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1. A definitive list ofinvasive speciesaitsremains elusiveperhaps due to
inconsistentvays of identifying invasive specidavasive specieare typically
identified using one or more of four demographic criteria (local abundance,
geographic range, environmental range, spread rafejred to here abe
demegraphic dimensions of invasiveness.

2. In 112 studies comparing invasive and non-invasive plant,tedlits5
combinations of the four demographic dimensions were usdentfy invasive
species22% of studies identifiethvasive speciesolely by high abundance
while.25% ignored abundance.

3. Weused demographic data3#0 alien herbs classified as invasive or-non

invasive'in Victoria, Australia to test whether the demographic dimensions are

independenand which dimensions influence invasive species listing in practice.

4. Species’ abundances, spread rates and rangensresndependent. Relative

abundance best explained the invasiveness classification. Howeseesiye and

non4nvasive species eadpanned the full range of each demographic dimension,

indicating thaino dimension clearly separates invagirgen non-invasive
species.

5. Graminoids with longer minimum residence times were rfreuently
classified as invasive, as were fodzzurringnearedges of native vegetation
fragments.

SynthesisConflating multiple forms of invasiveness gt distinguishing
invasive species that are identified using different demographic critasia

obscure traits possessedgarticularsubsets of invasive specidsaits

promoting high abundance likely differ from those enabling fast spread and broad

ranges:"Examining traits linked with the four demographic dimensions of
invasiveness will highlight species at risk of becoming dominant, spreading

quickly or occupying large ranges.
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Introduction

Considerableffort has gone into identifying characteristics associated with species
invasivenesgvan Kleunen, Weber & Fischer 201®8nowing thatplantspecieswith
particulartraits, such ashort generation times abdd-dispersed seedaremore
likely*to-become invasive is valuable for biosecurity and weed risk assessment
(Weberet al.2009).Notwithstandingsome succeg®awson, Burslem & Hulme

2009 van Kleunen, Weber & Fischer 2QX®allagher, Randall & Leishman 2015), a
definitive %t of traits that reliably prediciavasivenessemains elusivéPysek &
Richardson,200Ordonez, Wright & OIlff 2010) and reliable, rigorous and

universal approach for identifying invasive specsagacking(Higgins & Richardson
2014).In' thisessaywe contendthat imprecise definitions afivasivenessand
comparing invasive species that are identified based on different demograph, crite

may have obscured links between plant traits and invasiveness.

Traits associated with invasiveness are typically identified by comparing the trait
values ofalien species classified asasive with those of alien or natigpecies

classified as'noimvasive (van Kleuneast al. 2010). $ecies are likely to be invasive

for differentreasongRejmanek 2011) and to varying extents, and different definitions
of invasiveness are usédolautti & Mackaac 2004Barneyet al. 2013). Some of the
consequences of imprecise and inconsistent invasion definitions have been discussed
previously (e.g. confusion of concepts, hindrance to theory, synthesis and
communication, Colautti & Maclsaac 2004), aplicationsof this imprecisiorfor

trait-based studies haveenlargelyoverlooked.

Hereweeonsider how local abundance, geographic range,e@magntal rangand
spread ratare usedseparately or in combinatiotg, identify invasive speciesiVe

call thesesthéour demographic dimensions of invasiveness. Building on
Rabinowitz’s,(1981) seven forms of species rarity, we show that all 15 combinations
of the fetiFdimensions {2- 1 = 15) are used identify invasive species in 112
studies'that contrast the traits of invasive andingasive plard (van Kleunen,

Weber & Fischer 2010)

In order to determine whether the demographic dimensions are correlateay maki
some redundant in practice, we analysed correlations among the relative abundances,

environmendl and geographic range sizes, and spread rates of 340 “invasive” and
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“non-invasive” alien (non-native, introduced) herbs in Victoria, Australia. Accognti

for minimum residence time and habitat fragmentation, we find that the donerdi
invasivenessn this dataset are largely independent and that local abundance was the
demographic dimension most strongly linked with this invasive species clagsificat
Having demonstrated thapecies identified as invasive show many different
demographic patterns and that no one demographic dimension clearly separates
invasive from norinvasive specievebriefly present a few examples of plant traits
that might relate to the demographic dimensions. We conclude by outlining a method
to strengthen the understandwigraits that promote invasivene¥ge focus on

plants in this manuscript, but note that similar arguments may apply to other taxa.
Criteria that underpin definitions of invasiveness

