The subset of fully naturalised NIPS with the additional biological attributes
utilised in this study (516) is larger than the total number of wild NIPS in some
countries or regions, such as Taiwan (340) (Wu et al., 2004a) and Germany (480)
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(Scherer-Lorenzen et al., 2000), and therefore provides an additional opportunity to
examine the effect of a wider range of attributes.

4.1. History
Year of discovery was consistently the most important predictor in this study, as it has
been in other studies of the distribution of wild NIPS (Castro et al., 2005; Pyšek &
Jarošík, 2005; Wu et al., 2003), although for the distribution of wild NIPS in the
Mediterranean islands it was unimportant, possibly due to lack of certainty in
determining whether species were native or non-indigenous (Lambdon & Hulme,
2006b). NIPS discovered wild earlier were more likely to be in more regions and had
a greater chance of being in all ten regions of New Zealand. For example, NIPS first
recorded as wild in 1850 are predicted to occur in about twice as many regions of
New Zealand compared with NIPS first recorded wild in 1950. NIPS that naturalised
earlier have had more opportunities to be dispersed more widely, either deliberately or
accidentally. Also, wild populations have had longer to reach the size necessary for
spread (Mack, 2000). When genetic diversity is present in the founding population,
the formation of multiple populations also allows gene-flow which can overcome
genetic bottlenecks. This, in turn, is thought to promote the ability of wild NIPS to
invade and establish other populations (Sakai et al., 2001).
However, a long residence time does not guarantee widespread distribution. Some
wild NIPS, classified as fully naturalised and discovered early, are in a limited number
of regions, although some may have been more widely distributed in the past. For
example Mentha arvensis, recorded from Canterbury in 1879 (Armstrong, 1879) and
later listed as infrequent throughout the North and South Islands (Allan, 1940) is now
recorded as being present in the Auckland region only (Webb et al., 1988). Likewise,
Trifolium ochroleucon was recorded from Canterbury in 1879 (Armstrong, 1879) and
Healy (1982) noted that over the past 35 years there had only been one collection, but
it was then collected from Southland in 1983 – possibly still persisting from earlier
populations, or maybe reintroduced as a seed contaminant (Webb et al., 1988). Eight
of the ten fully naturalised NIPS discovered before 1880 and now only in one region
(Alopecurus myosuroides, Bromus erectus, Lepidium heterophyllum, Ranunculus
arvensis, Silene noctiflora, Thinopyrum intermedium, T. junceiforme and Trifolium
ochroleucon) were accidental introductions that may not have been able to persist
96

Chapter 4: Distribution (A)
without repeated introductions of propagules. Some wild NIPS may have been
misidentified in the past or nomenclature may have been revised leading to changes in
occupancy of regions, as happened when the Passiflora species were revised. One
new species, P. tarminiana was recognised as naturalised in New Zealand and P.
mixta, which was thought to be widely distributed in New Zealand, now has a very
limited distribution (Heenan & Sykes, 2003). In cases like this, I corrected the
distribution in my dataset.
At the other end of the scale, some wild NIPS discovered recently are widely
distributed. Some of these wild NIPS are species that are cultivated throughout the
country. Even though they are recorded in all regions of New Zealand, they are often
scattered, rather than abundant, as they have escaped from gardens and are confined to
settled areas. For example, English walnut (Juglans regia), has been cultivated since
early European colonisation of New Zealand, but was not discovered wild until 1968
(Webb et al., 1988), perhaps because of the time lag due to slower reproduction.
Other NIPS, such as the Moreton Bay fig (Ficus macrophylla), widely cultivated since
before 1900, and the Port Jackson or rusty fig (F. rubiginosa), did not naturalise until
the 1980s. Until then they had been unable to reproduce due to lack of specialised
pollinators, but the recent arrival of these pollinators now allows these NIPS to
reproduce and naturalise (Gardner & Early, 1996).
In the study of the distribution of the 428 wild NIPS in Chile, the effect of year of
discovery, growth form, biogeographical region and interactions between these three
predictors was analysed (Castro et al., 2005). Only year of discovery (minimum
residence time) was significant in explaining the number of regions in which the wild
NIPS in Chile were present. For New Zealand, other attributes also appeared to play
an important role in determining the present day geographical distribution of the wild
NIPS.

4.2. Introduction and distribution
The other attribute that was generally important in this study was introduction and
distribution. Utilitarian wild NIPS that were both deliberately and accidentally
introduced and/or distributed had an advantage over the other wild NIPS (Figure 7).
Utilitarian NIPS are those that European settlers of New Zealand were, and still are,
reliant on – species that provided medicines, shelter and food for the settlers and their
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domesticated animals. For example, on his second visit to New Zealand, Lieutenant
(later Captain) Cook planted potatoes (Solanum tuberosum), cabbages (Brassica
olearacea), turnips (Brassica rapa), parsnips (Pastinaca sativa) and carrots (Daucus
carota) and other vegetables in the Marlborough Sounds in 1770 (Williams &
Cameron, 2006). The utilitarian wild NIPS that were both deliberately and
accidentally introduced and/or distributed are predominantly herbaceous (84%) with
50% of these are from one family – the Poaceae, and 18% from the other dominant
family – the Fabaceae. The remaining utilitarian wild NIPS are 66% woody and are
dominated by four families, each with more than 10 wild NIPS (Myrtaceae, Pinaceae,
Salicaceae and Rosaceae). Natural spread may be slower due to longer time lags in
reaching reproductive maturity, but people are often the major dispersers, distributing
species around the landscape. As with South Africa (MacDonald et al., 1986), many
of the wild NIPS with no use would have been accidentally introduced with
agricultural crop seeds then unintentionally spread through cultivation. Virtually all
of the wild NIPS that were only accidentally introduced and/or distributed (99%) are
herbaceous, but, unlike the utilitarian wild NIPS that were both deliberately and
accidentally introduced and/or distributed, they have not always had the advantage of
being as widely cultivated as utilitarian species, thus decreasing their opportunities for
naturalisation. Of the ornamental wild NIPS, 36% are woody, therefore they may not
be as widely distributed because of the time lag due to slower reproduction (Crooks,
2005; Kowarik, 1995). Also, the initial distribution of ornamental wild NIPS tend to
be more confined to areas of settlement; therefore opportunities for naturalisation may
be more limited.

4.3. Biogeography
Of the other attributes tested, six of the seven native ranges were important for one to
four of the analyses, and apart from Eurasia, the results were consistent. Wild NIPS
with a native range in Australia particularly, but also in Africa or South America,
tended to have less chance of being widely distributed. These regions tend to be more
tropical or arid and species native to these regions are often confined to the northern
parts of New Zealand. Of the 11 wild NIPS from the Proteaceae family native mainly
to arid or subarid regions of the Southern Hemisphere, such as southern Africa and
Australia (Webb et al., 1988), all have been recorded from five or fewer regions and
nine of those have been recorded only in Northland/Auckland. Six of the 10 fully
98

Chapter 4: Distribution (A)
naturalised NIPS from the Crassulaceae family that are native to Africa have been
recorded from only one region of New Zealand, and all bar one have been recorded in
Northland/Auckland. The climate in most regions of New Zealand is more similar to
Eurasia, temperate Asia, North America, and temperate South America, therefore
NIPS from these regions, from the climate point of view, would be expected to have a
greater chance of establishing wild populations in more regions of New Zealand.
Wild NIPS with a native range that includes Eurasia were expected to be more widely
distributed as they have evolved over the period of intensive agriculture and therefore
have adapted to human-modified environments (di Castri, 1989). These NIPS are
expected to be most likely to naturalise after introduction into human-dominated
environments. Support for this hypothesis was not found in the study of the
distribution of the wild NIPS of Chile (Castro et al., 2005). However, my study
appears to provide some degree of support, but closer examination suggests that
evolution in Eurasia may not be the answer. On one hand, for all fully naturalised
NIPS, being native to Eurasia improved the chances of being present in all 10 regions.
The environmental weeds in fewer than 10 regions of New Zealand that were native
to Eurasia, also tended to occupy more regions than those native to other regions.
However, the environmental weeds native to temperate Asia or North America also
tended to occupy more regions, suggesting that this result may be more an effect of
climate than having evolved in Eurasia. Also, for the subset of wild NIPS with the
additional biological attributes, being native to Eurasia meant that these species
occupied fewer regions or had less chance of occurring in all 10 regions. These
opposing results may be an artifact of the two subsets of data, particularly the latter
set, as these are not random subsets of the complete dataset. Almost 90% of the
environmental weeds and the subset of wild NIPS with the additional biological
attributes are native to Eurasia, whereas just over 50% of the complete dataset of fully
naturalised NIPS is native to Eurasia. Neither of the two subsets are a random sample
of the complete dataset, which could lead to the discrepancy between the prediction of
the effect of being native to Eurasia.
Contrary to the hypothesis that wild NIPS with more native regions should be more
widely distributed (Rejmánek et al., 2005), having more native regions did not
provide an advantage when other factors were accounted for. In one analysis – the
environmental weeds in fewer than 10 regions of New Zealand – having more native
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regions was a disadvantage as they tended to occur in fewer regions of New Zealand.
This suggests that the number of native regions is of little significance in determining
the current distribution of the wild NIPS in New Zealand.

