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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.

Keywo rds: Alienflora,biolo gicalinvasions, biosecurity,invasionstatus, plantcensus,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 speciesinvasions (Latombe etal. 2017). Having standardised datasets atlarge
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 (Pysek 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 (Guiasu 2016). Hence, inconsistencies have arisen, subsequently
impacting the accuracy of classifying plant species into native and alien and the
derived implications of these classifications (Guiasu 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) proposedthe conceptoftheintroduction-naturalisation-invasion continu-
um,bywhichaspeciesintroduced intoanewareareceived differentnamesaccord-
ingtothebarriersitovercame. Assuch, casualaliensare those thathavebeen trans-
ported beyond the limits of their native range but do not establish populations;
onlyafraction of casual aliensbecome naturalised, that is, forming self-sustaining
populations in the invaded range; and only a fraction of those naturalised become
invasive, overcominglocal 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“alienspecieswhichbecomesestablishedinnatural orsemi-naturalecosystemsor
habitats,and arean 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
subsequentlyreviewedbeforeimplementationacrossseveralcountriesglobally. 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).Italsoreconcilesterminolo-
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
undergonedispersaland spread. The question ofinvasionimpactsfalls 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 etal. (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-
tificcommunity therearealso 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/

a Richardson et al. 2000 b IUCN (2000) and CBD (2002)
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Figure 1. Frameworks on biological invasions adopted by a Richardson et al. (2000) b CBD and IUCN ¢ 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.
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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
nationalgovernmentand otherstothe provinces. Thisdivision of responsibilitiesis
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 regulatorylandscape, itisintended to allow for tailored responses
tolocal conditions while maintaininga coordinated nationalapproach totacklebi-
ologicalinvasions. Therationalebehind havingboth federaland state-level scoring
of speciesintroduction status often stems from the need toaddress invasive species
management comprehensively while acknowledging the diversity of ecosystems
and environmental conditions within a large country.

Australiaisaclear 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
theexternalterritories, whichare offshoreislandsunder 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 taxain 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
taxafromotherkingdoms, thealien floraof Australiaintointroduced 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 ininconsistenciesat the Australian nationallevel (Martin-Forésetal.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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managementand 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-referencetheinformationbetweendifferentdatasourcesatthestateleveland
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 datasetsacross Australia. We only combined information and did not coinany
new terms, nor did we reclassify any taxon from its status as recorded in Australian
plantcensuses. Asaresult, werecently published the Alien Floraof Australia (AFA)
(Martin-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 provideastrongevidence-basefor planningandinformingactionsfor
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 Martin-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. 1¢) and it classifies taxa as native,
naturalised, or with uncertain origin. It follows a system of Boolean flags displayed
inaconsecutive way for each stateand main territory. Therefore, in someinstances,
more than one statusis 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.
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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-
nologyemployed in the APC.Impactofalien 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
aboutpresence(present/extinct),origin (native/introduced/uncertain)andinva-
sion status along the continuum (casual/naturalised/invasive) are provided in a
combined manner for all data sources. Accordingly, we use ‘introduced’ where
information onan alien taxon status along the continuum had notbeen provided
inagiven 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 taxanolonger presentin 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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Harmonised terminology proposed for Australia
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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 t in
our proposed workflow does not refer strictly to ‘casual’ alien species but has been used instead when information on naturalisation was
notavailable 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.

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)
(Martin-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,
thescript detects mismatchesat the jurisdictionallevel 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.
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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
addressthemby combining contrastingstatusesinto a unified national status (see
next sections for details); see Martin-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-
tusat the statelevel in Australia. When a species was notlisted 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
developeda 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
Martin-Forésetal. 2023a, b to access all the standardised regional datasets for all
Australian states).

Is this species recorded as introduced in the state census or the APC?

4

Is it still present according to one of the sources? Is it still present?
ORIGIN

1 1
Darwin core
establishment
means: uncertain

Is it naturalised according to one of the FORMERLY Is it also naturalised within the PRESUMED

NATURALISED

L

DOUBTFULLY NATIVE NATIVE
NATURALISED COLONISING POTENTIALLY COLONISING

a L ]
E Darwin core establishment means: native

sources? INTRODUCED same State ? EXTINCT

NATIVE

Darwin core establishment means: introduced

HIGHER PRIORITY

Figure 3. Prioritisation procedure to assign the most conservative invasion status for a given species in a given Australian state after com-

paringtherecordsinthe correspondingstate censusandin the Australian Plant Census (APC). The status ‘naturalised’ refers tointroduced

speciesthatform unassisted self-sustaining populations. *Indicates thatin some cases thereis notenough 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

Theprioritisation procedure used toassign nationalstatus differed fromtheoneusedat
statelevel (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 atleast 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 thathad advanced the furthestalong the continuum was prioritised asa 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).
Forthespeciesthatwerealien (inany form) to Australiaat the national scaleaccord-
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
classificationisimpact-based. Whenothermismatcheswereidentified(e.g.,speciesthat
are native to atleast 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

Is the species present in any state in Australia?