Like many terms in ecology (including invasion impacts, Jesehkak 2014), the
definition.of.“invasive” is disputedQolautti & Maclsaac 2004 We examined 43
definitions.of invasiveness provided14 key academic reviews, seven
environmental policy documents atidtee invasive species databatseglentify
criteriatypieally used to distinguish invasiand norinvasivespecieqseeTable S1
in Supplementary Information) hEse references were selected because they are
prominent; highly cited or recent publications that provide specific definitions of

invasive species.

Criteria-typically used to distinguish invasive species from theifimaasive
counterpartsiinclude species’ local abundaeogironmentatange sizegeographic
rangesize and rate of spread (Table S1). Direct assessment of negative effect, or
Impact, is also used (Table S1). These five criteria indicate the fundamental
dimensions, or axes, underlying the concept of invasiveNes&ll dimensions are
used in.all definitions of invasiveneshfferentcombinations of these dimensicare
usedas criterigfor distinguishing invasive and nonvasive species (Table SI).
this paperywe focus on the first four dimensions, whetéite to invasive species
demography (i.e. abundance and distribution) post-introducliaiolé¢ 1) Various
measures and indicators can be used to represent ttaefoographic dimensions
(Table ). For reasons outlined below, we dd egplicitly discuss impaan this

paper.

This article is protected by copyright. All rights reserved



122 Either implicit or explicit to the 43 definitions was the need for invasive species to

123 form seltsustaining populations beyond their natural range, which was usually

124  achieved via human introduction (Table S1). We did not include “the ability to form

125  selfsustaining populationsds a criterion of invasiveness because it does not

126  distinguishinvasive alien species from alien species that are naturalised but non

127  invasive.Weregardinvasiveness as an attribute, or characteristic, of a species.

128 Invasiveness idistinct from invasion success (Catfa@tlal. 2012b), whichis affected

129 by the abiotic characteristics of the invaded ecosystem, biotic interactions between the
130 invading.and resident species, and propagule pressure of the invader (Catford, Jansson
131 & Nilssen 2009).

132 Reasonsfor focusing on the four demographic dimensions of invasiveness

133  We notethat impacis often used as a criterion to identify invasive species and thus
134  acts as.adiftiimension of invasiveness. However, we restrict our focus to the four
135  demographic dimensions in this paper. Our goal is to provide a framework for finding
136 traits thatreliably and consistently predict invasivenksssive species impacts

137 include‘a diverse range of negative ecological, economic, human health and aesthetic
138  impacts (Table S1), so impact itself could be characterised as multidimengidimal

139  relevantdraits depending on the impact of concern. Identifying a common suite of
140  impactrelatedtraits isthereforefar less likely than identifying a suite of traits related
141  to the ether four dimensions of invasiveness, which are more limited in scope.

142  Species’ overall impacts are partly determined by thbundance and distributions

143  such that the four demographic dimensions méfyceuas indicators of impact.

144  Although.geciescould potentiallycause significant harifand be considered

145  invasive).everif they have low abundance and small rangegcies are most likely

146  to besharmful when their abundasaae highand rangesizeslarge(Buckley &

147  Catford 2016)This is illustrated by Parket al's (1999) modebf invasive species

148  impacts'wheraet impact isa function of species’ per capita effects, abundance and
149  geographicange sizeOur focus on demographg consistent with somether studies

150 that focuson,the ecological aspects of invasivefegs Ricciardi & Cohen 2007

151  Wilsonet al. 2009)(but seeVila et al. 2011, PySeket al. 2012).

152  Forms of invasiveness

This article is protected by copyright. All rights reserved
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With the exception of spread rate, the demographic dimensions used to define
invasiveness are the saadienensions used by Rabinowitz (1981) when defining
speciesarity. Inher seminal work, Rabinowitz (1981) proposed seven forms of rarity
based on combinations of species’ local population fazal@bundance), geographic
distribution*(geographitange sizeand habitat specificity (environmental rargiee).
Though some combinations may give rise to rare species more often than others
(Rabinowitz1981), she convincingly arguean@d subsequently demonstrates,

Rabinawitz, Cairns & Dillon 198&hatspecies can be rare in different ways.