4.4. Taxonomy
Generally, having a native congener proved advantageous for wild NIPS in this study.
This supports Darwin’s (1859) original idea that species with a native congener may
be preadapted to conditions in the new region. Nevertheless, after comparing
numbers of non-indigenous and native species he changed his mind and hypothesised
that species from the same genera were less likely to naturalise due to competition,
implying that naturalised species with a native congener would be expected to be less
widely distributed due to competition for suitable sites to spread into. This latter idea
is known as Darwin’s Naturalisation Hypothesis (e.g. Daehler, 2001; Diez et al.,
2008; Rejmánek, 1996). Studies of wild NIPS on mainlands have provided support
for Darwin’s Naturalisation Hypothesis. Rejmánek (1996) found a significant over
representation of species from genera that were not native to California. However,
studies of the wild NIPS on islands have provided support for Darwin’s original idea
that wild NIPS with a native congener have an advantage (Daehler, 2001; Duncan &
Williams, 2002a) although Lambdon and Hulme (2006a) found that having a native
congener did not have a substantial influence on the invasion success of the wild
NIPS on islands in the Mediterranean.
Having a native congener in New Zealand may be beneficial for the wild NIPS as they
may share traits that allow them to adapt to the new environment. They may be more
suited to the climate and available habitats. Pollinators, dispersers or mycorrhizal
fungi that are of benefit to the native species may also assist closely related wild NIPS
to establish new populations and utilise suitable habitats (Richardson et al., 2000a).
However, this apparent benefit of a native congener could be scale-dependent and
related to the abundance of the native congeners. A study of the abundance and
distribution of the wild NIPS of Auckland, at a large scale, found that the abundance
of wild NIPS was positively related to the abundance of native congeners, but was not
significantly associated with the number of native congeners (Diez et al., 2008). The
authors suggest that this could be the result of either facilitation among native and
non-indigenous congeners, or both groups of species are reacting similarly to other
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factors. But within-habitat results were reversed with the abundance of wild NIPS
becoming negatively related to the abundance of native congeners, possibly because
of competition or shared natural enemies leading to biotic resistance.
Wild NIPS with a naturalised congener were also likely to occur in more regions of
New Zealand. For example, of the 12 fully naturalised Acacia spp., 11 occur in four
of the nine regions of New Zealand, 15 of the 27 Juncus spp. occur in four or more
regions and 15 of the 19 Trifolium spp. occur in four or more regions. Congeneric
species, because of common ancestry, can have biological attributes in common that
have allowed them to become more widely distributed or they may have attributes that
are of benefit to people which has led to them being widely cultivated, therefore
increasing the propagule pressure and increasing the opportunities for multiple
naturalisations. For example, Rubus species have fruits that are dispersed by birds
and some species are commercially important and are widely cultivated. Acacia
species are widely cultivated for firewood, shelter belts and as ornamentals (Webb et
al., 1988).

4.5. Biology
Growth form was another attribute for which, when significant, the results were
inconsistent. In agreement with the hypothesis that herbaceous species discovered at
the same time should be more widely distributed due to the ability to reproduce more
rapidly, herbaceous environmental weeds (recorded in less than 10 regions) were
likely to occur in more regions of NZ. However, for the complete dataset and the
subset of wild NIPS with the additional biological attributes, woody wild NIPS had a
greater chance of being present in all 10 regions (Figure 10). This would suggest that
biology is not determining the distribution, but people could be. The woody
environmental weeds are, predominantly, deliberately cultivated and people would
have been instrumental in distributing them around the country.
I also hypothesised that having multiple growth forms could be advantageous. This
attribute was of importance in only one of the analyses – the complete dataset – with
wild NIPS having multiple growth forms likely to occur in more regions. In one
environment more resources may be allocated to reproduction whereas resources may
be allocated to growth in another environment (Agrawal, 2001; Richardson & Pyšek,
2006). Species that exhibit plasticity can therefore utilise a wider range of
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environments therefore allowing them to inhabit more regions. Solanum mauritianum
is an example of a species which exhibits plasticity as it is classified as a shrub or
small tree (Webb et al., 1988).
When the subsets of wild NIPS with the additional biological attributes were
analysed, only three of the attributes discussed above were retained in the models with
the best fit: date of discovery, whether or not the native range included Eurasia and
growth form. However, of the additional biological attributes that were only available
for the subset of wild NIPS, attributes related to flowering (duration and start of
flowering) and dispersal (mass and mode of dispersal) were also retained.
A longer flowering period can increase the chances of pollination and lead to a longer
fruiting period in suitable environments with a subsequent increase in seeds being
dispersed (Baker, 1974; Lloret et al., 2005). Wild NIPS that flowered for longer were
also found to be more widely distributed in other studies (Cadotte et al., 2006b;
Gerlach & Rice, 2003; Lloret et al., 2005). Flowering duration is not independent of
growth form (!2 = 29.99, P <0.0005) and introduction and distribution (!2 = 22.56, P
<0.0005). All but one of the 29 fully naturalised, long flowering wild NIPS are
herbaceous species and all but five of these have been accidentally introduced,
although 10 of these have also been deliberately cultivated. All but three of these
herbaceous wild NIPS were native to Eurasia or multiple regions.
Wild NIPS that started flowering in spring occurred in more regions than those that
started flowering in summer or autumn/winter. These wild NIPS may avoid extreme
conditions, such as drought or heavy frosts and may also reduce competition from
native species by flowering at a different period (Gravuer, 2004). Wild NIPS, such as
Diplotaxis muralis and Mimulus moschatus, that flowered for longer had a greater
chance of being in all 10 regions of New Zealand.
Another attribute of importance was the seed/dispersule mass. Of the wild NIPS
present in 10 regions with seeds or dispersules in the two smallest categories, 85%
were accidentally introduced, although, of these about 33% also had a deliberate use,
and 91% are herbaceous wild NIPS. Wild NIPS that produce smaller seeds tend to
produce more seeds, all else being equal, therefore propagule pressure is increased
and the opportunities for the naturalisation of new populations can increase.
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The final additional biological attribute of significance was dispersal. For the wild
NIPS present in one to nine regions, species with multiple modes of dispersal, such as
Buddleja davidii, which is dispersed by wind and water and Betula pendula which is
dispersed by wind and animals, were likely to be more widely distributed.

4.6. Issues with the data
It is not possible to determine whether wild NIPS that are recorded in adjacent regions
are the result of spread from populations in one region to another, or because of
multiple introductions in different regions. Many of the wild NIPS are species that
are, or may have been, cultivated throughout the country and, as environments are
often more similar in adjoining regions, they may be more likely to naturalise from
separate plantings in adjacent regions. For example, Camellia japonica, a casual
ornamental tree was first collected in the Northland/Auckland region in 1975 and has
also been recorded from the adjacent Waikato/Bay of Plenty region. Liquidambar
styraciflua, another casual ornamental tree was first collected in 1997 in the
Northland/Auckland region and has also been recorded for the Waikato/Bay of Plenty
region. From the South Island, Gypsophila paniculata, a fully naturalised ornamental
herbaceous species was first collected in Canterbury in 1956 and has also been
recorded in Otago.
This study does not take into account abundance – it is only presence/absence of the
wild NIPS in each of the 10 regions of New Zealand. If abundance was used, the
results could possibly be different as some wild NIPS may be present in all regions
but locally rare, and others may be present in only one region but widely distributed
within that region (Pyšek & Jarošík, 2005). For example, Leucanthemum maximum is
found throughout the whole of New Zealand, but is classified as occurring
occasionally and Othonna capensis is recorded as present in Northland/Auckland,
Nelson/Marlborough and Canterbury but there is only one collection from
Northland/Auckland and the distribution in the other two regions is confined to two
small coastal areas in each of the regions (Webb et al., 1988).

5.

Conclusion

Because of New Zealand’s recent European colonisation and the strong interest in the
native and non-indigenous flora shown by botanists since colonisation, this study has
provided an excellent opportunity to examine the importance of biogeographical,
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taxonomic, historical and ecological factors on the distribution of wild NIPS. The
year of discovery (minimum residence time) is recognised as an important factor in
the distribution of wild NIPS (Kolar & Lodge, 2001; Pyšek et al., 2003b; Rejmánek,
2000; Scott & Panetta, 1993), but long histories of colonisation for most
countries/regions has led to difficulty accessing historical records of discovery for the
wild NIPS of regions. Consequently, there have been few studies of plants examining
the effect of this factor (Kolar & Lodge, 2001).
As shown by this study, incorporating historical attributes, such as time of discovery,
how and why NIPS are introduced, and native regions as a surrogate for import
history, are of prime importance. This study has emphasised the importance of the
date of discovery (minimum residence time) in determining the distribution of the
wild NIPS. Wild NIPS that were discovered earlier tended to be more widely
distributed than those that were discovered more recently. The next most important
driver of the distribution of the wild NIPS in New Zealand was introduction and
distribution. Utilitarian wild NIPS tended to be more widely distributed than
ornamental wild NIPS, particularly if they had also been accidentally introduced
and/or distributed. Biogeography was also important in this study, although the
results were not always consistent. Wild NIPS that are native to tropical or arid
regions had more limited distribution, presumably because of a mis-match in climate.
Taxonomic attributes, particularly having a native congener, have proved important,
with wild NIPS with a native congener being more widely distributed, contrary to
Darwin’s naturalisation hypothesis. Of the biological attributes, for the complete
dataset, growth form was not important and the contradictory result for the two
subsets – the environmental weeds and the wild NIPS with the additional biological
attributes – was probably an artifact of these subsets. The environmental weeds are
dominated by cultivated woody species whereas the subset of wild NIPS with
additional biological attributes is dominated by herbaceous species with no use.
Dispersal and flowering phenology do appear to play a role in determining the
distribution. NIPS with lighter dispersules or multiple modes of dispersal, and those
that either flower earlier or for longer, were more widely distributed.

104

Chapter 4: Distribution (A)

Appendix 4.1
Table 22: Degrees of freedom (d.f.), categories, estimate, standard error, z-value, P-value,
number of wild NIPS (N), and the estimated probability of being in all 10 regions for each
category of the predictors that were significant, individually, in determining the probability of
being in all 10 regions
Predictor

d.f.

Year of
discovery
Introduction/
spread

1

Number of
native regions

8

Categories

Estimate

Std.
Error

Z
value

4

Native to
Europe/
Orient
Number of
native regions

1

Native to
Australia

1

Growth form

3

None
Ornamental & Accidental
Ornamental (Deliberate)
Utilitarian & Accidental
Utilitarian (Deliberate)

-1.425
-1.086
-2.695
-0.366
-1.374

0.102
0.162
0.159
0.199
0.175

-13.96
-6.70
-16.91
-1.84
-7.86

Multiple
Eurasia
Temperate Asia

0.102
0.105
0.716

Tropical Asia
Australia
N. America
S. America
Africa
Hybrid/Cultiv

-1.163
-1.308
-3.714
15.566
-3.206
-1.859
-2.332
-3.091
-1.186

No
Yes

1

Native to
South
America
Naturalised
elsewhere

1

N

<0.0001
<0.0001

1788

Proba
-bility
of
being
in all
10
regions

614
202
664
105
203

0.19
0.25
0.06
0.41
0.20

-11.39
-12.50
-5.19

529
545
84

460.2
0.416
0.310
0.254
0.417
0.345

-0.03
-7.70
-5.99
-9.18
-7.41
-3.44

10
154
89
192
138
47

0.24
0.21
0.02
<0.00
1
0.04
0.13
0.09
0.04
0.23

-2.425
-1.143

0.126
0.076

-19.31
-15.00

849
939

0.08
0.24

0 (Hyb/Cult)
1
2
3
4
5
6 or more

-1.186
-2.225
-1.498
-1.341
-0.906
-0.971
-1.401

0.345
0.125
0.117
0.167
0.192
0.235
0.271

-3.44
-17.81
-12.77
-8.01
-4.71
-4.13
-5.17

47
728
487
217
132
91
86

0.23
0.10
0.18
0.21
0.29
0.27
0.20

No
Yes

-1.509
-2.991

0.065
0.324

-23.09
-9.23

1579
209

0.18
0.05

Short lived herbs
Long lived herbs
Short lived woody
Long-lived woody

-1.237
-1.720
-2.321
-1.633

0.100
0.101
0.202
0.219

-12.32
-17.06
-11.51
-7.47

569
764
302
153

0.22
0.15
0.09
0.16

No
Yes

-1.524
-2.649

0.066
0.277

-23.18
-9.58

1576
212

0.18
0.07

No
Yes

-1.516
-2.274

0.067
0.198

-22.47
-11.46

1488
300

0.18
0.09

No
Yes

-3.512
-1.578

0.718
0.064

-4.89
-24.64

69
1719

0.03
0.17

<0.0001

<0.0001

4

Native to
Africa

P

<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

1

0.0002
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Predictor
(Cont’d)

d.f.

