
61

Towards integrating and harmonising information on plant 
invasions across Australia
Irene Martín-Forés1,2 , Greg R. Guerin1,2 , Donna Lewis1,2,3 , Rachael V. Gallagher4 , Montserrat Vilà5,6 , 
Jane A. Catford7,8 , Aníbal Pauchard9,10 , Ben Sparrow1,2

1 School of Biological Sciences, The University of Adelaide, Adelaide, South Australia 5005, Australia
2 Terrestrial Ecosystem Research Network (TERN), The University of Adelaide, Adelaide, South Australia 5005, Australia
3 Charles Darwin University, Faculty of Science and Technology, Research Institute for the Environment and Livelihoods, Darwin, Northern Territory, 0909, Australia
4 Hawkesbury Institute for the Environment, Western Sydney University, Richmond, 2753, New South Wales, Australia
5 Doñana Biological Station – Spanish National Research Council (EBD-CSIC), 41092, Sevilla, Spain
6 Department of Plant Biology and Ecology, University of Sevilla, 41012, Sevilla, Spain
7 Department of Geography, King's College London, London, WC2B 4BG, UK
8 School of Agriculture, Food & Ecosystem Sciences, University of Melbourne, Melbourne, Vic 3010, Australia
9 Faculty of Forestry Sciences, University of Concepcion, Concepcion, Chile
10 Institute of Ecology and Biodiversity (IEB), Concepción, Chile
Corresponding author: Irene Martín-Forés (irene.martin@adelaide.edu.au)

Copyright: © Irene Martín-Forés et al.  
This is an open access article distributed under 
terms of the Creative Commons Attribution 
License (Attribution 4.0 International –  
CC BY 4.0).

Research Article

Abstract

Terminology for the invasion status of alien species has typically relied either on ecological- or poli-
cy-based criteria, with the former emphasising species’ ability to overcome ecological barriers and the 
latter on species’ impacts. There remains no universal consensus about definitions of invasion. With-
out an agreement on definitions, it is difficult to combine data that comes from a range of sources. 
In Australia, information on plant invasions is provided by a collection of independent jurisdictions. 
This has led to inconsistencies in terminology used to describe species invasion status at the national 
level, impeding efficient management. In this paper, we review and discuss the steps taken to harmo-
nise the different terminologies used across Australia’s states and territories. We identified mismatches 
in definitions and records of invasion status for vascular plant taxa across different jurisdictions and 
propose prioritisation procedures to tackle these mismatches and to integrate information into a 
harmonised workflow at the national scale. This integration has made possible the creation of a stan-
dardised dataset at the Australian national scale (the Alien Flora of Australia). In Australia, having 
an integrated workflow for referring to and monitoring alien flora will aid early warning and prevent 
species introduction, facilitate decision-making and aid biosecurity measures.

Key words: Alien flora, biological invasions, biosecurity, invasion status, plant census, standardised 
dataset, terminology

Introduction

The importance of having high quality, easy-to-access, standardised and unified 
data sources is widely recognised among researchers and practitioners working 
with species invasions (Latombe et al. 2017). Having standardised datasets at large 
spatial scales allows tracking biological invasions, making future predictions and 
prioritising invasion-based management actions (Hulme et al. 2009; Le Roux et 
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al. 2020). Ongoing debates include discussions about the taxonomy of biological 
invasions (Pyšek et al. 2013), the terminology and definitions related to invasion 
(Colautti and Richardson 2009; Young and Larson 2011; Catford et al. 2016), 
the determinants of invasion success (Fristoe et al. 2021; Daly et al. 2023) and the 
significance of impacts (Simberloff et al. 2013), as well as how to delimit and de-
fine native range (Guiaşu 2016). Hence, inconsistencies have arisen, subsequently 
impacting the accuracy of classifying plant species into native and alien and the 
derived implications of these classifications (Guiaşu 2016).

There are many terms to refer to ‘species occurring in ecosystems to which they 
are not indigenous’, including non-indigenous, non-native, exotic, and alien. The 
term ‘alien’ was introduced by the Convention on Biological Diversity (CBD) in 
Nairobi in 1992 without providing any specific definition (United Nations 1992). 
To alleviate the confusion around plant invasion terminology, Richardson et al. 
(2000) proposed the concept of the introduction-naturalisation-invasion continu-
um, by which a species introduced into a new area received different names accord-
ing to the barriers it overcame. As such, casual aliens are those that have been trans-
ported beyond the limits of their native range but do not establish populations; 
only a fraction of casual aliens become naturalised, that is, forming self-sustaining 
populations in the invaded range; and only a fraction of those naturalised become 
invasive, overcoming local dispersal barriers and spreading in the new region. Ac-
cording to Richardson et al. (2000), the subset of invasive species able to impact 
the nature of the environment were called ‘transformers’, whereas ‘weed’ was a 
common term for undesired species (classically used for plants interfering with 
crop production) regardless of their native or alien origin (Fig. 1a).

The same year, the International Union for Conservation of Nature (IUCN) 
incorporated the concept of negative impact into the definition of invasive species 
as “alien species which becomes established in natural or semi-natural ecosystems or 
habitats, and are an agent of change, threatening native biological diversity” (IUCN, 
2000). Two years later, in 2002, the CBD recognised invasive alien species (IAS) 
as “species introduced outside their native range that have become successfully es-
tablished and cause substantial impacts on the environment” (Fig. 1b). In 2006, 
the IUCN Invasive Species Specialist Group (ISSG) developed the Global Regis-
ter for Introduced and Invasive Species (GRIIS) as a concept and prototype to be 
subsequently reviewed before implementation across several countries globally. The 
methods underpinning GRIIS, and associated guidelines for the checklists of alien 
species to be implemented by individual countries, were not published until 2018 
(Pagad et al. 2018) and only implemented in subsequent years. In 2022, a collation 
of GRIIS data across 196 countries was published into the country compendium 
of GRIIS (Pagad et al. 2022). GRIIS follows the impact-based notion of invasive 
species, to refer to those having a harmful impact on native biodiversity (Fig. 1b).

In 2011, a decade after the definitions for invasive species were proposed by 
Richardson et al. (2000) and the CBD (2002), Blackburn et al. (2011) published 
a unified framework on biological invasions to address terminological inconsis-
tencies. The framework is very comprehensive and integrative, and successfully 
reconciles different synonyms to refer to similar invasion stages along the intro-
duction-naturalisation-invasion continuum (Fig. 1c). It also reconciles terminolo-
gy, concepts and definitions across different taxonomic groups (e.g., animals and 
plants), which had largely been addressed separately hitherto in the scientific lit-
erature. According to Blackburn et al. (2011), invasive species are alien species 
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that have been introduced in a new area, have naturalised and have successfully 
undergone dispersal and spread. The question of invasion impacts falls outside this 
framework as Blackburn et al. (2011) recognised that certain introduced species 
can have impacts in a novel environment even if their populations are not natu-
ralised. Other prominent invasion status frameworks also exist, such as Darwin 
Core (Darwin Core Maintenance Group 2021a). Proposed by the Biodiversity 
Information Standards (TDWG), Darwin Core is a vocabulary standard and in-
cludes a glossary of terms intended to facilitate the sharing of information about 
biological diversity. Darwin Core published concepts to refer to biological inva-
sions in 2020 based on Blackburn et al. (2011) and classifies species regardless of 
their impact but adds a dimension of complexity. According to Darwin Core, the 
vocabulary standard is split into two terms: establishment means (Darwin Core 
Maintenance Group 2021b), which refers to species origin (i.e., native, introduced 
or uncertain) and degree of establishment (Darwin Core Maintenance Group, 
2021c), which refers to the position along the introduction-naturalisation-inva-
sion continuum. What Blackburn et al. (2011) had simplified and unified, Darwin 
Core divided into more specific categories introducing new stages such as ‘repro-
ducing’, ‘colonising’, or ‘widespread invasive’ (Fig. 1d).

Despite several attempts to harmonise different concepts and ideas, the termi-
nology to refer to further invasion stages within the continuum has not become 
consistent over time. This is mainly caused by the scientific community and inter-
national regulations proposed by policymakers adhering to two different frame-
works, Blackburn’s and IUCN’s, respectively (however, note that within the scien-
tific community there are also discrepancies with the use of ‘invasive’). More recent 
attempts to clarify definitions, with and without intrinsically including impact, 
proposed to refer to invasive species with negative impact as ‘harmful invasive’ 
(Essl et al. 2020).

In federally managed countries, biosecurity regulations involve a complex in-
terplay between different scales of jurisdiction, including federal, state/territory/

Figure 1. Frameworks on biological invasions adopted by a Richardson et al. (2000) b CBD and IUCN c Blackburn et al. (2011) and 
d Darwin Core. Terminology marked with * in Darwin Core varies according to specific details within the considered barrier; therefore, 
the terms are not interchangeable. N/A refers to stages that have not been considered in the respective framework.

a b

c d
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province, and local levels. The distribution of powers and responsibilities is influ-
enced by the country’s federal structure, which allocates certain authorities to the 
national government and others to the provinces. This division of responsibilities is 
often based on the principles of subsidiarity, where decisions are made at the most 
local level possible. Although this idiosyncrasy can lead to a complex and some-
times confusing regulatory landscape, it is intended to allow for tailored responses 
to local conditions while maintaining a coordinated national approach to tackle bi-
ological invasions. The rationale behind having both federal and state-level scoring 
of species introduction status often stems from the need to address invasive species 
management comprehensively while acknowledging the diversity of ecosystems 
and environmental conditions within a large country.