The same characteristics that are used to define caritype used to define its inverse,
commonness, because these characteristics relate to species’ abundances and
distributions.in the landscape (e.g. low abundance can indicate rarity, high abundance
can indicatetccommonness; TableMpst invasivespeciesventually become
common=Eirn et al. 2011, Dawson, Fischer & van Kleunen 201R)is thus logical

that rare and invasive species can be defined samitar criteria(e.g. Carbonet al.
2016)and, like species that are rare, species that are invasive can be invasive in

different ways.

Incorperating spread rates into Rabinowitz’s schgimes rise tdl5 demographic

forms ofinVasivenes@2{-1 = 15, Table2; includingimpact aghe fifth dimension

would result in 2-1 = 31 forms of invasivenesslthough the demographic forms

and demographic dimensions of invasiveness are related, ther fiasaltfrom

different combinations of thiatter (following Rabinowitz 19810 theyaredistinct
concepts (Table 2); we refer to both concéiptsughout the papefrhe mosextreme
demographie form of invasiveness would compims@sive speciethatreach hidp
local.abundance and have broad geographic ranges, wide environmental ranges and
fast spreadratgAEGS in Table 2). Although presented as distfonins of

invasivenessit is important to note that the dimensions underlying these 15 fmens
continuous and are not demarcated by thresholds that distinguish e.g. high abundance
from.ew abundance. Thresholds may be found that enable categorisation, but it will
likely be more informative to retain continuous dimensions in anylieaséd analyses
(see Discussion; Carboet al.2016.

We revieweda sample of th&ait-basednvasion literature toetermine whether all

15 forms of invasiveness are used to identifjasive specieandwhether a particular
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185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

form may be used more than othedair sample consisted af2field or
experimental-gardestudies that compared the trait values of invasive alien species
with non-4nvasive speciesas used by vakleunen et al. (2020in their metaanalysis
examining invasive species traits [we were unable to access 6 of the 118 papers used
by van Kleunen et al. (2010NVe chose this sample of papers because each of the
studies specificallgontrastednvasive and nolRvasive species ianattempt to

identify the traitgehatdistinguish them and, asich presumably hagtrong reasons

for distinguishing the two types of species. Specific definitionevafsiveness were

rarely presented in the 112 studies, but most authors stated their rationale for species
selection; we used this information to represent the criteria used to distinguish
invasive' andnomvasive species (Table2p Critically, even if aspeciesvas

classified as being invasive based solely on its abundance, this does not necessarily
mean that the speciesdslow spread rates or small ranges. Rather, it indicates that
the other three demographic dimensions were not used as criteria of invasiveness
(Table 2, Figure 1), so the species could be distributed anywhere along those

dimensiens(e.g. high, low or medium spread rates).

The 112 studies used all 15 demographic forms of invasiveness (Fig. 1, Jatle 2
four demographic dimensions were used and some definitions shared no common
criteria. If. impact was included as the fifth dimensi®8pf 31 forms were usedbut
impact was never used as a criterion by itSkdble S262% of the 112 studies did

not use impact to identify invasive specieslicating that species can be considered
invasive'without necessarily havinggative impac)s Of the four demographic
dimensions; abundance was most commonly used (66% of studies) and 22% of
studiesgdentifiedinvasive speciesolely on abundance. However92%fthe 112

studies did not include abdance as a criterion (Fifj), meaning that the invasive
speciedeaturedn these28 studies could potentially occur at low abundances, in
contrast to the specias 74 studies that must reach high local abundafiter
abundance;,geographic range size was the next most commonly used demographic
criterion (44%)), followed by spread rate (38%). Environmental range was #te lea
used criterion (22% of studies). Eight studies did not document the rationale for
species selection, and two studies referred to databases for lists of invasive Apecies.
single criterion was usdd identify invasive speciaaorefrequentlythan multiple

criteria(36% of studies used one criterion), but 34% of studies relied on two criteria

This article is protected by copyright. All rights reserved



218  (19% used threeriterig, 3% used four criteria; 9% used none of the four demographic

219  criteria).
220 Are the demographicdimensions of invasiveness independeint practice?