Native to
tropical Asia

1

Native to
temperate Asia

1

Multiple
growth forms

1

Native
congener

1

Categories

Estimate

Std.
Error

Z
value

No
Yes

-1.717
-1.175

0.072
0.140

-23.92
-8.41

No
Yes

-1.735
-1.288

0.076
0.118

-22.90
-10.88

No
Yes

-1.690
-1.076

0.069
0.173

-24.60
-6.23

No
Yes

-1.700
-1.403

0.076
0.117

-22.38
-11.99

P

N

Proba
-bility
of
being
in all
10
regions

1504
284

0.15
0.24

1367
421

0.15
0.22

1611
177

0.16
0.25

1327
461

0.15
0.20

18
110
304
282
218
250
109
`114
95

<0.01
0.17
0.21
0.24
0.24
0.16
0.08
0.11
0.21

222
326
56
16
301
269

0.33
0.19
0.25
0.25
0.15
0.26

508
402
201

0.18
0.25
0.34

209
163
124
131
173
155

0.28
0.33
0.25
0.31
0.16
0.19

95
63
178
34
207
24
132

0.33
0.38
0.31
0.21
0.31
0.04
0.24

0.0008
0.0018
0.0015
0.0354

Additional Biological Attributes (Not available for all wild NIPS)
Height

Mode of
dispersal

8

0.0001
1
2
3
4
5
6
7
8
9

15.566
-1.566
-1.322
-1.166
-1.161
-1.629
-2.408
-2.050
-1.322

343.0
0.252
0.140
0.140
0.159
0.171
0.348
0.295
0.252

-0.05
-6.21
-9.40
-8.33
-7.30
-9.54
-6.92
-6.96
-5.25

Multiple
Unspecialised
Water
Explosive
Wind
Animal

-0.714
-1.469
-1.099
-1.099
-1.765
-1.026

0.143
0.142
0.309
0.577
0.163
0.138

-4.99
-10.34
-3.56
-1.90
-10.82
-7.41

Short (<3)
Medium (3 – 6)
Long (>6)

-1.522
-1.119
-0.671

0.116
0.116
0.149

-13.16
-9.66
-4.50

<0.2mg
0.21-0.50 mg
0.51-1.00 mg
1.01-2.00 mg
2.01-10.00 mg
>10.00 mg

-0.933
-0.702
-1.099
0.822
-1.645
-1.427

0.154
0.166
0.207
0.190
0.206
0.203

-6.07
-4.22
-5.30
-4.33
-7.97
-7.02

R
SR
CR
SC
CSR
S
C

-0.725
-0.486
-0.779
-1.350
-0.781
-3.134
-1.139

0.219
0.259
0.161
0.424
0.150
1.021
0.203

-3.31
-1.87
-4.82
-3.18
-5.21
-3.07
-5.61

5

Flowering
duration
(months)

2

Dispersule
mass

5

Life strategy

6

<0.0001

<0.0001

0.0014

0.0098
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Appendix 4.2
Table 23: Degrees of freedom (d.f.), categories, estimate, standard error, z-value, P-value,
number of wild NIPS (N), and estimated mean number of regions occupied for the categories of
the predictors that were significant individually in determining the number of regions of New
Zealand in which the fully naturalised NIPS were recorded, for NIPS recorded in less than 10
regions.
Predictor

d.f.

Year of
discovery
Introduction/
spread

1

Number of
native regions

6

Native to
Europe/
Orient
Growth form

1

Category

Estimate

Std.
Error

Z
value

P

N

-0.007

<0.001

-20.90

<0.0001
<0.0001

1491

None
Ornamental & Accidental
Ornamental (Deliberate)
Utilitarian & Accidental
Utilitarian (Deliberate)

1.328
1.411
1.166
1.690
1.228

0.023
0.040
0.022
0.055
0.043

57.36
35.10
52.09
30.98
28.87

0 (Hyb/Cult)
1
2
3
4
5
6 or more

1.161
1.186
1.356
1.346
1.370
1.412
1.327

0.093
0.022
0.025
0.039
0.052
0.061
0.062

12.46
54.97
53.27
34.61
26.36
23.25
21.39

No
Yes

1.194
1.368

0.020
0.019

60.60
72.33

Short lived herbs
Long lived herbs
Short lived woody
Long-lived woody

1.378
1.284
1.142
1.188

0.024
0.021
0.034
0.049

57.62
62.11
33.54
24.35

No
Yes

1.262
1.459

0.014
0.042

87.44
34.78

No
Yes

1.301
1.141

0.015
0.040

89.63
28.48

No
Yes

1.021
1.292

0.073
0.014

13.93
93.00

No
Yes

1.181
1.306

0.031
0.015

37.97
86.03

No
Yes

1.261
1.348

0.016
0.028

80.73
48.07

4

1

Native to
Australia

1

Naturalised
elsewhere

1

Naturalised
congener

1

Native to
temperate
Asia

1

495
151
622
62
162

3.8
4.1
3.2
5.4
3.4

36
657
398
172
94
66
69

3.2
3.3
3.9
3.8
3.9
4.1
3.8

780
712

3.3
3.9

441
648
275
128

4.0
3.6
3.1
3.3

1360
132

3.5
4.3

1293
199

3.7
3.1

67
1425

2.8
3.6

317
1175

3.3
3.7

1162
330

3.5
3.9

<0.0001

<0.0001

3

Multiple
growth forms

Number of
regions

<0.0001

<0.0001
0.0001
0.0002
0.0003
0.0068
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Predictor
(Cont’d)

d.f.

Category

Estimate

Additional Biological Attributes (Not available for all NIPS)
Mode of
5
dispersal
Multiple
1.585
Unspecialised
1.350
Water
1.286
Explosive
1.229
Wind
1.363
Animal
1.370
2
Start of
Autumn/winter
1.245
flowering
Spring
1.457
(season)
Summer
1.340
2
Flowering
duration
Short
1.3186
(months)
Medium
1.4385
Long
1.4965

Std.
Error

Z
value

0.037
0.031
0.081
0.156
0.032
0.036

42.74
43.15
15.86
7.87
43.18
38.23

0.056
0.024
0.028

22.38
61.97
48.69

0.0254
0.0280
0.0410

51.99
51.41
36.47

P

N

Number of
regions

149
265
42
12
257
198

4.9
3.9
3.6
3.4
3.9
3.9

93
421
346

3.5
4.3
3.8

416
303
133

3.7
4.2
4.5

<0.0001

0.0001

0.0015
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Chapter 5: Why do some regions have
more wild non-indigenous plant species?
“It will be noticed that invasions most often come to cultivated land, or land much
modified by human practice” (Elton, 1958)

1.

Introduction

After naturalisation, some non-indigenous plant species (NIPS) remain relatively
localised but others can increase their geographical distribution in the new locality.
Spread, the fourth stage in the naturalisation and spread process, occurs after NIPS are
transported (first stage), colonise (second stage) then naturalise by establishing a wild
population (third stage) in a region/country outside their native range (see Chapter 1
and Duncan et al., 2003; Kolar & Lodge, 2001; Theoharides & Dukes, 2007;
Williamson, 1996; Williamson, 2006 for definitions). Some of the naturalised NIPS
become fully naturalised as the wild populations are self-sustaining, but others are
classified as casual as they are reliant on continuous introduction of propagules to
maintain a population. As wild NIPS become more widely distributed, their impacts
can increase. Determining what factors are important to this stage in the
naturalisation and spread process will increase understanding and improve the
chances for future predictions of the distribution of wild NIPS.
Geographical distribution can be studied from two aspects. The first method involves
analysing which species related attributes determine why some wild NIPS are more
likely to have a wider geographic distribution than others (e.g. Goodwin et al., 1999;
Mack, 1992; Noble, 1989; Pyšek, 1998; Rejmánek & Richardson, 1996 and see
Chapter four) and see Chapter 4. The second method involves analysing which
regional attributes determine why regions have some wild NIPS but not others (e.g.
Chown et al., 1998; Sax, 2001), or why some regions have greater richness of wild
NIPS than others.
Regional attributes hypothesised to have an impact on the geographical distribution of
the wild NIPS relate to people, their effects on the land, and environment (Hobbs,
2000; Lonsdale et al., 2002; Pauchard & Alaback, 2004). Initially people, either
deliberately or accidentally, introduce NIPS, then they are often the main agents for
dispersing the NIPS to various parts of the country. Many of these NIPS have
evolved with people and their activities over thousands of years (di Castri, 1989).
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Regions with higher densities of people have higher levels of disturbances which
provide more opportunites for wild populations of NIPS to naturalise and
subsequently spread (Pauchard & Alaback, 2004). Human populations or densities
are accepted surrogates for propagule pressure (Pyšek et al., 2005). When people
initially colonise a new country or region, they tend to settle in areas with less
extreme climates, and those that are resource rich, which may also provide more
opportunites for NIPS to establish and spread (Stohlgren et al., 2005). Many NIPS
that naturalise utilise disturbed sites; sites which are often associated with people and
urbanisation (D'Antonio & Kark, 2002).
People, to a large degree, also determine the land cover/use in regions. Particularly
since European settlement from 1840 on, the landscape of New Zealand has changed
drastically as the economy was, and still is, largely based on agriculture (King, 2003).
However, people are not the only drivers of the composition and richness of NIPS in
regions. People may introduce the same range of NIPS to many, if not all, regions,
but environmental aspects of the region determine why some NIPS naturalise in some
regions but not others (Stohlgren et al., 2005).
Environmental variables that may determine whether or not NIPS naturalise relate to
climate and land form (Leathwick et al., 2003). The composition of wild NIPS in
regions with more extreme climates will differ from the composition of wild NIPS in
regions with less variable climates. However, the richness of wild NIPS in regions
may be similar as climatic range within regions will advantage some species and
restrict others. Mountains directly and indirectly affect plants due to the effect on
regional climate, and the effect of slope which can determine availability of nutrients,
drainage of the soils, and create microclimates, which can have a direct impact on the
growth and subsequent distribution of wild NIPS (Leathwick et al., 2003).
Time of naturalisation has a significant effect on the distribution of NIPS; NIPS that
naturalised earlier are generally more widely distributed (e.g. Castro et al., 2005;
Harris et al., 2007; Pyšek & Jarošík, 2005; Wilson et al., 2007), although some wild
NIPS, for example Crassula colorata and Austrostipa nitida, classified as casual, have
been unable to persist long-term without repeated introduction of propagules by
people (Heenan et al., 2004a). Fully naturalised NIPS (those with self-sustaining
populations) discovered wild more than 50 years ago may have reached the full extent
of their range in New Zealand. However, for some recently discovered wild NIPS,
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the present distribution will be unrepresentative of their potential range as they have
had insufficient time to be dispersed to, or to become wild in, their maximum range
throughout New Zealand.
To see whether there is any difference in the composition and richness of wild NIPS
between regions, depending on whether NIPS had naturalised later or earlier than 50
years ago, I used three sets of data. The first dataset included all 1773 fully
naturalised NIPS recorded on the main islands of New Zealand. The second was the
subset of 1109 fully naturalised NIPS, discovered wild pre 1950, which may have
reached their maximum range, and the third dataset was comprised of all 1021 fully
naturalised and casual NIPS discovered wild since 1949.
To test whether variables related to people and environment determine the
geographical distribution and richness of all fully naturalised NIPS in a region, I used
non-metric multidimensional scaling (NMDS) and generalised linear models (GLMs).
To my knowledge, this is the first time NMDS has been used for the study comparing
the composition of NIPS between regions. I analysed the three sets of data to see
whether the same variables were important. I compare the results for these three
datasets and test several hypotheses:
•