Australia is a clear example of inconsistencies among plant censuses data sourc-
es, making the integration of the recorded information on plant invasion an ardu-
ous task. Australia is the sixth largest country in the world, with an overall surface 
comparable to the European continent. It is a biodiversity hotspot and has one of 
the highest levels of endemism (Gallagher et al. 2021). Despite having one of the 
strongest biosecurity systems in the world, it does not have unified nation-wide 
data on alien species, and the number of taxa introduced in Australia increases 
steadily over time (CSIRO 2020).

Australia’s jurisdictions comprise six independent states (New South Wales – 
NSW; Queensland – QLD; South Australia – SA; Tasmania – TAS; Victoria – 
VIC; and Western Australia – WA) and two main territories (the Australian Cap-
ital Territory – ACT; and the Northern Territory – NT), hereafter referred to as 
‘states’ for simplicity. Australia’s plant censuses, including information on whether 
a species is native or introduced, have been developed at a jurisdictional level by 
government environment departments, therefore there are currently eight inde-
pendent plant censuses at the state level. In addition, there are plant censuses for 
the external territories, which are offshore islands under Australian sovereignty. At 
the national level, there is one existing plant census for vascular plants that pro-
vides information for the whole of Australia, the Australian Plant Census (APC) 
(Australian Plant Census 2022), endorsed by the Council of Heads of Australasian 
Herbaria (CHAH). The APC provides authoritative data for names and published 
taxon concepts for native and naturalised taxa in Australia. Despite being federally 
managed, the APC provides information on a state-by-state basis, without com-
bining the information into a national status.

In addition, the Global Register of Introduced and Invasive Species (GRIIS) 
v1.9 was recently published for Australia (Randall et al. 2022), classifying, among 
taxa from other kingdoms, the alien flora of Australia into introduced and invasive. 
However, the criteria for species’ inclusion and status are based on impact (Pagad 
et al. 2018).

In summary, different data sources (ten in total) following different criteria re-
sulted in inconsistencies at the Australian national level (Martín-Forés et al. 2023a, 
b). Similarly, weed lists and management strategies developed at the state level 
might become inefficient and ineffective if not shared with adjacent states. For 
example, certain species of brome grass (Bromus sp.) are naturalised in most of 
Australia, and identified as posing harmful impacts; despite this, adjacent states 
adopting different classification schemes may follow different control strategies, 
constituting a clear example of ineffective management at the national scale. To 
overcome mismatches caused by jurisdictional boundaries and enable efficient 
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management and biosecurity of biological invasions by the Australian federal gov-
ernment, a consensus on clearer definitions, concepts and classifications across 
Australia is much needed.

To harmonise the different criteria followed by independent jurisdictions, here 
we: i) propose an adapted workflow to refer to plant invasions in Australia, result-
ing from the combination of all different frameworks used in the data sources; ii) 
cross-reference the information between different data sources at the state level and 
combine it at the national level to identify mismatches at both scales, iii) propose 
a prioritisation procedure to address mismatches at the state and national level in 
order to harmonise contrasting invasion statuses, iv) provide up-to-date informa-
tion on the alien flora in Australia.

We developed harmonisation steps as an integration exercise to develop a 
much-needed automated system able to cross-reference and integrate all the exist-
ing datasets across Australia. We only combined information and did not coin any 
new terms, nor did we reclassify any taxon from its status as recorded in Australian 
plant censuses. As a result, we recently published the Alien Flora of Australia (AFA) 
(Martín-Forés et al. 2023a, b), a unified and standardised dataset including inva-
sion status for the Australian flora at the national scale. We hope that both the har-
monised workflow proposed here, and the standardised dataset we have created in 
parallel, will provide a strong evidence-base for planning and informing actions for 
prevention and to mitigate risks at the Australian national scale. Similarly, this in-
tegration exercise can be adapted and extrapolated to any other federally managed 
country to help bridge the gap between federal and state biosecurity initiatives.

Methodology

The terminology used in Australian plant censuses

Regarding taxonomic differences across Australian plant censuses, we followed 
the taxonomy and nomenclature adopted by the APC (Australian Plant Census 
2022) when taxonomic resolution was needed (see Martín-Forés et al. 2023a, b 
for details). The APC provides authoritative data for names and published taxon 
concepts for native and naturalised vascular flora in Australia and is the most rec-
ognised authority for the Australian vascular flora at the national level. The APC 
is one of the taxonomic resources of the Australian National Species List (auNSL; 
https://biodiversity.org.au/nsl/) and is endorsed by the Council of Heads of Aus-
tralasian Herbaria (CHAH).

The APC displays information on taxon distribution and invasion status for 
vascular flora contributed by different jurisdictions. It is mostly based on the ter-
minology used by Blackburn et al. (2011) (Fig. 1c) and it classifies taxa as native, 
naturalised, or with uncertain origin. It follows a system of Boolean flags displayed 
in a consecutive way for each state and main territory. Therefore, in some instances, 
more than one status is displayed for a taxon in each territory. For example, a taxon 
recorded in one state as ‘native and naturalised and uncertain origin’ is a taxon na-
tive to that state, naturalised in other areas within the same state where it was not 
originally considered native, and appearing in other areas where there is no con-
sensus on its ‘nativeness’. Deliberately introduced alien species for gardening and 
ornamental purposes that have not established outside of cultivation are not listed 
on the APC and therefore not considered in our workflow and not reported here.

https://biodiversity.org.au/nsl/
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The Australian GRIIS (Randall et al. 2022) follows the impact-based definition 
of ‘invasive’ (Fig. 1b), therefore classifying alien species as introduced or inva-
sive to Australia, without providing specific information for states and territories. 
This definition of ‘invasive’ is based on expert consultation regarding evidence of 
negative impacts caused by species that are known to be an agent of change and 
threaten biodiversity (Pagad et al. 2015, 2018). Thus, ‘invasive’ on GRIIS should 
not include native species within the country (although see native-alien category 
in Pagad et al. (2018)).

Regarding plant censuses at the state level, we obtained them from the Aus-
tralian Capital Territory (Lepschi et al. 2019), the Northern Territory (Northern 
Territory Herbarium 2015), New South Wales (PlantNET 2022), Queensland 
(Laidlaw 2022), South Australia (Department for Environment and Water 2022), 
Tasmania (de Salas and Baker 2022), Victoria (VicFlora 2023) and Western Aus-
tralia (Western Australian Herbarium 2022). Plant censuses from different states 
use different terms to refer to alien species and differ in the extent to which they 
categorise species according to impact or barriers overcome (Suppl. material 1: 
table S1).

Terminology integration

We use the concept of the introduction-naturalisation-invasion continuum 
in the harmonised workflow presented here. Therefore, we kept and selected 
terms based on an adaptation from the Blackburn et al. (2011) framework. We 
made this decision because we wanted to follow a standard terminology that 
was not impact-based, and Blackburn et al.’s (2011) framework is the most 
recognised internationally, and the most directly comparable with the termi-
nology employed in the APC. Impact of alien taxa should be assessed following 
specific guidelines (Hawkins et al. 2015; Bacher et al. 2018); thus, to acknowl-
edge that the GRIIS’ definition of ‘invasive’ explicitly incorporates negative 
impacts, we replaced the ‘invasive’ records on the Australian GRIIS (Randall 
et al. 2022) with ‘harmful invasive’, according to the definitions presented by 
Essl et al. (2020).

Hence, we proposed an adapted workflow (Fig. 2), by which information 
about presence (present/extinct), origin (native/introduced/uncertain) and inva-
sion status along the continuum (casual/naturalised/invasive) are provided in a 
combined manner for all data sources. Accordingly, we use ‘introduced’ where 
information on an alien taxon status along the continuum had not been provided 
in a given Australian data source (therefore it can refer to casual aliens or in cases 
where no information on naturalisation is available, e.g., in the case of binary 
censuses like the South Australian one). In the harmonised workflow presented 
here, we did not include ‘casual’ or ‘invasive’, because most of the censuses lacked 
detailed information on the spread and dispersal within the introduced range. 
In addition, for native taxa that are also recorded as naturalised or doubtfully 
naturalised within the same jurisdiction, we used ‘native colonising’ and ‘native 
potentially colonising’ acknowledging a mere reflection of dispersal but not im-
pact. Finally, for taxa no longer present in a given state we used ‘presumed extinct’ 
for native taxa and ‘formerly introduced’ for alien taxa (Fig. 2). Our proposed 
workflow therefore includes the following terms: native (also native potential-
ly colonising and native colonising), introduced (also doubtfully or formerly), 
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naturalised (also doubtfully or formerly), harmful invasive, presumed extinct, 
and uncertain origin. Certain categories (e.g. doubtfully naturalised, formerly 
naturalised) specified on the APC, and therefore appearing in this workflow and 
the Alien Flora of Australia (AFA), do not have a direct translation into other 
frameworks (e.g., impact-based ones and Darwin Core). For this reason, and to 
accommodate Australian states like Victoria, where its census follows the Dar-
win Core standard, we provide equivalences to Darwin Core for the harmonised 
terminologies used here. We have provided a glossary with specific meanings for 
each term at both scales and according to different sources of vocabulary for in-
vasion ecology (Table 1).