221 Our review of 112 studies illustrates that invasive specieslanéified in many ways
222 using multiple criteriaindicating support for multiple dimensions of invasiveness.
223  However, a single dimension may be used in practice, or the four demographic

224  dimensions may bleighly correlated such that abundant alien species are also those
225  with fastsspread rates, wide geographic ranges and broad environmental\"éages.
226  assessed.whether each of finer demographic dimensions of invasiveness

227  correlated with amvasive species classificatioging a case study of alien plant

228  species in Victoriaa 237,629 km? state in soutiastern Australia

229  We usedan existing classification scheme to identify spdw¢sreconsidered

230 invasive and non-invasive (Carr, Yugovic & Robinson 1992). Based on observations
231 made over 25 years in public and private landether with published and

232 unpublished information, the three experts (Carr, Yugovic and Robinson) generated
233  the classification based on the perceived threat thatsgderies pose to “one or more
234  native vegetation formations” (examples of the 15 broad vegetation formations:

235 ripariansvegetation, dry coastal vegetation, cool temperature rainf(Cast,

236  Yugovic & Robinson1992).This is the only invasive species classificaspecific to

237 the wholesstate dfictoria that is based on the threat that alien species pose to natural
238  ecosystems (othstatewide Victorian schemes relate to weeds of agricultural

239  systems)The authors did not specify the exact criteria usdteir assessments, but

240 given the influence of species’ demography on speoie=‘all impacts, we reasoned

241  that the demographic dimensions would likely have informed the classifi¢#ti®on

242  wassubsequentlgonfirmed by Geoff Cartthe lead author of the classification].

243  Use of tle existingCarret al classification allowed us to: Bssess the independence

244  of the'demographidimensions of invasiveness for a large suite of plant species and
245  the likely existence of different forms of invasiveness; and 2) determine whether

246  speciesdemography (as represented by the demographic dimensions of invasiveness)
247  relates tspecies(pereived)ecological impacts (as represented by the €tzat.

248  classification), as theory would pred{@&uckley & Catford 2016). Being based on the

This article is protected by copyright. All rights reserved



249  overallthreat that alien species pose to native vegetatibith likely takes into
250 account species’ per capita effects plus demography, theGarscheme enabtl us
251 to avoid circularity that would stem from testjiigr example, an abundance-based

252  classification scheme using data on species’ abundances

253  We usedsplant occurrence and cover data for 234althat are alien (neindigenous)
254  to Victoria (149,772presence recdsfrom 1900 through 199ftom Victoria's Flora
255 Information"System (FIS) and Australia’s Virtual Herbariur®;057 abundance

256  recordsfrom:2970 through 199from FIS which werecollected from areas not

257  directly modified by intensive human land us@pendix S1)Observations before
258 1900 were_ imprecis&Ve set the end date 4991so that the modeled data

259  corresponded with information that would have informed the f9&#sive species
260 classifieation(Carr, Yugovic & Robinson 1992)Ve limited analyses to alien species
261 that hadwatileast 20 presence recordstlh@decessargemographidata(391

262  species)Of these391 speciesCarr, Yugovic and Robinson (1992, p.15) had

263  classified259 of then as eithernot a threat (but may have a negative visual

264 impact)” (14 species)potentialy serious threat to one or more vegetation

265 formations (72 species)“seriousthreat to one or more vegetation formatiof29

266  species)orvery serioughreat to one or more vegetation formatiofis4 species

267 The@deémographic characteristics (described belowptdmially serious serious and
268  very serioughreatspecies werendistinguishabldrom each otherso we combined
269 these three.types of speciego one category, which we call “invasive” (2dpecies
270  We assigned32unclassified alien species to the tradhreat category, which we
271 call “noreinvasive” (L46species)Cart, Yugovic and Robinso(i1992)considered all
272 alien species naturalized in Victoria in their assessment, but restricted their