Regions with higher human populations or densities will have greater richness
of wild NIPS (Arroyo et al., 2000; Pyšek et al., 2005);

•

Regions that have a greater range of land cover or use will have greater richness
of wild NIPS than regions that are more homogeneous (Pauchard & Alaback,
2004);

•

Regions with more modified land cover will have greater wild NIPS richness
(Arroyo et al., 2000; Pauchard & Alaback, 2004);

•

The composition in wild NIPS will be more different between regions with a
greater climatic range and those with a narrower climatic range (Pauchard &
Alaback, 2004; Stohlgren et al., 2005);

•

Environmental variables will be more important in determining the variation in
composition of wild NIPS between regions than the variation in richness of wild
NIPS between regions (Stohlgren et al., 2005).
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2.

Methods

2.1. New Zealand, its regions and its NIPS
New Zealand, a long, narrow country, with an area of 268,680 km², consists of two
main and many smaller islands lying between latitudes 34˚ and 47˚S and longitudes
166˚ and 179˚E. The strongly maritime climate is very diverse with basically three
types of climate – sub-tropical, temperate and Mediterranean (Bourdôt et al., 2007).
Because of the chain of mountains that extend the length of the country, there are
sharper contrasts between east and west than north and south (Meteorological Service
of New Zealand, 2003). Annual rainfall can exceed 10 000 mm in the higher
elevations of the western South Island but on the eastern side of both islands it is
around 500 mm. Landforms in the North Island include extensive volcanic areas that
can be subjected to periodic disturbances, sedimentary mountain ranges, hill country
and alluvial plains. The predominant landforms in the South Island are uplifted
sedimentary mountain ranges and large areas of glacial and alluvial outwash plains
(Snelder et al., 2007).
New Zealand, for the purposes of this study, was divided into 10 regions that
approximate those described in the Floras of New Zealand (Allan, 1961; Edgar &
Connor, 2000; Healy & Edgar, 1980; Moore & Edgar, 1976; Webb et al., 1988).
There are five regions in each of the two main islands – the North and South Island.
The regions follow a latitudinal gradient from north to south and, because of the effect
of the mountain ranges, some regions are formed by dividing the west from the east.
The regions are Northland/Auckland, Waikato/Bay of Plenty, Taranaki/Taupo, East
Coast, Wellington, Nelson/Marlborough, Westland, Canterbury, Otago and Southland
(which includes Stewart Island) (see Figure 7 in the previous chapter).
For the 2237 wild NIPS that have been recorded in the main islands of New Zealand, I
determined whether or not each NIPS had been recorded as wild in each of the 10
regions, whether each NIPS was classified as fully naturalised or casual, and the year
of discovery for each wild NIPS. Chapter 2 details the sources and methods for the
compilation of the list of the wild NIPS, the status and the year of discovery. Chapter
3 details the sources and methods for recording the regional distribution of the wild
NIPS.
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2.2. Regional attributes
I tested the effect of 18 people and environment related attributes that are
hypothesised to determine the composition and the richness of wild NIPS recorded in
the 10 regions of New Zealand (Table 24). Variables relating to people include
population density and land use/cover, and the environmental variables relate to
temperature, water availability and slope. I detail the attributes and why they are
important in the following section.
Table 24: Raw data for the 18 predictor variables for each of the ten regions of New Zealand.
Predictor

Human
population
density
% Artificial
surfaces
% Bare of lightly
vegetated
surfaces
% Water bodies
% Cropland
% Grassland
% Sedgeland/
saltmarsh
% Scrub/
shrubland
% Forest
Number of
environmental
gps
Mean annual
solar radiation
June solar
radiation
Mean annual
temp
Mean minimum
daily temp. of
the coldest
month
October vapour
pressure deficit
Water balance
ratio
Annual water
deficit
Slope

North- Waikland/ ato/ Bay
Auck- of Plenty
land
-9.542 -10.650

Tara- Welling- East Nelson/ Canternaki/
ton
Coast Marlbury
Taupo
borough

Westland

Otago

Southland

-11.743 -10.458 -11.729 -12.315 -11.374 -13.307 -11.680 -12.834

3.20

1.66

0.47

1.54

0.46

0.35

0.76

0.19

0.54

0.25

0.80

0.18

0.78

0.49

0.87

6.93

12.55

10.33

2.44

5.26

1.62
1.13
48.73
0.30

2.09
1.65
52.88
0.10

2.44
0.25
39.73
0.06

0.87
0.81
65.12
0.01

0.68
1.64
49.35
0.05

0.75
1.21
31.79
0.11

3.06
5.76
59.58
0.07

1.62
0.00
18.06
0.20

0.85
0.87
83.26
0.03

3.19
0.18
49.69
0.07

12.49

5.68

9.50

11.96

11.45

14.71

7.44

9.78

6.14

6.81

31.73
6.00

35.77
11.00

46.76
9.00

19.20
10.00

35.50
11.00

44.15
13.00

10.78
14.00

59.82
15.00

5.87
12.00

34.54
15.00

15.02

14.79

14.39

14.05

14.66

14.61

13.67

12.95

13.08

12.49

6.28

5.63

5.08

4.61

5.59

4.70

4.41

3.94

3.70

3.25

14.63

12.98

11.06

11.41

11.96

9.15

8.32

8.74

7.86

8.00

6.46

3.35

1.93

2.90

3.08

-0.69

-1.59

-0.43

-2.28

-0.30

0.36

0.34

0.30

0.33

0.42

0.36

0.38

0.17

0.36

0.24

2.77

3.23

3.83

3.19

3.36

4.38

4.24

12.51

2.33

7.00

42.60

18.39

7.28

54.65

36.76

40.22

64.05

0.00

84.16

14.17

6.13

5.90

9.40

9.26

11.61

18.54

13.38

18.48

9.74

14.96

2.2.1. People
Wild NIPS tend to be concentrated in the most densely populated regions (Arroyo et
al., 2000). People deliberately or inadvertently disperse NIPS and population
densities are an accepted surrogate for propagule pressure (Pyšek et al., 2005).
Regions with a higher density of people are likely to have more NIPS introduced, and
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these will then be widely dispersed. Higher levels of disturbance are related to higher
densities of people. I determined the human populations for each region for the year
2000 from the New Zealand Year Book (Department of Statistics New Zealand) and
Statistics New Zealand website
(http://www2.stats.govt.nz/domino/external/pasfull/pasfull.nsf/7cf46ae26dcb6800cc2
56a62000a2248/4c2567ef00247c6acc256aaa0016da9d?OpenDocument), then, using
the area calculated below, I calculated the density of people in each region and log10
transformed this variable.
2.2.2. Land use/cover and environmental groups
Land use/cover can determine both the composition and richness of wild NIPS in a
region. To be able to form wild populations, many NIPS need disturbed sites and
some wild NIPS are strongly associated with urban environments. The dispersal and
subsequent distribution of some wild NIPS has been related to the networks of roads
and railways (e.g. Arroyo et al., 2000; Christen & Matlack, 2006; Flory & Clay, 2006;
Gelbard & Belnap, 2003). Regions with more alpine cover or bare or lightly
vegetated cover may have less richness of wild NIPS (Sax, 2001). To determine the
land cover, I used the land-cover categories as defined in the Ministry for the
Environment land cover database (Ministry for the Environment, 2007). This
database has eight broad categories of land cover – artificial surfaces, bare or lightly
vegetated surfaces, cropland, forest, grassland, scrub and shrubland, sedgeland
saltmarsh and water bodies. Table 25 presents the mean percentage cover and the
range for each of these categories in each region, and the sub-categories that these
broad categories are created from. The geographic information system programme,
ArcGIS 9.1 (ESRI, 2005), was used to calculate the land area for each category of
land cover for each region. I then calculated the proportions for each land cover
category for each region. Total land area, calculated by summing the land cover
areas, was log10-transformed to calculate the human population density for the
analyses. New Zealand has been classified into 20 similar environmental groups;
each group is homogenous within itself with respect to environmental conditions
(Leathwick et al., 2003). As a measure of the environment variability, I determined
the number of environmental groups in each of the 10 regions of New Zealand from
“Land Environments of New Zealand” (LENZ) (Leathwick et al., 2003) and included
this with the land use/cover variables.
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Table 25: The mean percentage cover, range and sub-categories of the broad categories of land
cover (defined by the Ministry for the Environment (2007)) used in the principal components
analyses. Permanent snow and ice equating to 3.92% is not included.
Broad Categories
Artificial surface