Identification of mismatches on invasion status

We used the workflow, and developed an associated script, to create a unified and 
standardised dataset of alien flora in Australia, the Alien Flora of Australia (AFA) 
(Martín-Forés et al. 2023a, b). The script is available on github (https://github.
com/MartinFores/AFA) and Figshare (doi: 10.6084/m9.figshare.23513478). The 
script curates all the data sources and converts the terms used in each of them to 
the ones we proposed in the harmonised workflow explained above. Subsequently, 
the script detects mismatches at the jurisdictional level by comparing the informa-
tion on invasion status recorded for each taxon on each of the plant censuses and 
the taxonomic distribution and invasion status provided on the APC for each of 
the states. The result of the comparison between the state plant censuses and the 
distribution information recorded on the APC is displayed in the state-by-state 
datasets comprising the AFA.

Figure 2. Harmonised workflow to unify terminology on biological invasions across Australian data sources. The unified terminology is 
based on Blackburn et al. (2011) but incorporating the notion of impact to account for the species recorded as invasive in the Australian 
Global Register for Introduced and Invasive Species (GRIIS) following the IUCN’s guidelines. The term ‘introduced’ marked with ⱡ in 
our proposed workflow does not refer strictly to ‘casual’ alien species but has been used instead when information on naturalisation was 
not available in a specific census. The terms ‘casual’ and ‘invasive’ appear in grey as there is currently not available information across the 
Australian data sources to categorise species within these categories.

https://github.com/MartinFores/AFA
https://github.com/MartinFores/AFA
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In a subsequent step, the script combines the information provided at the 
state level into a national invasion status and compares it with that provided in 
GRIIS. The script then detects mismatches at the national level and subsequently 
address them by combining contrasting statuses into a unified national status (see 
next sections for details); see Martín-Forés et al. 2023a,b for details on the script 
designed to detect mismatches in invasion status at the state and territory levels 
in Australia.

Prioritisation procedure to unify invasion status at the Australian state 
level

We developed a prioritisation procedure to address mismatches on invasion sta-
tus at the state level in Australia. When a species was not listed on the APC or was 
recorded on the APC as not present in a given state, we kept the invasion status 
recorded in the state plant census. For species that appeared in both state and 
APC sources but these sources displayed a mismatch in the invasion status, we 
developed a prioritisation procedure following the precautionary principle. Our 
system prioritises, for each taxon in each state, the recorded invasion status that 
has advanced the furthest along the invasion continuum. Naturalised, followed 
by doubtfully naturalised, are prioritised over introduced, formerly naturalised, 
doubtfully introduced and formerly introduced. Any invasion status recorded 
within an alien category for a taxon is prioritised over uncertain origin, and 
those over native statuses, which include, in order of priority, native colonising, 
native potentially colonising, native, and finally presumed extinct (Fig. 3). In 
all component datasets developed at the state level as part of the AFA, we incor-
porated a new column with the unified status for each taxon in each state (See 
Martín-Forés et al. 2023a, b to access all the standardised regional datasets for all 
Australian states).

Figure 3. Prioritisation procedure to assign the most conservative invasion status for a given species in a given Australian state after com-
paring the records in the corresponding state census and in the Australian Plant Census (APC). The status ‘naturalised’ refers to introduced 
species that form unassisted self-sustaining populations. *Indicates that in some cases there is not enough information in the state censuses 
to respond to these questions; therefore, we have assumed that the answer would be no. Darwin Core equivalences with regards to estab-
lishment means (native, introduced and uncertain) are also included.
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Prioritisation procedure to combine invasion statuses at the Australian 
national level

The prioritisation procedure used to assign national status differed from the one used at 
state level (above) as follows: if a taxon was native to at least one state, it was considered 
native to Australia (Fig. 4). If it was not ‘native’ to any state, but native colonising (or 
native potentially colonising), it was considered native colonising at the national scale; 
and if it was not native in any possible form to any state but recorded with uncertain 
origin in at least one state, we kept ‘uncertain origin’. If the taxon had not been record-
ed as native or having uncertain origin in any of the states, then the recorded invasion 
status that had advanced the furthest along the continuum was prioritised as a precau-
tionary measure for addressing potential invasion. Only if the species was not present 
in any state was it then recorded as presumed extinct at the national scale (Fig. 4).

For the species that were alien (in any form) to Australia at the national scale accord-
ing to our workflow and that appeared recorded as ‘invasive’ according to GRIIS, we 
changed their invasion status to ‘harmful invasive’ at the national scale, because GRIIS 
classification is impact-based. When other mismatches were identified (e.g., species that 
are native to at least one Australian state but appeared recorded as introduced or inva-
sive (i.e. harmful invasive) in GRIIS), we kept the information obtained via our script.

Results

The Australian native and alien flora in numbers

According to the AFA, at the national level, there are 30,527 vascular flora species 
in Australia, including native species and alien species that are established out-
side of cultivation. However, because some of these species are only present in 

Figure 4. Prioritisation procedure to assign the national status for a given species after merging the most conservative statuses across all the 
Australian states. The status ‘naturalised’ refers to introduced species that form unassisted self-sustaining populations. The status ‘harmful 
invasive’ was only assigned for the species that, being introduced at the national level, appeared recorded as invasive in the Australian 
GRIIS. *Indicates that in some cases there is not enough information in the state censuses to respond to these questions, therefore we have 
assumed that the answer would be no. Darwin Core equivalences with regards to establishment means (native, introduced and uncertain) 
are also included.
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external territories and nine species did not have any distribution information, 
there are currently a total of 30,287 species listed, from which 3,487 records cor-
respond to alien species that have not been deliberately introduced for gardening 
and ornamental purposes (11.4% of the total number of species). From these alien 
species, 58 species are recorded as introduced (not known to have formed self-sus-
taining populations to date), 3,352 species are recorded as naturalised (able to form 
self-sustaining populations) and 77 as harmful invasive (which accounts for 2.2% 
of the total of alien plants reported here). As mentioned above, there is not enough 
information in the combined data sources to classify Australian taxa as ‘casual’ or 
‘invasive’ per se (sensu Blackburn et al. 2011). There are currently 11 species whose 
origin is uncertain at the national scale, while 21 species were native and have be-
come extinct (presumed extinct) or were introduced and are presumed to have been 
extinct or eradicated (formerly introduced) (Table 2; Suppl. material 1: fig. S1).

The number of alien species across Australian states ranged from 564 in the 
Northern Territory to more than 1,900 in each of New South Wales, Queensland 
and Victoria. However, the percentage of alien species across Australian states, 
ranged from 10% in the Northern Territory and Western Australia to over 38% in 
the Australian Capital Territory (Table 2; Suppl. material 1: fig. S1). Within the 
alien species in each state, the percentage of harmful invasive species for which 
there is evidence of negative impact according to GRIIS, ranged from 2% in Tas-
mania to 4.4% in the Northern Territory (Table 2; Suppl. material 1: fig. S1). 
Beyond state and federal use, these data can also be used to report on the global 
status of Australian biodiversity and to provide indicators of biological invasions.

Table 2. Summary showing the number of species within each group (i.e. native, alien, uncertain origin and other categories), and per-
centage where indicated, regarding invasion status at national and state scales. Alien species at national scale are those for which origin is 
not Australian, whereas at the state level, alien species refer to those that could be native to other Australian territories. For alien species, 
the invasion status (e.g. introduced, naturalised and harmful invasive) has also been specified when known. To facilitate understanding, 
native (any) includes native, native colonising and native potentially colonising; naturalised (any) includes naturalised and doubtfully 
naturalised; introduced (any) includes introduced, doubtfully introduced, and formerly naturalised, assuming that, most likely, there is 
still an introduced individual of such species; other categories include species that are presumed extinct and species that were formerly 
introduced; harmful invasive refers to alien species known to have a negative impact in the native biota. States and main territories have 
been abbreviated (the Australian Capital Territory, ACT; New South Wales, NSW; the Northern Territory, NT; Queensland, QLD; South 
Australia, SA; Tasmania, TAS; Victoria, VIC; Western Australia, WA).