Is the species native to any state in Australia? Was it native?

z
Is it also naturalised within all the states to PRESUMED
which is native? ORIGIN EXTINCT INTRODUCED
|

Darwin core

establishment

means: uncertain

NATIVE NATIVE NATIVE DOUBTFULLY
POTENTIALLY COLONISING COLONISING NATURALISED

Darwin core establishment means: native

o
<z

HARMFUL

INVASIVE NATURALISED

Darwin core establishment means: introduced

HIGHER PRIORITY
Figure4. Prioritisation procedure toassign the national status for agiven speciesafter merging the most conservative statusesacrossall the
Australian states. The status ‘naturalised’ refers tointroduced 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 populationsto date), 3,352 speciesare recorded as naturalised (able to form
self-sustaining populations) and 77 as harmful invasive (which accounts for 2.2%
ofthe 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’ perse (sensu Blackburn etal. 2011). There are currently 11 species whose
origin is uncertain at the national scale, while 21 species were native and have be-
comeextinct (presumedextinct) orwereintroducedandare presumedtohavebeen
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
National* Australia
Main territory ACT
State NSW
Main territory NT
State QLD
State SA
State TAS
State VIC
State WA

Total

30,557
2,034
9,248
5,600
11,812
5,686
3,167
6,018
15,001

Alien species
Alien total | Uncertain Other

Native total (% of total) origin categories | Introduced = Naturalised Harmful ivaasive
(% of alien)
26,796 3,487 (11.4) 11 22 58 3,352 77 (2.2)
1,245 785 (38.6) 4 0 120 643 22 (2.8)
7,296 1,952 (21.1) 0 0 114 1,777 61 (3.1)
5,032 564 (10.1) 4 0 63 476 25 (4.4)
9,904 1,904 (16.1) 0 4 76 1,769 59 (3.1)
3,940 1,739 (30.6) 3 4 203 1,487 49 (2.8)
2,181 970 (30.6) 2 14 105 847 18 (1.9)
3,932 1,989 (33.1) 80 17 121 1,819 49 (2.5)
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
colonisingtaxa; whilealien (any) includesallintroduced species regardless of their
invasion status; introduced (any) includes all doubtfully introduced, introduced,
and formerly naturalised taxa; and naturalised (any) includes all doubtfully natu-
ralisedandnaturalised taxa. Subsequently, we grouped the mismatchesintoseveral
classes as follow: mismatches within groups, across alien groups (when they differ
intheinvasion status or the degree of establishmentreported), 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-
enstate 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,
forallalienspecies, onlyfourhadsimilarstatusesrecorded inboth datasources. This
is due to most of the mismatches found (64%) taking place across alien groups (i.e.,
GRIIS doesnotincluderecordsstating 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 beinglisted 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.

.---..l.
80 4 =
B Not listed, not recorded as present or
with misapplied taxonomy
60 4 B Uncertain
Presence-related
40 A m Within groups
M Across alien categories
20 A
W Across groups (native vs. alien)
o B Similar
> A @]
S8 P F o W
&

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 datasources. Across groups: mismatches across groups (native vs. alien); Across alien categories: mismatchesacrossalien groups
that differ in the invasion status or the degree of establishment reported; Within groups: mismatches within groups (e.g. naturalised vs.
doubtfullynaturalised); Presence-related: mismatches because of the taxon not presentin 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
usingthesame terminologyasthe APCand 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,
thehighestnumber of severe mismatches (i.e. thoseacross nativeand 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-
pendson the feasibility of integrating the information they contain atlarger spatial
scales (Luo et al. 2011; Latombe et al. 2017). Integration is especially important
whenthedatasourcesfollowdifferentcriteriaand hasbeen 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-
sionsacross Australia. Havingafree, easy-to-update Alien Floraof Australia (AFA)
standardised dataset at the national scale that combines all up-to-date Australian
stateand national vascular plantcensuses, offersavaluableresearchinfrastructure.
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
diverseinformation existingin 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 oninvasion statuses within alien groups (e.g. naturalised vs. doubtfully nat-
uralised)areunlikelytobeveryproblematicformanagementpurposes. Nevertheless,
mismatchesacrossgroups(e.g.introducedvs.naturalised) fail to provideaccuratein-
formation along the invasion continuum, thereby hampering development of bios-
ecuritystrategiesand prioritisation forinvasion management or eradication. Finally,
mismatchesacrossdifferentgroups(e.g.nativevs.naturalised) providecontradictory
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 overcomingecological bar-
riers. We recommend herbaria to follow Blackburn et al. (2011) when classifying
planttaxabecauseitsplitsthe classificationalongthe continuumin easilyrecognis-
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 (Essletal. 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 impactis implied. In line with this, ifimpact 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
etal. 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
causesand consequences of mismatchesin therespective databases. We shared our
dataset and findings so that the specieslists 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
aspecies 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 notall naturalised and invasive species sensu Blackburn etal. (2011) have harmfulimpacts. Thereare 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; Martin-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
harmfulinvasive torefer toimpactin theareasin whichareintroduced. 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 (Martin-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 oflocal adaptability and expertise, effective communi-
cationand collaboration between the two policylevels 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,asitallowsdevelopingfederal strategieswhilstsimultaneouslymaintaining
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, 2 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
effortsamong 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
intheNorthern Territory). Bromus diandrusposesaserious concernasawidespread
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. diandrusalsobeing
naturalised in South Australia, the species has not been declared as a weed in this
state. Thiscould potentially contributetofurther dispersioninto 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.
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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
AFAresultingfromthisintegration exerciseassists predictinginvasionstrendsand
identifyingalien 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
asaharmfulinvasive. Even though distribution across several states can bea 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.

Inasimilar manner, alien plant species thatare currently doubtfully introduced
or introduced in only one state, could be the target of eradication efforts (Re-
jmanek 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 etal. 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 (Martin-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.
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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 beimplemented with the same functions we created.
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