Bare or lightly vegetated surfaces

Cropland
Forest

Grassland

Scrub and shrubland

Sedgeland saltmarsh
Water bodies

Mean
Categories of
percentage
Range
Land cover Database
0.94 0.19 – 3.20 Built-up Area
Dump
Surface Mine
Transport Infrastructure
Urban Parkland/ Open Space
4.06 0.18 – 12.55 Alpine Grass-/Herbfield
Alpine Gravel and Rock
Coastal Sand and Gravel
Landslide
Permanent Snow and Ice
River and Lakeshore Gravel and Rock
1.35 <0.01 – 5.76 Orchard and Other Perennial Crops
Short-rotation Cropland
Vineyard
32.41 5.87 – 59.82 Afforestation
Deciduous Hardwoods
Forest Harvested
Indigenous Forest
Major Shelterbelts
Mangrove
Other Non-indigenous Forest
Pine Forest - Closed Canopy
Pine Forest - Open Canopy
49.82 18.06 – 83.26 Depleted Tussock Grassland
Herbaceous Freshwater Vegetation
High Producing Non-indigenous Grassland
Low Producing Grassland
Tall Tussock Grassland
5.68 9.59 – 14.71 Broadleaved Indigenous Hardwoods
Fernland
Gorse and or Broom
Grey Scrub
Manuka and or Kanuka
Matagouri
Mixed Non-indigenous Shrubland
Sub Alpine Shrubland
0.10 0.01 – 0.30 Flaxland
Herbaceous Saline Vegetation
1.72 0.68 – 3.19 Estuarine Open Water
Lake and Pond
River

2.2.3. Environmental variables
The following environmental variables and explanation of their importance are from
LENZ (Leathwick et al., 2003) and encompass climate and landform which indirectly
determines soil fertility. LENZ climatic variables capture climatic variability more
accurately than latitude and longitude, traditional surrogates for climatic variability
when meteorological data is lacking (Leathwick et al., 2002). Seven climate variables
relating to temperature, solar radiation and water availability were used for the
analyses. Temperature directly affects the growth rate and survival of plants in terms
of photosynthesis and respiration (Stohlgren et al., 2005). Some NIPS require cooler
temperatures for germination to occur and others cannot tolerate frosts so minimum
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temperatures can determine the ranges of NIPS. Temperature was measured by the
mean annual temperature and mean minimum daily temperature of the coldest month.
Plant growth is also dependent on the energy supplied by the sun and in winter,
because of the lower angle of the sun and fewer hours of sunlight in the south
compared with the north of New Zealand, the solar radiation could be critical for the
distribution of some NIPS. Energy availability was measured by the mean annual
solar radiation and mean solar radiation for the month of June. Water is also an
essential part of life for all species including plants (Stohlgren et al., 2005). If plants
do not have access to sufficient water, transpiration is reduced and, as a consequence,
photosynthesis is reduced as the stomata close to prevent water loss and carbon
dioxide cannot be taken up. The interaction of the prevailing westerly winds with the
mountain ranges results in moister regions to the west and drought prone regions to
the east. This variability in water availability across New Zealand, which can affect
the distribution of some wild NIPS, is captured by three water variables - the mean
monthly water balance ratio, the October vapour pressure deficit and the annual water
deficit. The variability in landform was measured by slope.
Means and ranges per region were calculated for each of the climate and landform
variables from LENZ (Leathwick et al., 2003) using ArcGIS 9.1 (Table 26). The
means were correlated with the ranges for all climate variables, except vapour
pressure deficit and solar radiation in the coldest month (P < 0.05). Because the
means and ranges were correlated and ranges provided insufficient between region
variance for analysis, I used climatic means. Climatic variables are likely to
determine whether NIPS will be able to naturalise in some regions but not others, but
the richness of NIPS recorded in regions may not be influenced.
Table 26: The units, the mean and the range of the environmental variables used in the analyses.
Categories

Units

Mean

Range

Slope

Degrees

11.74

5.90 – 18.54

Mean annual solar radiation

Megajoules /metre squared/day (MJ/m2 /day)

13.97

12.49 – 15.02

Average June solar radiation

Megajoules /metre squared/day (MJ/m2 /day)

4.72

3.25 – 6.28

Mean annual temperature
Mean annual daily temperature
of the coldest month

Degrees centigrade (ºC)

10.41

7.86 – 14.63

Degrees centigrade (ºC)

4.72

3.25 – 6.28

Annual water deficit

Millimetres (mm)

36.23

0.00 – 84.16

Monthly water balance ratio
October vapour pressure deficit

Kilopascals (kPa)

4.68

2.33 – 12.51

0.33

0.17 – 0.42
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2.3. Analyses
2.3.1. Principal components analysis
I needed to reduce the number of predictor variables for the analyses as I had nine
land use/cover variables, the number of environmental groups, eight climate variables
including slope, and population density, a total of 19 predictors for 10 regions of New
Zealand. Using R (R Development Core Team, 2007) for the statistical analysis, I ran
two separate principal components analyses (PCA) on the land variables and the
climate with slope variables. When there is any correlation between variables, PCA
produces uncorrelated indices from the original variables, which measure some
‘dimension’ of the data. These indices are ordered so the first index accounts for the
most variation, and the second for the next largest amount of variation (Manly, 1994).
I then used the scores of the principal components and the logn of the population
density for each region, as the predictor variables for the subsequent analyses.
2.3.2. Correlation between predictor variables
Although there is no correlation between the set of four land variables and the set of
two climate variables created by PCA, there could still be correlation between these
new land, and climate variables, and the human population density used in the
analyses. To assist with interpreting the results, I determined the correlation between
each of the predictor variables.
2.3.3. Dissimilarity in composition between regions
I used non-metric multidimensional scaling (NMDS) – a robust method of
unconstrained ordination (Minchin, 1987), to test the underlying relationships
between wild NIPS community assemblages and the regional variables driving the
similarity/dissimilarity of the assemblages. NMDS is a reduced-space ordination
method that represents objects in a specified number of dimensions – in this case, two
proved to be adequate (as assessed by the stress, see below). In ordination space, the
dissimilar objects, in this case the wild NIPS community assemblages, are plotted far
apart and the more similar objects are plotted closer together. The axes in the plot are
arbitrary, as they do not maximise the variability associated with the ordination axes.
The plots can be rotated, inverted or centred (Legendre & Legendre, 1998). I then
analysed which of the variables were statistically significant in determining the
variation in wild NIPS composition among regions.
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For the analyses, I used several functions from the vegan package in R (Oksanen et
al., 2007). First, I selected the most suitable distance method by comparing
alternative dissimilarity indices and transformations using the rankindex function on
the scaled regional matrix. To choose a dissimilarity index that was necessary for the
next step, I tested the correlation of indices with the non-standardised NIPS matrix.
Three indices (Euclidean, Manhattan and Gower) had the same correlation; I selected
Gower. I used the metaMDS function, which follows the procedure described by
Gotelli and Ellison (2004). This is an iterative process to select the model with the
lowest stress or best model fit. The metaMDS function selects the number of
dimensions, and finds a stable solution for the NMDS by using several random starts
and comparing the lowest stress with the initial model to see if the stress is lower.
The metaMDS function then standardises the scaling in the result using the postMDS
function. I used the envfit function with 10 000 permutations to determine the
statistically significant regional variables (vectors) then, using the ordisurf function,
which fits a smooth surface for the selected variable, plotted these onto the ordination.
If the vector response is linear the contour lines will be parallel, equally spaced and
perpendicular to the arrow, which shows the direction and strength of the gradient of
the predictor variable (Oksanen, 2007).
2.3.4. Wild NIPS Richness
I used generalised linear models (GLMs) with a gaussian distribution of errors to test
the significance of each predictor variable on the richness of wild NIPS recorded in
each of the 10 regions of New Zealand. Because I was conducting multiple tests on
the same datasets, I adjusted the critical P-value using the sequential Bonferroni
procedure (Holm, 1979). The response variable for the first dataset was the number
of fully naturalised NIPS recorded in each region. For the second dataset, I
determined the number of fully naturalised NIPS that had first been discovered pre
1950, recorded in each region, and for the third dataset, the response variable was the
number of wild NIPS (both fully naturalised and casual) first discovered since 1949,
in each region.
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3.

Results

3.1. Variables
3.1.1. Principal Components Analysis
The PCA reduced the nine land variables to four principal land components – woody,
grassland, less water bodies and less scrub – accounting for 91.7% of the total
variation in the land cover variables. ‘Woody’ is correlated positively with woody
cover and negatively with cropland and grassland; ‘grassland’ is correlated positively
with grassland and negatively with bare or lightly vegetated surfaces and the number
of environmental groups; ‘less water bodies’ is correlated negatively with water
bodies, sedgeland/saltmarsh and artificial surfaces; and ‘less scrub’ is correlated
negatively with scrub and shrubland, and cropland and positively with water bodies.
The eight climate variables reduced to two principal climate components – cooler and
water – accounting for 87.3% of the total variation in the climate variables. ‘Cooler’
is correlated negatively with four temperature variables and the vapour pressure
deficit, and positively correlated with the monthly water balance ratio; ‘water’ is
correlated negatively with annual water deficit and vapour pressure deficit and
positively with monthly water balance ratio (Table 27).
3.1.2. Correlation between predictor variables
Although there is no correlation between each group of predictor variables derived
from the principal components analyses (i.e. between the four land and the two
climate variables), there is significant correlation between three pairs of predictor
variables used in the analyses. The population density is lower where the climate is
cooler; woody cover is higher in wetter areas; grassland and cropland cover is higher
in warmer areas (Table 28).
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Table 27: Results of principal components analysis. More than 91% of the variation of the
original nine land cover variables was explained by four principal land cover components, more
than 87% of the variation of the original ten climate variables was explained by two principal
climate components, and more than 81% of the variation of the original seven soil variables was
explained by three principal soil variables. The correlation between the original variables and
the principal components is shown.
Variables

Land Cover
Artificial surfaces
Bare or lightly vegetated surfaces
Water bodies
Cropland
Grassland
Sedgeland/saltmarsh
Scrub and shrubland
Forest
Number of environmental groups
Proportion of variance

Component 1 Component 2 Component 3 Component 4
New Name of Land Predictor
Less water
Woody
Grassland
bodies
Less scrub
0.245
0.404
-0.238
-0.468
-0.212
-0.145
-0.377
-0.353
0.475
0.390
0.397
0.408
-0.392
-0.309
-0.454
0.315
0.298
New Name of Climate
Predictor
Cooler
Water