Scale Region Total Native total
Alien total 
(% of total)

Uncertain 
origin

Other 
categories

Alien species

Introduced Naturalised 
Harmful invasive 

(% of alien)

National* Australia 30,557 26,796 3,487 (11.4) 11 22 58 3,352 77 (2.2)

Main territory ACT 2,034 1,245 785 (38.6) 4 0 120 643 22 (2.8)

State NSW 9,248 7,296 1,952 (21.1) 0 0 114 1,777 61 (3.1)

Main territory NT 5,600 5,032 564 (10.1) 4 0 63 476 25 (4.4)

State QLD 11,812 9,904 1,904 (16.1) 0 4 76 1,769 59 (3.1)

State SA 5,686 3,940 1,739 (30.6) 3 4 203 1,487 49 (2.8)

State TAS 3,167 2,181 970 (30.6) 2 14 105 847 18 (1.9)

State VIC 6,018 3,932 1,989 (33.1) 80 17 121 1,819 49 (2.5)

State WA 15,001 13,484 1,505 (10) 0 12 1 1,504 51 (3.3)

*There are 29 species that are included in the database because of appearing on the Australian Plant Census (APC) but they are not recorded in any state or 
external territory. There are also 211 species that are included in the database but only appear in external territories.
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Mismatches across Australian alien flora data sources

To report the mismatches here, we grouped invasion status into higher classes. 
As such, native (any) includes all native, native potentially colonising and native 
colonising taxa; while alien (any) includes all introduced species regardless of their 
invasion status; introduced (any) includes all doubtfully introduced, introduced, 
and formerly naturalised taxa; and naturalised (any) includes all doubtfully natu-
ralised and naturalised taxa. Subsequently, we grouped the mismatches into several 
classes as follow: mismatches within groups, across alien groups (when they differ 
in the invasion status or the degree of establishment reported), and across different 
groups (native vs. alien).

We also identified mismatches related to either taxa presence or origin uncer-
tainty. Finally, the category ‘other mismatches’ referred to taxa that were either not 
listed or were an excluded taxon on the APC, taxa recorded as not present in a giv-
en state or lacking information about invasion status, and taxa that were pro-parte 
or pro-parte misapplied and therefore no accurate equivalence of taxonomy and 
status could be assigned (Fig. 5).

The degree of mismatches at the national scale between the data obtained by our 
script integrating unified statuses across Australian states and GRIIS showed that, 
for all alien species, only four had similar statuses recorded in both data sources. This 
is due to most of the mismatches found (64%) taking place across alien groups (i.e., 
GRIIS does not include records stating naturalised, therefore over 2,000 species that 
are naturalised in the AFA appear recorded as introduced in GRIIS). Also, around 
30% of the mismatches were due to certain species not being listed on GRIIS. There 
were 66 species (2% of the national mismatches) that were recorded as introduced 
according to GRIIS despite being native to at least one Australian state (see Suppl. 
material 1: tables S2, S3 for details). The case of Phragmites australis (Cav.) Trin. 

Figure 5. Percentage of similarity and mismatch between the national and the state scales. States and main territories have been abbrevi-
ated (the Australian Capital Territory, ACT; New South Wales, NSW; the Northern Territory, NT; Queensland, QLD; South Australia, 
SA; Tasmania, TAS; Victoria, VIC; Western Australia, WA). Records were grouped in seven categories of mismatch. Similar: no mismatch 
between data sources. Across groups: mismatches across groups (native vs. alien); Across alien categories: mismatches across alien groups 
that differ in the invasion status or the degree of establishment reported; Within groups: mismatches within groups (e.g. naturalised vs. 
doubtfully naturalised); Presence-related: mismatches because of the taxon not present in one of the data sources; Uncertain-related: mis-
matches because a taxon has uncertain origin in one of the data sources; Not listed, not recorded as present or with misapplied taxonomy 
refers to mismatches when that is the case in one of the data sources.
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Ex Steud. was especially curious as it is native to all Australian states except Western 
Australia but appeared recorded as invasive (harmful invasive) on GRIIS v1.9.

At the state scale, the mismatches detected ranged from 10% in Queensland to 
over 40% for South Australia (Fig. 5; Suppl. material 1: table S2). The fact that 
Queensland had less mismatches is most likely due to the Queensland Herbarium 
using the same terminology as the APC and therefore species falling within similar 
categories. By contrast, the highest percentage was detected in South Australia, a 
state that did not provide precise information about the position along the contin-
uum, and therefore most species could only be assigned to ‘introduced’. However, 
the highest number of severe mismatches (i.e. those across native and alien groups) 
were detected in Victoria and Tasmania, with 281 and 115 mismatches falling in 
this category (Fig. 5; Suppl. material 1: table S2).

Discussion

There are currently more than 13,000 vascular plant species naturalised outside 
their native range in the world (van Kleunen et al. 2015, 2019). While the number 
of high-quality, freely accessible online databases for alien flora at regional scales 
have increased in recent decades, their ultimate value for management actions de-
pends on the feasibility of integrating the information they contain at larger spatial 
scales (Luo et al. 2011; Latombe et al. 2017). Integration is especially important 
when the data sources follow different criteria and has been previously proposed by 
merging global databases (Seebens et al. 2020).

We have created the first harmonised workflow and standardised dataset on 
alien flora in Australia, to assess the inconsistencies among current data sources, 
and to provide an updated state-of-the-art checklist of non-deliberate plant inva-
sions across Australia. Having a free, easy-to-update Alien Flora of Australia (AFA) 
standardised dataset at the national scale that combines all up-to-date Australian 
state and national vascular plant censuses, offers a valuable research infrastructure. 
This national infrastructure creates cost-effective new opportunities to study bio-
logical invasions at the continental scale at a speed and performance appropriate 
for a broad range of stakeholders ranging from state and national government 
entities in Australia, both the national and international scientific community, to 
biosecurity committees, land managers, and society in general.

We would like to clarify that this integration exercise provides a reflection of the 
diverse information existing in Australia. We have developed tools to be able to com-
bine contrasting information, but we have not classified taxa differently to those 
in the original records on Australian plant censuses. From our point of view, mis-
matches on invasion statuses within alien groups (e.g. naturalised vs. doubtfully nat-
uralised) are unlikely to be very problematic for management purposes. Nevertheless, 
mismatches across groups (e.g. introduced vs. naturalised) fail to provide accurate in-
formation along the invasion continuum, thereby hampering development of bios-
ecurity strategies and prioritisation for invasion management or eradication. Finally, 
mismatches across different groups (e.g. native vs. naturalised) provide contradictory 
information and pose the highest risk to management and conservation because an 
alien species could be considered as native and managed as such or vice versa.

Due to the high percentage of mismatches detected regarding terminology and 
classification, we encourage Australian herbaria to adopt a unified scheme in the 
way they provide information in the state plant censuses. Ideally, the scheme they 
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adopt should provide information on the stage of the plant taxon along the intro-
duction-naturalisation-invasion continuum based on overcoming ecological bar-
riers. We recommend herbaria to follow Blackburn et al. (2011) when classifying 
plant taxa because it splits the classification along the continuum in easily recognis-
able stages. Schemes with intermediate stages such as Darwin Core can be risky to 
implement, due to the time lag existing between a species moving along consecu-
tive phases of the "continuum" and human detection (e.g. a plant could have been 
detected as reproducing when it is already naturalised). Too many intermediate 
phases in the "continuum" can jeopardise the certainty of a taxon being correctly 
classified in one stage but not in the next one (Essl et al. 2011; Rouget et al. 2016).

We also advise limiting the use of the term ‘invasive’ to refer to naturalised 
species that spread and reproduce at multiple sites (e.g. Blackburn et al. 2011; Fig. 
1c) and use instead ‘harmful invasive’ to refer to invasive taxa with negative im-
pacts (Essl et al. 2020). We understand the terminology proposed here differs from 
international regulations such as CBD or IUCN; hence, we invite international 
bodies to realign their terminology by replacing the term ‘invasive’ with ‘harmful 
invasive’ when harmful impact is implied. In line with this, if impact status was re-
quired to be reported for a given application, complementary steps in future could 
include assessing the environmental and socioeconomic impacts of alien taxa fol-
lowing the EICAT (Environmental impact classification for alien taxa; Hawkins et 
al. 2015) and SEICAT (Socio‐economic impact classification of alien taxa; Bacher 
et al. 2018) frameworks, respectively. These frameworks have been adopted by the 
IUCN to rank introduced species by the magnitude of their potential impacts 
(Wallingford et al. 2020) and could be used to inform and address impact in Aus-
tralia (see Box 1 for further discussion regarding the use of ‘invasive’).

At the end of the present study, we engaged with GRIIS to discuss potential 
causes and consequences of mismatches in the respective databases. We shared our 
dataset and findings so that the species lists reported in the Suppl. material 1 could 
be assessed prior to the release of the new GRIIS version. In the upcoming GRIIS 

Box 1. Further discussion on the definition and use of the term ‘invasive’.

Invasion frameworks such as Blackburn’s (Blackburn et al. 2011), where the definition of invasive is proposed from a perspective of the barriers that 
a species has overcome, are more of a theoretical concept. However, application of this approach can pose practical difficulties in determining when a 
naturalised species has reached ‘a significant distance’ away from the introduction point to be considered invasive.

By contrast, frameworks such as IUCN and CBD, do not illustrate the barriers overcome by alien species and classify them as ‘invasive’ when impact 
is evident.

In this sense, we would like to highlight that not all naturalised and invasive species sensu Blackburn et al. (2011) have harmful impacts. There are invasive 
species for which there is no evidence to consider them harmful. Indeed, an alternative framework to the EICAT (Environmental impact classification 
for alien taxa; Hawkins et al. 2015), namely EICAT+ (Vimercati et al. 2022) has been created in order to assess beneficial impacts of alien taxa.