273 classification to a subset of alien plants considered environmental weeds, which
274  “invade native vegetation, usually adversely affegsurvival of the indigenous

275  flora” (p. 4). This indicates thainclassifiedaxa were not considered a threat to
276  native vegetatioand only differ from the 14 classified “no threat” species in that the
277 lattermay have a visual (but not ecological) impa& are not concerned with

278 aesthetics here

279  Specieslocal abundancevas represented by the maximum cover abundance of each

280 taxon calculated as a proportionspimmed speciesover in 30 nx 30 m survey

This article is protected by copyright. All rights reserved
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plots. We use proportional cover, rather than absolute cover, because it accounts for
variation in site productivity and the abundance of other speCatfofdet al.

2012b) and accords with the way abundance is usually related to invasiveness in the
literature (Table S2).

Speciesenvironmental range sizegere represented by the geometric meahef
standard deviatianof four uncorrelatedr(|< 0.6) environmental variables at
locations where species were dete¢tadximum temperatur@ warmest quarter
(°C), precipitation incoldest quartefmm), soil radiometric thorium concentration
(radioelemeént counindicates soil texture and fertilitiracilioet al.2006) and
topographic'wetness indeAppendix S1] following Catforet al.(2011). The four
variables can be incorporated into one metric because the soalegch onginal
data are measured do not influence relative changes in geometric(Me&asthyet
al. 2014).We use standard deviations rather than ranges (i.e. maximum minus

minimum)teraccount for potential differences in sampling efi®urgman 1989).

We estimated species’ geographic ranges usinktifede and longitude of locations
in which species wenmecordedGeographic range sizae@as represented by the

geometric mean of the standard deviations of latitude and longitude.

Speciestate of spreadvas estimated by fitting sedttarting logistic modelsn(s
function in R) to occurrence data, which indicatedtiime elapsed between
successive observations, and the cumulative distfribese observatnsfrom the
point of origin (location of earliest recorded presence in Victoria). The predicted

distanceDj;, Spread by taxonafter timet has elapsed is given by:
Dit = asym/(1 + exp ((nid; — f)/scal))

whereasymis the asymptotic spread distance for taxanid; is the time at which

taxoni has spread to half its asymptotic spread]scal is the time elapsed between
reaching half and 1/(1 +% (approximately three quarters) of its asymptotic spread.

For each taxon, maximum spread rate was approximated as the gradient between the

points on the'curve at mid; andt = mid; + scal.

In their assessments of alien spetiesat Carr, Yugovic and Robinson (1992) may
have accounted for the time available for populations of each species to grow and

spread, or the strength of species’ associations with anthropogenic habitatisey
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may have down-weighted the risk of species that only occur at the edges of vegetation
fragmentsand aroud human settlementsWetherefore quantified minimum

residence time (MRT) to account for time simggoduction and distance to edge

(akin to habitat fragmentation) jointly account for variation in propagule pressure

and human-disturbanc€#tfordet al. 2011), which may facilitate invasioRySeket

al. 2015) MRT was calculated as the number of years between the first recorded
observation (from 1900 onwards)nativedominated vegetation in Victoria and

1992. For each species, we quantified the meaaraistbetween each observation

and the_edge of the associated vegetation fragment (e.g. distance to road, distance to

crops).

We analyzed correlations among local abundance, environmental and geographic
range sizesspread rateMRT and mean distance to edge. We used logistic regression
to estimatesrelationships between the probability of taxa being classified as invasive,
and the four demographic dimensions of invasivend&SI and mean distance to

edge (cover abundance and distance to edge wetmlsfiormed).
The probability that taxonwas classified as invasive was:
logit(pi) = taip+ Ugnay + Vi€ + WeijQi + Xip Si + Yo Mi + Zgip di

wherety; is the intercept term for taxarof growth formf, the values ofi, v, w, X, y
andz are the other regression coefficients that are estimate@, a®dg;, si, m and

di are thedecal abundance, environmental range, geographic sanegd rateMRT
and mean distande edge respectivelyfor taxoni. All analyses were performed with
R 3.1.1sR*Core Team 2013