Climate
Slope
Mean annual solar radiation
Average June solar radiation
Mean annual temperature
Mean minimum daily temperature of the coldest
month
Monthly water balance ratio
October vapour pressure deficit
Annual water deficit
Proportion of variance

0.360
-0.406
-0.418
-0.409
-0.374
0.340
-0.318
0.612

-0.444
-0.248
-0.522
-0.386

-0.162
-0.287
0.500
-0.451

-0.507
0.147

-0.105
-0.571
0.253
-0.187
0.130

0.175
0.174

0.185
0.279
0.334
0.409
-0.438
-0.637
0.261

Table 28: Correlation between the predictor variables – statistically significant correlations (P
<0.05) in bold
Population
density (logn) Woody cover
Woody cover
0.169
Grassland cover
0.828
0.000
Less water bodies cover
-0.373
0.000
Less scrub cover
-0.242
0.000
Cooler
-0.362
-0.878
Decreased water deficit
-0.150
0.696

Grassland Less water
cover bodies cover
0.000
0.000
-0.713
-0.390

0.000
0.187
-0.228

Less scrub
cover

Cooler

0.196
0.412

0.000

The scores of the six principal components and the log of the density of the human
population were the predictor variables for all analyses (Table 24 & Table 29).
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Table 29: The scores for each region of the principal components and the human population
density (logn transformed) used in the analyses. The area and populations used to calculate the
population densities are included.
Region

Northland/
Auckland
Waikato/Bay of
Plenty
Taranaki/Taupo
Wellington
East Coast
Nelson/
Marlborough
Canterbury
Westland
Otago
Southland

Woody
cover

Grassland
cover

Less
water
bodies
cover

Less
scrubland
cover

Cooler

Decreased
water
deficit

Logn of
Area
the (hectares)
population
density

Population

2.862

2.079

-2.259

-0.613

-3.629

0.922

-0.225
0.818

0.786
-0.156

-0.624
0.329

1.085
1.516

-2.265
-0.687

0.946
1.006

-10.65 2082221
-11.74 3039446

493470
241370

0.079
0.342

1.842
0.274

1.170
1.360

-0.695
-0.588

-0.894
-1.889

-0.432
-0.107

-10.46 2080272
-11.73 2379573

597690
191640

1.144
-3.462
1.191
-2.002
-0.749

-1.649
-0.874
-3.401
1.719
-0.620

0.987
-1.990
-0.037
1.339
-0.275

-1.512
-1.179
0.107
0.046
1.833

0.584
0.841
3.744
1.106
3.088

-0.603
-1.788
2.409
-2.875
0.521

-12.31
-11.37
-13.31
-11.68
-12.83

135410
469190
32320
180450
109700

-9.54 1923529 1379900

3019819
4081388
1944359
2133090
4112229

3.2. Wild NIPS distributions within regions
3.2.1. Nonmetric Multidimensional Scaling
Although the numbers of fully naturalised wild NIPS in some regions were similar,
the wild NIPS composition varied (Figure 11). Regions further apart on the
ordination map shared fewer wild NIPS. The greatest variation in the composition of
the wild NIPS is between Northland/Auckland and Canterbury – the two regions with
the greatest numbers of fully naturalised NIPS (1179 and 1117 respectively). They
shared 746 wild NIPS but had the highest proportions of wild NIPS unique to the
regions; 117 were found only in the Northland/Auckland and 61 only in the
Canterbury region. The composition of the wild NIPS is most similar in regions
closer together on the ordination map as they tend to share more wild NIPS and have
fewer wild NIPS unique to the region. For example, Southland with 484 wild NIPS
and Westland with 499 wild NIPS, each have six wild NIPS unique to the region, and
have 354 wild NIPS in common.
The ordination map for the fully naturalised NIPS discovered pre 1950 was very
similar to the map for all fully naturalised NIPS, but for all wild NIPS discovered
since 1949 six of the regions (Taranaki/Taupo, East Coast, Nelson/Marlborough,
Westland, Otago and Southland) were clustered close showing that there was very
little dissimilarity in wild NIPS composition between these regions (Figure 11).
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Figure 11: Ordination map showing the dissimilarity of the composition of the NIPS in the 10
regions of New Zealand for all fully naturalised NIPS discovered by the year 2000, the fully
naturalised NIPS discovered pre 1950 and all wild NIPS (fully naturalised and casual) discovered
since 1949. The further apart the regions, the more dissimilar the composition. The axes for
NMDS ordination maps are arbitrary and have no units.

For all analyses, metaMDS showed that two dimensions best described the wild NIPS
dissimilarity between the regions. The final stress was less than 4.5 for all fully
naturalised NIPS, and for the fully naturalised discovered pre 1950, and less than
0.005 for all wild NIPS discovered since 1949. Clarke (1993) suggests that a stress
less than five gives an excellent representation of the data and that there is no danger
of misinterpretation.
In all three analyses, human population density was the major driver in the models
with the best fit describing the dissimilarity in the composition of the wild NIPS
between the 10 regions of New Zealand. Two land cover variables – woody cover and
water bodies cover – were also retained for all of the fully naturalised species, but
only woody cover was statistically significant. For the fully naturalised NIPS
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discovered pre 1950, in addition to population density, five other predictors were
retained but only the two climate predictors were statistically significant. In addition
to population, two land cover predictors were retained for all wild NIPS discovered
since 1949, but neither was statistically significant (Table 30 & Figure 12).
Table 30: The predictors that best explained the variation in the dissimilarity of the wild NIPS
composition between the 10 regions of New Zealand, for the fully naturalised NIPS, the subset of
fully naturalised NIPS discovered pre 1950 and for all wild NIPS (fully naturalised and casual)
discovered since 1949. The r2 and P values are shown. PC = principal component. Significant P
values are in bold.
Regional predictor

Logn human population
density (people/km2)
Woody PC
Less water bodies PC
Cooler PC
Decreased water deficit PC
Less scrub PC

All fully naturalised
NIPS

All fully naturalised
NIPS discovered pre
1950
r2
P

r2

P

0.8314

0.0015

0.8261

0.6671
0.2418

0.0240
0.3755

0.5393
0.1749
0.8301
0.6472
0.5230

All wild NIPS
discovered since 1949
r2

P

0.0019

0.7846

0.0015

0.0584
0.5046
0.0035
0.0227
0.0820

0.5426
0.2486

0.0646
0.3750

The logn-transformed human population density vector was very similar for all three
datasets, with density increasing from the bottom right corner of the ordination map
(Westland and Southland) up to the top left corner (Figure 12). The effect of the
woody cover vector on the fully naturalised NIPS was greatest for the regions at the
bottom of the ordination map and decreased to the top-right of the map – the grassland
and cropland cover side of the vector (the land cover categories negatively associated
with the positive woody cover) (Table 28). For the fully naturalised NIPS discovered
pre 1950, the temperature vector followed the north to south gradient from the less
extreme climates in the upper North Island through to the cooler, more extreme
climates in the lower South Island, i.e. from left to right on the ordination maps.
Moisture followed a gradient from the wetter regions, such as Northland/Auckland,
Westland and Southland at the bottom of the maps, through to the drier regions of
Canterbury and Otago, to the upper right on the ordination maps (Figure 12).
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Figure 12: Ordination maps from the NMDS analyses, showing the dissimilarity between the
composition of the wild NIPS present in the 10 regions of New Zealand, overlaid with the vectors
(arrows) showing the direction of the effect and the contours (lines) showing the response of the
vector, for the statistically significant regional predictors for all fully naturalised NIPS (top) and
the fully naturalised NIPS discovered pre 1950. If the contour lines are parallel, equally spaced
and perpendicular to the vector, the response is linear. The length of the arrows indicates the
strength of the vector. The P-values for the vectors are also shown. PC = principal component.
The axes for NMDS ordination maps are arbitrary and have no units.

3.3. NIPS richness
By the year 2000 there were 1773 fully naturalised wild NIPS present in the three
main islands of New Zealand, with an average richness of wild NIPS per region of
832 (± 243 s.e.m., range 484-1178). The two regions with the greatest richness of
wild NIPS were Northland/Auckland and Canterbury, each with more than 60% of the
1773 NIPS. Wellington, Waikato/Bay of Plenty and Nelson/Marlborough each had
between 50 and 60% and, at the other end of the scale, Southland and Westland each
had less than 30% (Figure 13 & Table 31). The patterns were similar for the fully
naturalised NIPS discovered pre 1950 and all wild NIPS (fully naturalised and casual)
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discovered since 1949, with Northland/Auckland and Canterbury having the greatest
richness of wild NIPS and Westland and Southland having the least (Table 31).
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Figure 13: The richness of wild NIPS (fully naturalised and casual) present in each of the 10
regions of New Zealand.
Table 31: The number of NIPS discovered in each of the ten regions of New Zealand, with the
number of NIPS unique to that region, for all fully naturalised wild NIPS, the fully naturalised
wild NIPS discovered pre 1950 and all wild NIPS discovered since 1949 (includes casuals).

Region
Northland/Auckland
Waikato/Bay of Plenty
Taranaki/Taupo
Wellington
East Coast
Nelson/Marlborough
Canterbury
Westland
Otago
Southland

Total fully Number of
naturalised NIPS unique
NIPS to the region
1178
117
972
37
672
7
1005
24
711
9
909
17
1115
61
499
6
771
27
484
6

NIPS Number of
discovered NIPS unique
pre 1950 to the region
809
43
716
9
549
0
765
10
582
1
715
6
804
21
429
1
616
12
415
1

Number of
NIPS
NIPS
discovered unique to
since 1949 the region
547
74
319
28
145
7
289
14
145
8
223
11
432
40
77
5
173
15
79
5

Once the sequential Bonferroni adjustment was made, only the logn-transformed
human population density remained statistically significant for all three sets of data,
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even though several predictor variables had initially been statistically significant at the
P = 0.05 level (Table 32). The richness of wild NIPS increased with increasing
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human populations (Figure 14).

S outhland

W estland
500

600

700

800

900

1000

1100

1200

Number of W ild NIPS
Figure 14: The number of wild NIPS recorded in each region versus the logn-transformed human
population density (people/km2).
Table 32: The significance of the individual predictor variables on the number of wild NIPS
present in each of the 10 regions of New Zealand. Those significant at the 0.05 level are
highlighted in bold, and those still significant after the sequential Bonferonni adjustment are
shown with an asterisk (*). A = all fully naturalised NIPS, B = all fully naturalised NIPS
discovered pre 1950 and C = all wild NIPS (fully naturalised and casual) discovered since 1949.