It is not our intention to discourage the use of ‘invasive’; on the contrary, we use the term here to refer to the spread and dispersal of alien taxa 
within the introduced range, as proposed by Blackburn et al. (2011). However, as there is currently no information regarding spread available on the 
Australian censuses, we could not classify the species as simply ‘invasive’. Due to this limitation, we changed the terminology to ‘harmful invasive’ as 
suggested by Essl et al. (2020), to consider for both frameworks, Blackburn’s and the IUCN’s.

Perhaps ‘harmful alien’ would be a more accurate term than ‘harmful invasive’, to avoid any automatic association between species impact and 
invasiveness, as it is known that small casual populations can still exert a negative impact. The question of impact (negative or positive) could therefore 
be scored on its own axis, independently from population size and spread.

We hope that the mismatches in definitions and records of invasion status for vascular plants highlighted here help in reaching a consensus in the 
terminology used both within the scientific community and by policy makers. Towards this end, after the new version of GRIIS is released and after 
conducting a workshop with relevant Australian authorities in invasion and biosecurity, we would review our own terminology used in the Alien Flora 
of Australia (AFA; Martín-Forés et al. 2023a,b) and provide new details on any consensus reached in the metadata.
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version (to be released soon), a classification category labelled ‘native-alien’ will 
be included to refer to species native to a certain area but naturalised somewhere 
else. Species classified as ‘native-alien’ could therefore be simultaneously tagged as 
harmful invasive to refer to impact in the areas in which are introduced. Classifica-
tion for certain species appearing on GRIIS v1.9 will therefore be modified in the 
new GRIIS version. In this sense, we will keep combining efforts and collaborating 
with GRIIS to deliver harmonised information across Australia. As part of this, 
once the new GRIIS is publicly available, we will adapt our script and publish an 
updated version of the AFA dataset. Hence, we encourage users to check for up-
dates on Figshare (Martín-Forés et al. 2023b; doi: 10.6084/m9.figshare.23513478) 
and always use the latest available versions of the script and dataset.

Implications and applications of the AFA

One of the strengths of the AFA, is that the information for each plant species is 
easily comparable among all Australian states and at the national scale, with new 
opportunities arising from its use. While the division between federal and state 
levels makes sense in terms of local adaptability and expertise, effective communi-
cation and collaboration between the two policy levels are crucial. National strate-
gies and policies can help ensure a coordinated and cohesive approach to invasive 
species management, addressing both local and broader concerns. At the same 
time, a decentralised system allows for adaptability and the opportunity for state 
agencies to create additional regulations and trigger rapid responses to emerging 
or pressing threats. In this sense, this harmonised dataset at the national scale is 
robust, as it allows developing federal strategies whilst simultaneously maintaining 
the information relevant for each jurisdiction.

As a result of the division in biosecurity legislation between federal and state 
levels, there are complicated cases of species being native to certain areas of Aus-
tralia but introduced in others where they cause known negative impact and are 
therefore listed as weeds. For example, Pittosporum undulatum, or sweet pittos-
porum, is native to coastal areas of southern Queensland, New South Wales and 
certain regions of Victoria. However, it is a declared weed in South Australia, and 
listed as a common environmental weed in Tasmania and Western Australia. Due 
to expansion in its area of distribution, P. undulatum has been labelled as an envi-
ronmental weed outside its natural range in Victoria and New South Wales, which 
gave rise to debate due to potential undesired associated effects (Howell 2003). 
Cases like this can benefit from overarching federal legislation and coordinated 
efforts among state agencies to ensure successful outcomes in every jurisdiction. A 
more notorious example is the case of Bromus diandrus, species original to Mediter-
ranean Europe which is naturalised in all Australian states (doubtfully naturalised 
in the Northern Territory). Bromus diandrus poses a serious concern as a widespread 
grass weed having a detrimental impact on crop yield in Western Australia, where 
it is a declared weed being managed. South Australia, the adjacent state, shares a 
Mediterranean-type climate with Western Australia. Despite B. diandrus also being 
naturalised in South Australia, the species has not been declared as a weed in this 
state. This could potentially contribute to further dispersion into Western Australia, 
therefore hindering management efforts currently taking place in Western Austra-
lia. Cases like brome grass (Bromus sp.) that have successfully naturalised in almost 
the totality of continental Australia could benefit from a unified national strategy.



77NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

To date, only 32 plant species that are likely to become harmful invaders have 
been incorporated into the Weeds of National Significance (WoNS) (Thorp and 
Lynch 2000). Once an alien plant species is declared as a WoNS, a national man-
agement plan outlining strategies for controlling and managing its spread is de-
veloped, typically involving federal and state governments and local authorities. 
Therefore, to date, National Environmental Biosecurity Response Agreements 
(NEBRA 2021) have only been developed for these 32 WoNS. We hope that the 
AFA resulting from this integration exercise assists predicting invasions trends and 
identifying alien plant species introduced to Australia that are already naturalised 
in several states. For example, there are 77 alien species that are recorded as natu-
ralised in all Australian states (see Suppl. material 1: table S4); of which, only Lyci-
um ferocissimum Miers is currently considered a WoNS and is included on GRIIS 
as a harmful invasive. Even though distribution across several states can be a result 
of multiple introduction events (Koontz et al. 2018), we could expect a species that 
is already naturalised across multiple regions in Australia to potentially become 
problematic. Species that are already recorded as naturalised in several states and 
that are known to have had negative impacts in other areas worldwide should be 
rapidly assessed for inclusion in both GRIIS and WoNS.

In a similar manner, alien plant species that are currently doubtfully introduced 
or introduced in only one state, could be the target of eradication efforts (Re-
jmánek and Pitcairn 2002), with funding allocated to the relevant state, to prevent 
further naturalisation and potential expansion into other Australian states.

Native plant species that are naturalised in other areas within the state to which 
they are native (i.e., recorded in the AFA at national scale as native colonising or 
native potentially colonising), could be associated with effects not only within 
their own region of origin but also in other states in which they might appear as 
introduced or naturalised. These range-expanding native species require specific 
attention (Essl et al. 2019). There are currently 103 species in the category of na-
tive colonising; from these, 41 species are also introduced or naturalised in other 
Australian states (see Suppl. material 1: table S5 for details). This information 
should be an important consideration for land managers, and when designing 
conservation strategies. Monitoring those 41 species could also be implemented 
as part of internal biosecurity procedures in Australia to ensure that these species, 
despite being native, do not pose any harm to other Australian biodiversity (Wall-
ingford et al. 2020) or international invasion risks if material is exported. It would 
be especially useful to monitor and model trends for those species under climate 
change (Hulme 2017). For those species expected to shift ranges under increasing 
temperatures or rainfall redistribution, this information would be crucial to ap-
ply pre-emptive management procedures. In a similar manner, the AFA can help 
identifying potential native species for which their spread into new areas through 
climate tracking may not be undesirable if it prevents them from being at risk 
of extinction.

In closing, we highlight that the information provided here on plant invasions 
in Australia can be easily updated in the future with upcoming releases of the 
APC and state censuses. The script we created to develop the AFA (Martín-Forés 
et al. 2023a, b; https://github.com/MartinFores/AFA) can be used at any time to 
automatise this process in the future. Such updates may be especially useful when 
combined with occurrence data in order to monitor alien flora across Australia 
under global change, as certain alien taxa are predicted to expand (Dullinger et al. 

https://github.com/MartinFores/AFA
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2017) or contract (Pouteau et al. 2021) their distribution ranges, whereas others 
can shift their distribution to track optimal environmental conditions in contigu-
ous states.

Our script and approach can be adapted and applied to similar situations in 
other federally managed countries in which idiosyncrasies in the classification of 
alien species arise among jurisdictions. To do so, the appropriate data curation 
steps would need to be adapted to the way information is displayed in each of the 
data sources of a given country. Taxonomy matching could be easily done via the 
Global Biodiversity Information Facility (GBIF) taxonomic backbone and World 
Flora Online, with both options currently included within our script. Afterwards, 
prioritisation procedures can be implemented with the same functions we created.

Acknowledgements

We acknowledge the TERN Ecosystem Surveillance as well as support by the Aus-
tralian Government through the National Collaborative Research Infrastructure 
Strategy. We thank Dr Kerry Gibbons and Dr Hannah McPherson from the Royal 
Botanic Gardens for providing the 2022 plant census of NSW, and Julia Per-
cy-Bower and Cheryl Parker from the Western Australian Herbarium for collating 
the alien census of WA from FloraBase and sharing it with us. We are grateful as 
well for the help provided by Anne Fuchs and Julia Inez Bignall regarding the 
boolean flags in the APC dataset, and for insight in the application of the Darwin 
Core vocabulary in VicFlora provided by Niels Klazenga. We also thank Louis 
Elliott, Gillian Brown, and Ben Richardson for valuable conversations about the 
censuses of the Northern Territory, Queensland and Western Australia, respective-
ly. We also acknowledge the Herbarium Information Systems Committee (HIS-
COM) for valuable feedback to improve the standardisation process to create the 
Alien Flora of Australia (AFA) dataset. We would like to thank Cameron Slatyer 
from CSIRO and the Atlas of Living Australia, and Shyama Pagad, Deputy Chair- 
Information. IUCN SSC Invasive Species Specialist Group (ISSG) and point of 
contact for the Australian GRIIS for supportive communication with us during 
the process. Likewise, I am very grateful for insightful conversations on the topic 
with Philip Hulme, Phill Cassey, John Virtue and Andrew Lowe. Finally, we would 
like to acknowledge two anonymous reviewers and Dr Maud Bernard-Verdier, 
Editor of Neobiota for their valuable suggestions that have considerably improved 
this paper.