We only present results from the models based on forbs (240 species: 132 invasive,
108 non=invasive) and graminoids (100 species: 69 invasive, 31 non-invasive),
because.few recordgere available for woody species (44 species) and other growth

forms (Zsspecies).
Results and discussion of the Victorian analysis

Apart from a positive correlation between the sizes of species’ environmental and

geographic ranges, whietas expectedhe demographicharacteristics of alien

This article is protected by copyright. All rights reserved



341 herbs in Victoriaverenot strongly correlate(rig. 2 MRT and distance to edge were
342  also independent, withll correlationdr|<0.5, Table SB This illustrates that species
343 in the datasdhat reach highelative abundance, for example, are no more or less
344 likely to have fast spread rates or broad geographic and environmentaltramges

345  specieswith'low relative abundance.

346 Thedemaraphiccharacteristics of invasive and nmvasive species varied, with

347  invasiverand'non-invasiv@eciespanningeachdemographic dimensiaof

348 invasiveness$Fig. 2).This means that species with high and low abundances, fast and
349  slow spread rates, and wide aratrow rangesvere all defined as invasive, indicating

350 thatsomedemographic characteristics of some invasive species contradict the

351  demographic characteristio$ otherinvasive speciedespitethis variation the

352  probability"efgraminoids and forbeing classified as invasivether than non

353  invasivejinereasedvith abundancéFigs 3 & 4, Table S4). The only other significant
354  relationship betweethe invasivespecie<lassification and thdemographic

355 dimensions was geographic range for graminoids.

356  Contrary tosexpectations, tipeobability of a graminoid being classified as invasive
357 (as opposed to non-invasive) decreased with incregsiographic range sizebhis

358 mayrefleet'an assessment Bgrr, Yugovic and Robinson (199#)atgraminoids

359  with wide distributiongosel less of a threat to native vegetatitian graminoids

360  with narrow distributions because the former hadady filled most of their potential
361 range and exerted their impactéie negative relationship cowtso reflecour

362 methodologicabpproachwhichrestricted analyses to species w20 observations.

363  This thresheld was essential for calculating representative range sizes, but also meant
364 that ponkvasive species, which are perhaps more likely to have small rdreges

365 invasivesspeciesvere disproportionately excluded (78% of the graminoids and forbs
366  with <20 presence records were classified@sinvasivewhereast1% of the

367 specieSWwith?20 presencewere classified as neinvasive).

368  Gramineids with longer minimum residence times were more likely to be classified as
369 invasivethan graminoids with shorter MR(Fig. 4). There were no correlations

370 between species demography and MRT, suggestingfdin@raminoidsspecies

371 introduced earlier may have been more likely teredmpacts (not assessed here).

372 Alternatively, Carret al. mayhave been more familiar witiraminoids introduced

This article is protected by copyright. All rights reserved



373  earlierthan graminoidstroduced laterForbs classified as invasive were generally
374 recorded closer to the edge of vegetation fragments than forbs classified as non
375 invasive.This was surprising, as alien species that invade intact native vegetation
376  would presumably pose a greater threat to native plant spetiesaim of Caret

377 al.’s classification. The greater visibility (and therefore familiarity to @aal) of

378 alien forbsatthe edge of vegiation fragments (compared to alien forbs in the interior

379  of fragments) may have affectdtke classificationof these species

380 Speciesmaximumrelative cover appears to b&ey characteristionderlyingCarret

381 al’s (1992) risk ratingssotraits related to abundance ntaglp predict thisparticular

382 classification However not everyspecies withhigh abundance aslisted as invasive
383  andviceversa For exampleUrtica urensL. had the 24 highest proportional cover

384 (32%)among 240 forbs buwvas classified aso threat by Caret al, yetEmex

385 australisSteinh., with a maximum observed cover of 2%, @lassified as invasive

386  Although.we found that species abundance eeaelatedwvith Carret al’s threat

387 based classificationye also highlight that some species can be listed as invasive for
388 reasonshatare unrelatet their observed demograptgragrostis curvulgSchrad.)
389  Neesis.classified as invasivie Victoria despite being ranke2d" for relative