A
Predictor

Estimate

t value

P value

288.20

4.53
-0.44

0.002*
0.669

-3.721

48.41

-0.08

0.940

74.90

42.12

1.78

0.113

-86.05

57.65

-1.49

0.174

Logn population density
Logn area

182.47
-127.9

Woody cover component
Grassland cover component
Less water bodies cover component
Less scrub cover component

Standard
error
40.33

-126.05

60.63

-2.08

0.071

Decreasing temperature component

-71.37

26.82

-2.66

0.029

Decreasing water deficit soil component

-54.26

53.07

-1.02

0.337

126

Chapter 5: Distribution (B)
B
Predictor
Logn population density
Logn area

Estimate
105.18
-72.61

Standard
error
26.18

t value

P value

172.48

4.02
-0.42

0.004*
0.685

Woody cover component

-4.75

28.90

-0.164

0.873

Grassland cover component

44.31

25.28

1.75

0.118

Less water bodies cover component

-38.82

36.48

-1.06

0.318

Less scrub cover component

-81.41

34.57

-2.36

0.046

Decreasing temperature component

-41.96

16.26

-2.58

0.033

Decreasing water deficit soil component

-38.67

30.84

-1.25

0.245

Estimate

Standard
error
25.95

t value

P value

183.80

4.45
-0.39

0.002*
0.705

C
Predictor
Logn population density
Logn area

115.55
-72.06

Woody cover component

4.63

30.76

0.15

0.884

43.95

27.58

1.59

0.150

Less water bodies cover component

-82.19

29.59

-2.78

0.024

Less scrub cover component

-63.18

42.34

-1.49

0.174

Decreasing temperature component

-43.34

17.72

-2.45

0.040

Decreasing water deficit soil component

-17.53

35.36

-0.50

0.633

Grassland cover component

4.

Discussion

Northland/Auckland, at the top of the North Island, is the smallest and most populated
of the ten regions of New Zealand. It is long and narrow, with a semi-tropical climate
and is the least variable region in terms of the number of environmental groups.
Canterbury, to the east in the middle of the South Island, is more than twice the size
and has about a third the population of Northland/Auckland. It is a long, wide region
with a more extreme climate, and has the most environmental groups making it the
most variable region. Both regions have a similar number of wild NIPS but they are
very dissimilar in composition. I compare and contrast the effects of the significant
predictors on these two regions in particular.

4.1. Human population and Land cover/use
Humans were a critical factor explaining the composition and richness of fully
naturalised wild NIPS recorded in regions of New Zealand, as is consistent with
results of other studies (e.g. Castro et al., 2005; Gaston, 2005). Regions with more
people receive more imports, have higher density of transport infrastructure and
higher levels of disturbance, which provides more opportunities for NIPS to naturalise
(Arroyo et al., 2000; Henderson et al., 2006).
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The richness of wild NIPS recorded for the Canterbury region is surprisingly high as
the human population in Canterbury is lower than Northland/Auckland and
Wellington, and more similar to Waikato/Bay of Plenty. In addition, because
Canterbury is approximately twice the land area of Northland/Auckland, Wellington
and Waikato/Bay of Plenty, the human population density is much lower when
compared with these three regions. Although, it should be noted that since the
beginning of last century Northland/Auckland has always been the most populated
region but the difference between this region and others was less pronounced until
about 1980 (Department of Statistics New Zealand). The location of herbaria may
determine the records of wild NIPS to some degree.
Because this research depends upon recorded occurrences of wild NIPS, collection
bias may skew results (Moerman & Estabrook, 2006). The largest collection of
specimens of wild NIPS is located at the Allan Herbarium in Canterbury. Many
botanists are associated with this herbarium and more wild NIPS are likely to be
discovered in regions where botanists are located (Moerman & Estabrook, 2006).
This to some degree could also explain the richness of wild NIPS in
Northland/Auckland. Although some wild NIPS may be more widely distributed than
recorded for this research, at the broad scale of this study, this is unlikely to be a
major problem. However, for studies conducted at a finer geographic scale this would
be a more important issue. Once all specimens are electronically databased it may be
easier to more accurately determine the presence/absence of these NIPS at a finer
scale in the regions of New Zealand, although some common species can be underrepresented in herbaria (Clayson Howell, Department of Conservation, pers. comm.).
Land cover/use also explains the dissimilarity in composition of all fully naturalised
NIPS, but land cover/use is indirectly determined by people. Canterbury is one of the
most highly modified regions, and as cropland and grassland cover is negatively
associated with the woody principal component, this partially explains the richness of
wild NIPS in Canterbury (Figure 12) (the direction of the vector is positively
associated with the woody cover and in the opposite direction, the vector is negatively
associated with the cropland and grassland cover). The woody principal component
was significantly positively correlated with decreased water deficit (Table 28), so wild
NIPS found in regions with less woody cover, i.e. more cropland and grassland cover
such as Canterbury, are likely to be more drought tolerant. They may be less shade
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tolerant and more able to withstand disturbance events compared with wild NIPS
associated with woody cover.
Cropland cover, associated with regularly cultivated short-rotation cropland, and
grassland cover are regularly disturbed, creating an ideal location for many wild NIPS
to naturalise and spread. The addition of fertilisers may also increase the
opportunities for some NIPS to naturalise. More than 5.5% of the total land area of
Canterbury was described as short-rotation cropland, eight or more times the land
classified as such for any other region. A wider range of crop NIPS may have been
introduced to this region and correspondingly, the number of accidental introductions.
Of the wild NIPS discovered only in Canterbury, more than 55% were introduced
accidentally, whereas 41% of the NIPS discovered only in Auckland were introduced
accidentally. Wild NIPS that were introduced accidentally tend to have been widely
associated with humans for thousands of years and will often be suited to the more
temperate regions. The proportion of sedgeland/saltmarsh cover in
Northland/Auckland is more than four times that of Canterbury, thus increasing the
opportunities for NIPS that are adapted to this environment to naturalise and
naturalise.

4.2. Climate effects
Climate appears to become more important for NIPS which naturalised earlier. Both
climate principal components, relating to temperature and water availability,
explained the dissimilarity in composition of wild NIPS between regions of New
Zealand for wild NIPS discovered pre 1950. There was a reasonably linear
temperature, solar radiation and slope gradient running from the top of the North
Island to the bottom of the South Island (Figure 12).
These results could be partially explained by the negative correlation between human
populations and cooler temperatures, less solar radiation and increased slope equating
to more mountainous regions. Except for Canterbury, the more populated regions are
in the North Island where the mean annual temperatures range from 11.1 to 14.6°C
compared with the range of 7.9 to 9.2°C in the South Island. Not only do mean
annual temperatures and mean annual temperatures of the coldest month tend to
decrease in the south, but the ranges tend to increase in the south leading to more
variable climates. For example Northland/Auckland, with a semi-tropical climate, has
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mean annual temperatures ranging from 10.4 to 16.2ºC, whereas the mean annual
temperatures in Canterbury range from –6.9 to 12.4ºC. The mean annual solar
radiation is highest from Nelson/Marlborough north, and regions in the South Island
tend to have greater mean slopes.
Water availability was important for explaining differences between regions in the
composition of all fully naturalised NIPS and the fully naturalised NIPS discovered
pre 1950. Regions on the east coast of the South Island (Otago and Canterbury) tend
to be the drier, with higher annual water deficits. Vapour pressure deficit is also an
important measure of moisture availability as it estimates the moisture held in the
atmosphere. Although the East Coast had a much lower annual water deficit when
compared with Otago and Canterbury, these three regions have the greatest mean
vapour pressure deficit, showing the effect of the mountain ranges, with the removal
of the moisture from the prevailing moisture-laden westerly winds on the western
sides of the islands.
People plant species that perform best in the local climate, confounding climate
effects on invasion. The observed climate effects may well be entirely mediated by
differences in propagule pressure brought about by what people choose to plant in
different climatic regions. At the least, it is impossible to discount this hypothesis
with existing information.
Climate will restrict some NIPS to certain regions. For example, two species of
Thunbergia native to tropical Africa and Myanmar (Webb et al., 1995), Euphorbia
hirta native to South America and Psidium cattleianum native to south Brazil are only
present in the semi-tropical Northland/Auckland region (Webb et al., 1988).
Euphorbia hirta was first recorded in 1910, but the other three wild NIPS were not
recorded in Northland/Auckland until the 1980s and may still spread further south.
Of the wild NIPS native to Australia, 26.5% are found only in the
Northland/Auckland region, including three Eucalyptus spp., and less than 8.5% are
found only in the Canterbury region. However, for cooler climate wild NIPS native to
Europe, 20.5% are found only in the Northland/Auckland region and almost three
times as many (57.4%) are found only in the Canterbury region. The higher
percentages of wild NIPS with a native range in Eurasia that are unique to the regions
fully confined to the east coast (East Coast, Canterbury and Otago) suggest that the
environments of the east are more of a match to the environments of Europe. As the
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climate changes, the composition of wild NIPS in regions may change as the ranges of
some wild NIPS may be increased.

4.3. Time
By analysing a subset of NIPS that naturalised earlier, a time effect is apparent. With
increasing time since naturalisation, the dissimilarity in composition of the wild NIPS
between regions tends to become more noticeable. For the complete dataset, people
and land cover/use are the main drivers of the patterns, but with time, climate
becomes more important. For NIPS that have naturalised more recently, human
population density is the only driver of the dissimilarity.
Of course, time periods are confounded with human history in New Zealand. New
Zealand pre-1950 was a very different place to now. Since European colonisation,
land use can roughly be split into four periods characterised as pastoralisation (until
1880), subdivision (1881-1920), intensification (1921-1960) and diversification
(1961-2000) (Jim McAloon, Lincoln University, pers. comm.). Changes in land use
lead to changes in the types of NIPS introduced and cultivated in a region.
Agricultural species tended to dominate naturalisation patterns pre-1950, but
ornamental horticultural species now dominate.

4.4. Data
Because of the correlation between some predictor variables, ideally it would have
been best to run a PCA on all predictors. However, I was limited to a maximum of 10
variables for each PCA as my presence/absence data was for 10 regions of New
Zealand. By using the principal components for land cover and climate predictors, I
have at least removed the correlation within these groups of variables. However,
there is still significant correlation between some of these principal components and
other predictors. Repeating the analyses with the distribution of the NIPS at a finer
geographic scale would allow for correlations to be removed.

5.