Additional information
Conflict of interest
The authors have declared that no competing interests exist.

Ethical statement
No ethical statement was reported.

Funding
We acknowledge the TERN Ecosystem Surveillance as well as support by the Australian Government 
through the National Collaborative Research Infrastructure Strategy. AP funded by ANID/BASAL 
FB210006.



79NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

Author contributions
I.M.F conceived the idea; I.M.F and D.L. contacted the corresponding state authorities to obtain 
up-to-date censuses and clarify classifications in each state and discussed the validation with the HIS-
COM members; I.M.F. analysed the trends from the Alien Flora of Australia (AFA) dataset; I.M.F. 
led the writing of the manuscript. All coauthors provided insightful advice, valuable feedback on the 
manuscript and agreed to submit the final version of the manuscript.

Author ORCIDs
Irene Martín-Forés  https://orcid.org/0000-0003-3627-0347
Greg R. Guerin  https://orcid.org/0000-0002-2104-6695
Donna Lewis  https://orcid.org/0000-0002-4680-8115
Rachael V. Gallagher  https://orcid.org/0000-0000-0000-0000
Montserrat Vilà  https://orcid.org/0000-0003-3171-8261
Jane A. Catford  https://orcid.org/0000-0003-0582-5960
Aníbal Pauchard  https://orcid.org/0000-0003-1284-3163
Ben Sparrow  https://orcid.org/0000-0003-2566-1895

Data availability
The data underpinning the analysis reported in this paper are deposited in the Figshare Data Re-
pository at doi: 10.6084/m9.figshare.23513478. Similarly, the R scripts underpinning the analysis 
reported in this paper are deposited on GitHub at https://github.com/MartinFores/AFA.

References

Australian Plant Census (2022) IBIS database, Centre for Australian National Biodiversity Research, 
Council of Heads of Australasian Herbaria. https://biodiversity.org.au/nsl/services/export/index 
[accessed May 2022]

Bacher S, Blackburn TM, Essl F, Genovesi P, Heikkilä J, Jeschke JM, Jones G, Keller R, Kenis M, 
Kueffer C, Martinou AF, Nentwig W, Pergl J, Pyšek P, Rabitsch W, Richardson DM, Roy HE, 
Saul WC, Scalera R, Vilà M, Wilson JRU, Kumschick S (2018) Socio‐economic impact classi-
fication of alien taxa (SEICAT). Methods in Ecology and Evolution 9(1): 159–168. https://doi.
org/10.1111/2041-210X.12844

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jarošík V, Wilson JRU, Richardson DM 
(2011) A proposed unified framework for biological invasions. Trends in Ecology & Evolution 
26(7): 333–339. https://doi.org/10.1016/j.tree.2011.03.023

Catford JA, Baumgartner JB, Vesk PA, White M, Buckley YM, McCarthy MA (2016) Disentangling 
the four demographic dimensions of species invasiveness. Journal of Ecology 104(6): 1745–1758. 
https://doi.org/10.1111/1365-2745.12627

Colautti RI, Richardson DM (2009) Subjectivity and flexibility in invasion terminology: Too much 
of a good thing? Biological Invasions 11(6): 1225–1229. https://doi.org/10.1007/s10530-008-
9333-z

CSIRO (2020) Australia’s Biosecurity Future: Unlocking the next decade of resilience 2020–2030. Mel-
bourne, Victoria, Australia. Csiro: EP206614. http://hdl.handle.net/102.100.100/445389?index=1

Daly EZ, Chabrerie O, Massol F, Facon B, Hess MC, Tasiemski A, Grandjean F, Chauvat M, Viard F, 
Forey R, Folcher L, Buisson E, Boivin T, Baltora-Rosset S, Ulmer R, Gibert P, Thiébaut G, Pantel 
JH, Heger T, Richardson DM, Renault D (2023) A synthesis of biological invasion hypotheses 
associated with the introduction–naturalisation–invasion continuum. Oikos 09645(5): e09645. 
https://doi.org/10.1111/oik.09645

Darwin Core Maintenance Group (2021a) Darwin Core Maintenance Group. https://dwc.tdwg.org/

https://orcid.org/0000-0003-3627-0347
https://orcid.org/0000-0002-2104-6695
https://orcid.org/0000-0002-4680-8115
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0003-3171-8261
https://orcid.org/0000-0003-0582-5960
https://orcid.org/0000-0003-1284-3163
https://orcid.org/0000-0003-2566-1895
https://github.com/MartinFores/AFA
https://biodiversity.org.au/nsl/services/export/index
https://doi.org/10.1111/2041-210X.12844
https://doi.org/10.1111/2041-210X.12844
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.1111/1365-2745.12627
https://doi.org/10.1007/s10530-008-9333-z
https://doi.org/10.1007/s10530-008-9333-z
http://hdl.handle.net/102.100.100/445389?index=1
https://doi.org/10.1111/oik.09645
https://dwc.tdwg.org/


80NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

Darwin Core Maintenance Group (2021b) Establishment Means Controlled Vocabulary List of 
Terms. Biodiversity Information Standards (TDWG). http://rs.tdwg.org/dwc/doc/em/2021-09-01

Darwin Core Maintenance Group (2021c) Degree of Establishment Controlled Vocabulary List of 
Terms. Biodiversity Information Standards (TDWG). http://rs.tdwg.org/dwc/doc/doe/2021-09-01

de Salas MF, Baker ML (2022) Census of the Vascular Plants of Tasmania, including Macquarie 
Island. https://flora.tmag.tas.gov.au/resources/census/ [accessed November 2022]

Department for Environment and Water (2022) Biological Databases of South Australia (BDBSA) 
Vascular Plant BDBSA Taxonomy. https://data.environment.sa.gov.au/Content/Publications/
vascular-plants-bdbsa-taxonomy.xlsx [accessed August 2022]

Dullinger I, Wessely J, Bossdorf O, Dawson W, Essl F, Gattringer A, Klonner G, Kreft H, Kuttner 
M, Moser D, Pergl J, Pyšek P, Thuiller W, van Kleunen M, Weigelt P, Winter M, Dullinger S 
(2017) Climate change will increase the naturalization risk from garden plants in Europe. Global 
Ecology and Biogeography 26(1): 43–53. https://doi.org/10.1111/geb.12512

Essl F, Dullinger S, Rabitsch W, Hulme PE, Hülber K, Jarošík V, Kleinbauer I, Krausmann F, Kühn 
I, Nentwig W, Vilà M, Genovesi P, Gherardi F, Desprez-Loustau ML, Roques A, Pyšek P (2011) 
Socioeconomic legacy yields an invasion debt. Proceedings of the National Academy of Sciences 
of the United States of America 108(1): 203–207. https://doi.org/10.1073/pnas.1011728108

Essl F, Dullinger S, Genovesi P, Hulme PE, Jeschke JM, Katsanevakis S, Kühn I, Lenzner B, Pauchard 
A, Pyšek P, Rabitsch W, Richardson DM, Seebens H, van Kleunen M, van der Putten WH, 
Vilà M, Bacher S (2019) A conceptual framework for range-expanding species that track hu-
man-induced environmental change. Bioscience 11(11): 908–919. https://doi.org/10.1093/bios-
ci/biz101

Essl F, Latombe G, Lenzner B, Pagad S, Seebens H, Smith K, Wilson JRU, Genovesi P (2020) 
The Convention on Biological Diversity (CBD)’s Post-2020 target on invasive alien species–
what should it include and how should it be monitored? NeoBiota 62: 99–121. https://doi.
org/10.3897/neobiota.62.53972

Fristoe TS, Chytrý M, Dawson W, Essl F, Heleno R, Kreft H, Maurel N, Pergl J, Pyšek P, Seebens 
H, Weigelt P, Vargas P, Yang Q, Attorre F, Bergmeier E, Bernhardt-Römermann M, Biurrun I, 
Boch S, Bonari G, Botta-Dukát Z, Bruun HH, Byun C, Čarni A, Carranza ML, Catford JA, 
Cerabolini BEL, Chacón-Madrigal E, Ciccarelli D, Ćušterevska R, de Ronde I, Dengler J, Golub 
V, Haveman R, Hough-Snee N, Jandt U, Jansen F, Kuzemko A, Küzmič F, Lenoir J, Macanović A, 
Marcenò C, Martin AR, Michaletz ST, Mori AS, Niinemets Ü, Peterka T, Pielech R, Rašomaviči-
us V, Rūsiņa S, Dias AS, Šibíková M, Šilc U, Stanisci A, Jansen S, Svenning JC, Swacha G, van der 
Plas F, Vassilev K, van Kleunen M (2021) Dimensions of invasiveness: Links between local abun-
dance, geographic range size, and habitat breadth in Europe’s alien and native floras. Proceedings 
of the National Academy of Sciences of the United States of America 118(22): e2021173118. 
https://doi.org/10.1073/pnas.2021173118