390 abundance; 86for environmental range, 87or geographic range argi® for spread
391 rate out ofLlOOinvasive and nofnvasivegraminoidslts classificationmay reflect

392  high per capita effectsvhichmayresultin this species reaching a high threat status
393 despite its seemingly benign demography. The classificatign @irvulaas invasive
394 may also reflecevidence ofts invasiveness elsewherer that theabundanceata

395  were colleeted fronplots used to characterize native vegetation and dnesot a

396 randomisample of Victoria’s vegetation.

397 TheVictoriananalysisllustrates thaspecies are classified as invasive for different

398 reasons andinvasive spectamexhibit severaldistinctdemographicharacteristics.

399  Apart fromegeographic and environmental range size, the dimensions were

400 indepéendent of each other, indicating that three of the four demographic dimensions
401 inform this invasive species listing and thatltiple forms of invasiveness exist in

402  Victoria. Local abundance was the main predictor of the classification, but some forbs
403  and graminoids were classified as invasive for reasons other than their aburfdance. |

404  searching for traits related to invasiveld® and graminoids in Victoria, it would
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therefore be worthwhile distinguishing among these different forms of uareess
by examining traits related to three of the demographic dimensions (because of thei
strong correlation, it would only be necessary to examine traits related tagleicgr

range sizer environmental range size, not both).

Althoughlecal abundanceas themain predictor forthis threatbasednvasive
speciesilistthe key demographic dimension may vary for other groups of taxa, in

other places anfibr invasive specieksts compiledoy other people.
Discussion

Our examinatios of key definitions of invasivenessafile ), criteriaused to
identifyiinvasivespeciegFig. 1, TableS2), andthedemographicharacteristics of

alien species in VictoriéFigs 2-4)togetherprovide strong evidence that invasiess

is multidimensionaand many forms of invasiveness exist. The varietyafs

invasive species are defined and identified reflects the biological reality that species
become invasiven different ways Even though some definitions share no common
criteria, most classifications and studies of species invasiveness categorise species as
eitherinvasive or not (though some specify different strengths of invasiveness, e.g.
major, minoror norweeds, Speeé&t al.2013) This implies that multiple- possibly
contradietory= forms of invasiveness are routinely condensed into a single form.
Conflating differenformsof invasiveness is problematic in that it could obscure traits
linked withsinvasiveness, as species that spread rapidly may possess different traits to
those thateach high local abundance. To paraphrase Rabinowitz (ffa8ajeto
discriminate among the forms of invasiveness represents a lost opportunity to

investigate the causes and consequences of their differences.

Demographic dimensions of invasiveness may be associated with different

functional traits

Based oreurrent ecologicalinderstanding, it seems likely that the functional traits
relatedtosthefour demographic dimensions differ. We briefly nateew examples.
By helping populations grow from a small size, slfrpatibility (LovettDoust
1981) and clonality (Rejmanek 201ghould facilitate highocal abundance and fast
spread rates, but these traits should be less important for rangd beesility to

disperse long distances should be crucial for achieving fast spread and wide
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436  geographic range sizes (Nathetral. 2008), but should not fadidite high local

437  abundance or broad environmental ranges. High phenotypic plasticity, genetic
438  polymorphism and outcrossing can increase intraspecific variation and should
439 therefore facilitate broad environmental ranff&sitan 2001Pohlmaret al. 2005

440 Rejmanek2011)These three traits may be indirectly related to geographic range
441  because of correlations between environmental and geographic rangbidizesy

442  are unlikely to correlate witlocal abundance and spread rate.