Conclusion

Using NMDS to determine what factors are driving the dissimilarity in composition of
wild NIPS between regions has produced interesting results. Human population
density, land cover/use and climate variables all helped explain the dissimilarity.
However, all three are correlated with each other. People affect land cover/use, which
131

Chapter 5: Distribution (B)
is also determined by environmental variables such as temperature range and water
availability. For those NIPS that naturalised more recently, they are still where the
most people are. It took many decades for a detectable climate signal to appear,
suggesting that climate change is unlikely to have a strong impact on geographic
patterns of initial plant naturalisation. Instead, its effects will likely be noticeable in
the eventual distributions that form decades after naturalisation.
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Synthesis
5.1. Forecast: weeds
The overall rate of discovery of populations of new wild non-indigenous plant species
(NIPS) in New Zealand shows no sign of slowing, despite New Zealand’s stringent
biosecurity legislation and strict limits on importing plant species not already
cultivated in the country (Taylor et al., 2000). Indeed, my results show that this rate is
increasing (e.g., more than 20 NIPS on average have naturalised per year since 1950,
compared with only 11 NIPS on average per year in the previous five decades). This
trend is especially pronounced for woody plants. On average, more than 8 woody
wild NIPS have been discovered per year since 1950, compared with less than 3
discovered per year in the five decades prior to this.
However, there is some hope that New Zealand’s biosecurity processes will limit the
naturalisation and spread of some new weeds. Since 1950, on average only five new
weeds of agricultural land have been discovered per decade compared with more than
15 per decade for the 5 decades prior to this (Williams et al., 2007). This decline is
due to testing of seed purity and the introduction of legislation such as the Biosecurity
Act 1993 (which combined previous legislations such as the 1950 Noxious Weeds
Act, 1978 Noxious Plants Act) and the Hazardous Substances and New Organisms
Act 1996, which controls introduction of species not already in the country.
Not only have the most recent decades had high rates of discoveries, but the native
regions for recently naturalised NIPS have diversified (Figure 6B in Chapter 3). For
example, over the past five decades, on average more than 41 wild NIPS with a native
range that includes temperate Asia have been discovered per decade compared with
24 wild NIPS per decade for the five decades prior to that. Likewise for wild NIPS
native to Africa; on average 28 wild NIPS with a native range including Africa were
discovered per decade over the last five decades, compared with almost 14 wild NIPS
per decade for the previous five decades.
Not only are more NIPS establishing wild populations in NZ every year, but my
results indicate that most of those wild NIPS already naturalised are very early in their
spread through the country, even at the coarse spatial scale of my study. The majority
of wild NIPS are recorded as being present in 3 or fewer regions only, and the biggest
factor explaining geographic distribution of wild NIPS is the date of discovery. The
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most parsimonious explanation for this pattern is that these species are still in the
early stages of spread. Even those wild NIPS recorded in all ten regions are likely to
have not reached all suitable habitats in these regions.
These results in combination paint a grim picture for the future of the New Zealand
flora. The full extent of the consequences of this invasion will depend on the
economic, social, and environmental impacts of these wild NIPS. Given that there are
already as many wild NIPS as native species in the New Zealand vascular seed plant
species, the consequences of this invasion will be great even if a small minority of the
invaders have large impacts.

5.2. Predicting the invasion
“There is pattern in the data we possess on invasions. The next efforts in the study of
invasion should be self-consciously statistical, with an emphasis on characterizing the
probability distribution of outcomes for classes of invasions. But for this we will
need the raw data on-line in computer databases accessible to all researchers.”
(Gilpin, 1990).
As recognised in the quote above, it is important to collate and analyse complete
inventories of all wild NIPS in a region or country to improve understanding of the
stages in naturalisation and spread process (Cadotte et al., 2006a; Gilpin, 1990).
Groups of species or particular ecosystems have been well studied but, because of
possible bias, it may not be possible to extrapolate the results to other groups of
species or ecosystems (Cadotte et al., 2006a). One way to improve prediction of
future naturalisations/invasions is through analyses of inventories for countries or
large regions (Cadotte et al., 2006a; Daehler, 2001). But, due to lack of precise
records because of long colonisation histories and disinterest in non-indigenous
species, this is particularly challenging for most regions of the world; few inventories
are available. However, recent European colonisation and high interest in wild NIPS
of New Zealand by many botanists, has meant that I have been able to compile such
an inventory for the wild NIPS for New Zealand.
Another challenge is to find traits that are readily available and clearly measurable
(Reichard, 2001). Some attributes, such as growth form, native range, etc.,
hypothesised to affect naturalisation and distribution have been well researched, but
more recently the importance of historical factors has been realised (Gravuer et al.,
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2008). The value of incorporating historical and human input variables into the
analyses of the stages in the naturalisation and spread process has been shown by the
results of the analyses of stage three (naturalisation) and four (spread) of the
naturalisation and spread process using species attributes in this study.
As far as I am aware, this is the first study that has used interval-censored time-toevent analysis to estimate the time of naturalisation of NIPS in a country. The effect
of a wide range of attributes, hypothesised to determine why some NIPS naturalise
earlier than others, were then analysed for the complete dataset of wild NIPS of New
Zealand, using multi-factorial analyses. Due to incomplete data on the year of
discovery, only 65% of the wild NIPS in the Czech Republic were used to determine
why some NIPS were recorded wild earlier, in the only comparable study of which I
am aware (Pyšek et al., 2003b).
Also, as far as I am aware, this is the first time the geographic distribution of wild
NIPS has been examined using nonmetric multidimensional scaling (NMDS) to
determine the dissimilarity in wild NIPS composition between regions. Recording the
distribution at a finer geographic scale would allow principal components analyses
(PCAs) to be run on more predictors to remove correlation.
As expected, the importance of factors varied depending on the stage and the dataset
analysed. Table 33 shows the species attributes that were important for determining
naturalisation and geographic distribution. Table 34 shows the regional attributes that
determined the richness of wild NIPS recorded in a region, and the dissimilarity in
composition of the wild NIPS between regions.
People and their input were very important for the two stages of the naturalisation and
spread process analysed in this study – initial naturalisation and spread as measured
by the geographic distribution of the wild NIPS at a point in time. People are the
intentional/unintentional source and dispersers of NIPS propagules both to New
Zealand and within New Zealand. They also create disturbed sites and habitats that
are unfamiliar to local native species that allow many NIPS to naturalise. People also
determine land cover/use, which was important in determining the dissimilarity in
wild NIPS composition between regions.
Even though biogeography appears to be of importance, especially for the initial
naturalisation, the results could, to some degree, be explained by patterns in the
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history of imports. However, as invasions progress biogeographic attributes become
more important.
Table 33: The species attributes that were significant for estimating the year of naturalisation of
populations of the wild NIPS and determining the number of regions in which the fully
naturalised NIPS have been recorded. Year of naturalisation was estimated for the complete
dataset and the subset of NIPS with additional biological attributes. Two sets of analyses were
conducted on three sets of data – all fully naturalised NIPS, the DOC weeds, and the subset of
NIPS with additional biological attributes. The first set of three analyses determined whether or
not the NIPS were present in all ten regions of New Zealand, and the second set of three analyses
were conducted on NIPS present in nine or fewer regions and determined the number of regions
the NIPS were present in. The number of analyses in which the attribute was significant out of
the total number of analyses conducted for the stage of naturalisation is shown in brackets.
Groups of Attributes
Earlier Naturalisation
More Widely Distributed
Year of discovery
NA
Discovered earlier (6/6)
Historical/human
Utilitarian/ accidental (2/2)
Utilitarian/ accidental (4/6)
input
Taxonomy
Naturalised elsewhere (1/2), native
Native congener (4/6), naturalised
congener (2/2)
congener (1/6)
Biogeography
More native regions, Eurasia – Yes
Fewer native regions (1/6); Eurasia –
(1/2), Australia – Yes (1/2), temperate Yes (2/6), Eurasia – No (2/6),
Asia – No (2/2), South America – No
Australia – No (3/6), Africa – No
(1/2), North America – No (1/2)
(2/6), South America – No (2/6),
North America – Yes (1/6), temperate
Asia – Yes (1/6)
Biology
Growth form – short-lived herbs (2/2); Growth form – trees (2/6), herbs (1/6),
flowering duration – longer, mode of
multiple growth forms – Yes (2/6),
dispersal – animal
mode of dispersal – multiple (1/2),
dispersule mass – lighter (1/2),
flowering duration – longer (1/2), start
of flowering – spring (1/2)

Table 34: The regional attributes that determined the numbers of NIPS in a region and the
dissimilarity in NIPS compositions between regions.
Richness
Composition
Human input
Human population density
Human population density
Land cover/use
Woody cover
Environment
Temperature, water availability

There are potential limitations with using this historical reconstruction approach to
develop predictive models of future naturalisation and spread. Future decades will not
necessarily be closely analogous to previous decades in such important factors as land
use, species introduction patterns, human populations or densities, gardening habits,
and climate. There is also the possibility that biotic resistance from existing wild
NIPS (and native species) will cause the flora to begin to saturate and slow
naturalisation rates. As more NIPS naturalise, the availability of suitable habitats may
lessen leading to a slowing in the rates of naturalisations.
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Still, this approach is powerful in its broad scope and has revealed factors that help to
explain past invasion. It is also the only feasible option for dealing with such a large
number of naturalising and spreading wild NIPS.
My dataset adds to a growing list of such datasets globally that, as Gilpin (1990)
anticipated, should lead to a better understanding of the processes underlying plant
invasions in general.

5.3. Future directions
Perhaps the most important omission from my dataset is introduction date. This is
likely to explain a great deal of the variation in naturalisation and spread of wild
NIPS. However, collation of these introduction dates from various sources such as
nursery catalogues would be a major undertaking, as most are not digitised and will
contain a potpourri of synonyms and misidentifications. It was certainly beyond the
scope of my dissertation research.
This approach of historical reconstruction of invasion would also benefit greatly from
more fine-scale geographic distribution information for species. This is simply not
available in New Zealand. Some other countries, especially the UK, have far more
detailed distribution maps of species available (Preston et al., 2002). In New Zealand,
it would be worthwhile to explore spread at a finer spatial scale for just those species
for which this information exists, such as the Department of Conservation
environmental weeds. Even for this subset, the collation of available distribution
information is not an inconsiderable undertaking. A pilot study of these
environmental weeds has shown that electronic records under-represent the
geographic distribution of many weeds, especially the more common ones (Clayson
Howell, Department of Conservation, unpublished data).

5.4. Final thoughts
It is my hope that this research and the dataset I have collated will lead to more
accurate models of plant invasion both in New Zealand and globally, and that these
can be incorporated into more refined weed risk assessment systems. There is a
strong imperative for ecologists and weed managers to act promptly and decisively in
the next years and decades. What we do now will have a huge impact on the
biogeography of the world’s flora for centuries to come.
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