Gallagher RV, Allen S, Mackenzie BD, Yates CJ, Gosper CR, Keith DA, Merow C, White MD, 
Wenk E, Maitner BS, He K, Adams VM, Auld TD (2021) High fire frequency and the impact of 
the 2019–2020 megafires on Australian plant diversity. Diversity & Distributions 27(7): 1166–
1179. https://doi.org/10.1111/ddi.13265

Guiașu RC (2016) The Troublesome Matter of Subjective Definitions. In: Guiașu RC 
(Ed.) Non-native Species and Their Role in the Environment. Brill, 8–37. https://doi.
org/10.1163/9789047426134_003

Hawkins CL, Bacher S, Essl F, Hulme PE, Jeschke JM, Kühn I, Kumschick S, Nentwig W, Pergl J, 
Pyšek P, Rabitsch W, Richardson DM, Vilà M, Wilson JRU, Genovesi P, Blackburn TM (2015) 
Framework and guidelines for implementing the proposed IUCN environmental impact clas-
sification for alien taxa (EICAT). Diversity & Distributions 21(11): 1360–1363. https://doi.
org/10.1111/ddi.12379

http://rs.tdwg.org/dwc/doc/em/2021-09-01
http://rs.tdwg.org/dwc/doc/doe/2021-09-01
https://flora.tmag.tas.gov.au/resources/census/
https://data.environment.sa.gov.au/Content/Publications/vascular-plants-bdbsa-taxonomy.xlsx
https://data.environment.sa.gov.au/Content/Publications/vascular-plants-bdbsa-taxonomy.xlsx
https://doi.org/10.1111/geb.12512
https://doi.org/10.1073/pnas.1011728108
https://doi.org/10.1093/biosci/biz101
https://doi.org/10.1093/biosci/biz101
https://doi.org/10.3897/neobiota.62.53972
https://doi.org/10.3897/neobiota.62.53972
https://doi.org/10.1073/pnas.2021173118
https://doi.org/10.1111/ddi.13265
https://doi.org/10.1163/9789047426134_003
https://doi.org/10.1163/9789047426134_003
https://doi.org/10.1111/ddi.12379
https://doi.org/10.1111/ddi.12379


81NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

Howell J (2003) Pittosporum undulatum as a case study for native species that change range–how to 
avoid inappropriate responses. Cunninghamia 8: 153–155.

Hulme PE (2017) Climate change and biological invasions: Evidence, expectations, and response 
options. Biological Reviews of the Cambridge Philosophical Society 92(3): 1297–1313. https://
doi.org/10.1111/brv.12282

Hulme PE, Roy DB, Cunha T, Larsson TB (2009) A pan-European inventory of alien species: ratio-
nale, implementation and implications for managing biological invasions. In: Hulme P, Netwig 
W, Pysek P, Vilà M (Eds) Handbook of alien species in Europe. Springer, Berlin, 14 pp. https://
doi.org/10.1007/978-1-4020-8280-1_1

Koontz MJ, Oldfather MF, Melbourne BA, Hufbauer RA (2018) Parsing propagule pressure: Num-
ber, not size, of introductions drives colonization success in a novel environment. Ecology and 
Evolution 8(16): 8043–8054. https://doi.org/10.1002/ece3.4226

Laidlaw MJ (2022) Census of the Queensland flora and fungi 2022: Vascular Plants (Print). 
Queensland Department of Environment and Science, Queensland Government. www.data.qld.
gov.au/dataset/census-of-the-queensland-flora-fand-fungi-2022 [accessed May 2023]

Latombe G, Pyšek P, Jeschke JM, Blackburn TM, Bacher S, Capinha C, Costello MJ, Fernández 
M, Gregory RD, Hobern D, Hui C, Jetz W, Kumschick S, McGrannachan C, Pergl J, Roy HE, 
Scalera R, Squires ZE, Wilson JRU, Winter M, McGeoch MA (2017) A vision for global moni-
toring of biological invasions. Biological Conservation 213: 295–308. https://doi.org/10.1016/j.
biocon.2016.06.013

Le Roux JJ, Leishman MR, Cinantya AP, Gufu GD, Hirsch H, Keet JH, Manea A, Saul WC, Tabas-
sum S, Warrington S, Yannelli FA, Ossola A (2020) Plant biodiversity in the face of global change. 
Current Biology 30(9): R390–R391. https://doi.org/10.1016/j.cub.2020.02.066

Lepschi BJ, Cargill DC, Albrecht DE, Monro AM (2019) Census of the Flora of the Australian Cap-
ital Territory. Version 4.1 (30 August 2019). Canberra, ACT, Australia. https://www.cpbr.gov.au/
cpbr/ACT-census/vascular-gen-alpha.html [accessed August 2022]

Luo Y, Ogle K, Tucker C, Fei S, Gao C, LaDeau S, Clark JS, Schimel DS (2011) Ecological forecast-
ing and data assimilation in a data‐rich era. Ecological Applications 21(5): 1429–1442. https://
doi.org/10.1890/09-1275.1

Martín-Forés I, Guerin GR, Lewis D, Gallagher RV, Vilà M, Catford JA, Pauchard A, Sparrow B 
(2023a) The Alien Flora of Australia (AFA), a unified Australian national dataset on plant inva-
sion. Scientific Data 10(1): 834. https://doi.org/10.1038/s41597-023-02746-3

Martín-Forés I, Guerin GR, Lewis D, Gallagher RV, Vilà M, Catford JA, Pauchard A, Sparrow B 
(2023b) The Alien Flora of Australia (AFA), a unified Australian national dataset on plant inva-
sion (Datasets and R script). Figshare. https://doi.org/10.1038/s41597-023-02746-3

National Environmental Biosecurity Response Agreement [NEBRA] (2021) Australian Federal Gov-
ernment. Department of Agriculture, Fisheries and Forestry.

Northern Territory Herbarium (2015) FloraNT Northern Territory Flora Online. Department of 
Land Resource Management. http://eflora.nt.gov.au [accessed August 2022 (version from 2021)]

Pagad S, Genovesi P, Carnevali L, Scalera R, Clout M (2015) IUCN SSC Invasive Species Specialist 
Group: Invasive alien species information management supporting practitioners, policy makers 
and decision takers. Management of Biological Invasions : International Journal of Applied Re-
search on Biological Invasions 6(2): 127–135. https://doi.org/10.3391/mbi.2015.6.2.03

Pagad S, Genovesi P, Carnevali L, Schigel D, McGeoch MA (2018) Introducing the global regis-
ter of introduced and invasive species. Scientific Data 5(1): 1–12. https://doi.org/10.1038/sda-
ta.2017.202

Pagad S, Bisset S, Genovesi P, Groom Q, Hirsch T, Jetz W, Ranipeta A, Schigel D, Sica YV, McGeoch 
MA (2022) Country compendium of the global register of introduced and invasive species. Scien-
tific Data 9: 391. https://doi.org/10.1038/s41597-022-01514-z

https://doi.org/10.1111/brv.12282
https://doi.org/10.1111/brv.12282
https://doi.org/10.1007/978-1-4020-8280-1_1
https://doi.org/10.1007/978-1-4020-8280-1_1
https://doi.org/10.1002/ece3.4226
https://doi.org/10.1016/j.biocon.2016.06.013
https://doi.org/10.1016/j.biocon.2016.06.013
https://doi.org/10.1016/j.cub.2020.02.066
https://www.cpbr.gov.au/cpbr/ACT-census/vascular-gen-alpha.html
https://www.cpbr.gov.au/cpbr/ACT-census/vascular-gen-alpha.html
https://doi.org/10.1890/09-1275.1
https://doi.org/10.1890/09-1275.1
https://doi.org/10.1038/s41597-023-02746-3
https://doi.org/10.1038/s41597-023-02746-3
http://eflora.nt.gov.au
https://doi.org/10.3391/mbi.2015.6.2.03
https://doi.org/10.1038/sdata.2017.202
https://doi.org/10.1038/sdata.2017.202
https://doi.org/10.1038/s41597-022-01514-z


82NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

PlantNET (2022) The NSW Plant Information Network System. Royal Botanic Gardens and Domain 
Trust, Sydney. https://plantnet.rbgsyd.nsw.gov.au [plant census dataset obtained in June 2022]

Pouteau R, Biurrun I, Brunel C, Chytrý M, Dawson W, Essl F, Fristoe T, Haveman R, Hobohm C, 
Jansen F, Kreft H, Lenoir J, Lenzner B, Meyer C, Moeslund JE, Pergl J, Pyšek P, Svenning JC, 
Thuiller W, Weigelt P, Wohlgemuth T, Yang Q, van Kleunen M (2021) Potential alien ranges 
of European plants will shrink in the future, but less so for already naturalized than for not 
yet naturalized species. Diversity & Distributions 27(11): 2063–2076. https://doi.org/10.1111/
ddi.13378

Pyšek P, Hulme PE, Meyerson LA, Smith GF, Boatwright JS, Crouch NR, Figueiredo E, Foxcroft 
LC, Jarošík V, Richardson DM, Suda J, Wilson JRU (2013) Hitting the right target: Taxonomic 
challenges for, and of, plant invasions. AoB Plants 5(0): plt042. https://doi.org/10.1093/aobpla/
plt042

Randall J, McDonald J, Wong LJ, Pagad S (2022) Global Register of Introduced and Invasive Species 
– Australia. V1.9. Invasive Species Specialist Group ISSG. Dataset/Checklist. https://cloud.gbif.
org/griis/resource?r=griis-australia&v=1.9

Rejmánek M, Pitcairn MJ (2002) When is eradication of exotic pest plants a realistic goal. In: Veitch 
CR, Clout MN (Eds) Turning the tide: the eradication of invasive species. IUCN SSC Invasive 
Species Specialist Group. IUCN, Gland, Switzerland and Cambridge, UK, 249–253.

Richardson DM, Pyšek P, Rejmanek M, Barbour MG, Panetta FD, West CJ (2000) Naturalization 
and invasion of alien plants: Concepts and definitions. Diversity & Distributions 6(2): 93–107. 
https://doi.org/10.1046/j.1472-4642.2000.00083.x

Rouget M, Robertson MP, Wilson JR, Hui C, Essl F, Renteria JL, Richardson DM (2016) Invasion 
debt–quantifying future biological invasions. Diversity & Distributions 22(4): 445–456. https://
doi.org/10.1111/ddi.12408

Seebens H, Clarke DA, Groom Q, Wilson JR, García-Berthou E, Kühn I, Roigé M, Pagad S, Essl 
F, Vicente J, Winter M, McGeoch M (2020) A workflow for standardising and integrating alien 
species distribution data. NeoBiota 59: 39–59. https://doi.org/10.3897/neobiota.59.53578

Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F, Galil B, 
García-Berthou E, Pascal M, Pyšek P, Sousa R, Tabacchi E, Vilà M (2013) Impacts of biologi-
cal invasions: What’s what and the way forward. Trends in Ecology & Evolution 28(1): 58–66. 
https://doi.org/10.1016/j.tree.2012.07.013

Thorp JR, Lynch R (2000) The Determination of weeds of national significance. Commonwealth 
of Australia & National Weeds Strategy Executive Committee, Launceston, Tasmania, 234 pp.

United Nations (1992) Convention on biological diversity. Treaty Collection.
van Kleunen M, Dawson W, Essl F, Pergl J, Winter M, Weber E, Kreft H, Weigelt P, Kartesz J, 

Nishino M, Antonova LA, Barcelona JF, Cabezas FJ, Cardenas D, Cardenas-Toro J, Castano N, 
Chacon E, Chatelain C, Ebel AL, Figueiredo E, Fuentes N, Groom QJ, Henderson L, Inderjit, 
Kupriyanov A, Masciadri S, Meerman J, Morozova O, Moser D, Nickrent DL, Patzelt A, Pelser 
PB, Baptiste MP, Poopath M, Schulze M, Seebens H, Shu W, Thomas J, Velayos M, Wieringa 
JJ, Pyšek P (2015) Global exchange and accumulation of non-native plants. Nature 525(7567): 
100–103. https://doi.org/10.1038/nature14910

van Kleunen M, Pyšek P, Dawson W, Kreft H, Pergl J, Weigelt P, Stein A, Dullinger S, König C, 
Lenzner B, Maurel N, Moser D, Seebens H, Kartesz J, Nishino M, Aleksanyan A, Ansong M, 
Antonova LA, Barcelona JF, Breckle SW, Brundu G, Cabezas FJ, Cárdenas D, Cárdenas-Toro J, 
Castaño N, Chacón E, Chatelain C, Conn B, de Sá Dechoum M, Dufour-Dror JM, Ebel AL, 
Figueiredo E, Fragman-Sapir O, Fuentes N, Groom QJ, Henderson L (2019) The global natural-
ized alien flora (GloNAF) database. Ecology 100(1): e02542. https://doi.org/10.1002/ecy.2542

VicFlora (2023) Flora of Victoria, Royal Botanic Gardens Victoria. https://vicflora.rbg.vic.gov.au 
[accessed February 2023]

https://plantnet.rbgsyd.nsw.gov.au
https://doi.org/10.1111/ddi.13378
https://doi.org/10.1111/ddi.13378
https://doi.org/10.1093/aobpla/plt042
https://doi.org/10.1093/aobpla/plt042
https://cloud.gbif.org/griis/resource?r=griis-australia&v=1.9
https://cloud.gbif.org/griis/resource?r=griis-australia&v=1.9
https://doi.org/10.1046/j.1472-4642.2000.00083.x
https://doi.org/10.1111/ddi.12408
https://doi.org/10.1111/ddi.12408
https://doi.org/10.3897/neobiota.59.53578
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1038/nature14910
https://doi.org/10.1002/ecy.2542
https://vicflora.rbg.vic.gov.au


83NeoBiota 92: 61–83 (2024), DOI: 10.3897/neobiota.92.113013

Irene Martín-Forés et al.: Integration and harmonisation of information on plant invasions across Australia

Vimercati G, Probert AF, Volery L, Bernardo-Madrid R, Bertolino S, Céspedes V, Essl F, Evans T, 
Gallardo B, Gallien L, González-Moreno P, Grange MC, Hui C, Jeschke JM, Katsanevakis S, 
Kühn I, Kumschick S, Pergl J, Pyšek P, Rieseberg L, Robinson TB, Saul WC, Sorte JCB, Vilà M, 
Wilson JRU, Bacher S (2022) The EICAT+ framework enables classification of positive impacts 
of alien taxa on native biodiversity. PLOS Biology 20(8): e3001729. https://doi.org/10.1371/
journal.pbio.3001729

Wallingford PD, Morelli TL, Allen JM, Beaury EM, Blumenthal DM, Bradley BA, Dukes JS, Early 
R, Fusco EJ, Goldberg DE, Ibáñez I, Laginhas BB, Vilà M, Sorte CJB (2020) Adjusting the lens 
of invasion biology to anticipate impacts of climate-driven range shifts. Nature Climate Change 
10(5): 398–405. https://doi.org/10.1038/s41558-020-0768-2

Western Australian Herbarium (1998–2022) Florabase—the Western Australian Flora. Department 
of Biodiversity, Conservation and Attractions. https://florabase.dpaw.wa.gov.au/o [plant census 
obtained in October 2022]

Young AM, Larson BM (2011) Clarifying debates in invasion biology: A survey of invasion biolo-
gists. Environmental Research 111(7): 893–898. https://doi.org/10.1016/j.envres.2011.06.006

Supplementary material 1

Supplementary information

Authors: Irene Martín-Forés, Greg R. Guerin, Donna Lewis, Rachael V. Gallagher, Montserrat Vilà, 
Jane A. Catford, Aníbal Pauchard, Ben Sparrow

Data type: docx
Explanation note: fig. S1. Summary of the records of the alien flora of Australia (AFA) at both the 

national and state scales with regards to (top) origin (native, alien, uncertain or other categories), 
and (bottom) within the alien flora, grouped by invasion status (introduced, naturalised and 
harmful invasive). table S1. Terms, codes, and conversion procedure followed to harmonised 
terminology on invasions statuses across Australian states to make them comparable. table S2. 
Mismatches of the status assigned to species between different sources at the national scale (Alien 
Flora of Australia, AFA, vs. Global Register of Introduced and Invasive Species, GRIIS) and state 
scale. table S3. Scientific name according to the Australian Plant Census (APC) of the species that 
are introduced according to the Global Register of Introduced and Invasive Species (GRIIS) de-
spite being native to at least one Australian state according to the Alien Flora of Australia (AFA). 
table S4. Scientific name according to the Australian Plant Census (APC) of the alien species not 
originally from Australia that are naturalised in all Australian states. table S5. Scientific name of 
the native colonising (i.e. those also naturalised in other areas of the state to which they are native).

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement 
intended to allow users to freely share, modify, and use this Dataset while maintaining this same 
freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.92.113013.suppl1

https://doi.org/10.1371/journal.pbio.3001729
https://doi.org/10.1371/journal.pbio.3001729
https://doi.org/10.1038/s41558-020-0768-2
https://florabase.dpaw.wa.gov.au/o
https://doi.org/10.1016/j.envres.2011.06.006
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.92.113013.suppl1

	Towards integrating and harmonising information on plant invasions across Australia
	Abstract
	Introduction
	Methodology
	The terminology used in Australian plant censuses
	Terminology integration
	Identification of mismatches on invasion status
	Prioritisation procedure to unify invasion status at the Australian state level
	Prioritisation procedure to combine invasion statuses at the Australian national level

	Results
	The Australian native and alien flora in numbers
	Mismatches across Australian alien flora data sources

	Discussion
	Implications and applications of the AFA

	Acknowledgements
	Additional information
	References