443  Some traits may relate to some dimensions and not others, but of greater concern is
444  the potentialfor contradictory relationships where traits are positively correlated with
445  one dimension and negativadgrrelated withanotherFastrelativegrowth rates can

446  contribute to'highocal abundance in disturbed ecosystems, but species with broader
447  environmental ranges typically have slower growth rtas species ith narrower

448  environmental ranges (Tilman 198 this situationrelativegrowth rates (and

449  associated-traits, e.g. specific leaf area, plant Biegnanek 201)lmay bepositively

450 related-te-one dimension of invasivendssdl abundance) but negatively to another
451  (environmental range). Habitat generalists could be expected to have broad

452  environmental rangeshereas habitat specistismay bemore likely to reach high

453  local abundance. Traits associated with colonisers versus competitors could similarly

454  contribute to different dimensions of invasiveness.
455  Potential implications of conflating demographic dimensions

456  Currentwnderstanding suggestat plant traits relat® local abundance, spread rate,

457  and geographic and environmental range sizes in different and sometimesiogntrast
458  ways. If studiesdentify invasive species using different demographic dimensibns,

459  may'therefore be hard to ascertain the functional traits associated with invasiveness.
460  Though it would be undesirable if trends were rendered weak, uncertain or

461  inconsistent because of this issue, a greater concern is that traits might be overlooked
462  altogether, despite being strongly related to a dimension of invasivesos, we

463  outline four main ways in which conflating dimensions may obscurebiagid

464  trends.

465  a) Traits investigated are unrelated to the demographic dimension of invasiveness of

466  interest
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Traits selected for analysis should be ecologically meaningful and relate to the
process of interegViolle etal. 2007). As an examplaniagine that a trait like
clonalityis strongly linked witHocal abundance, big unrelated to environmental
range. Consider two studies of invasiverntessboth measurelonality, but onestudy
usesabundance talentify invasive specieand the other studysesenvironmental
range./The expected outcomes are a positive relationship and null relationship
respectively.” A'metanalysis would conclude weak and uncertain effects of clonality,
whereas- in reality — clonality had inconsistent relationships with the underlying
dimensions,of invasiveness. Without explicitly considering the dimensions of
invasiveness being examined, researchers may unwittingly study inappropitste tra
because of adesire to assess the geneodli previously observed trend. This may
partly explain cases where traits are found to be related to invasiveness in some

studies, but not othe(s.g. seed mass, PySek & Richardson 2007).

b) Traits can relate to multipldemographi@imensions of invasiveness but in

contrasting ways

Some traitsmayrelate to multiple dimensions of invasiveness because dimensions
may share underlyingopulation characteristi¢g.g. longdistance dispersal should

be positively linked with both spread rate and geographic range®@izmcause of

life history tradeoffs and phylogenetic conservatism (van Kleunen, Weber & Fischer
2010) Although traits that have a consistent interpretation across muliipknsions

of invasiveness would make robust indicators, there are many cases where
contradictory trabased trends seem likglg.qg. traits related to colonisation versus
competitive.ability, and habitat generalists versus habitat specialgées above).

The way,to.interpret some traits is even unclear within a single dimensiomgHavi
manyylightsseeds can facilitate high local abundance by increasing the probability of
arriving In a safesite suitabldor germination, buseedlings from large seeds have a
higher probability of establishing in any given sitéu(ler-Landau 2010)Also within

the abundance dimension, traits associated with high abundance in disturbed
ecosystemsuare often in contrast to those associated with high abundance in
undisturbed ecosysten($ilman 1982 van Kleunen, Weber & Fischer 2010). Without
knowledge of the local conditions for invasion, it is unclear how to interpret effects

seed mass and “coloniser” traits on species’ local abundance because of tradeoffs
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between seed size and seed number, and tradeoffs between species’ colonisation and

competitive abilities.

c) Invasive and nomvasive species used in comparisons have simédarographic

characteristics

To finddraithased trends that relate to tlesmographic dimensiormd interest,
invasive'andnommvasive species must Imentifiedusing the same criteria, albeit
representing different ends of the spectra. Some native species can have similar
demografic characteristics to invasive alien species [both mapbeading

(Thompson, Hodgson & Rich 199%bundan{Firn et al.2011) or common

(Dawson, Fischer & van Kleunen 20}, 2o invasive alien species should not simply

be compared with any native species. Acknowledging this, many comparative studies
exclude native species that are known to be invasive else(vagr&leunen, Weber

& Fischer 2010). However, rather than relyingooiteria reported in invasive species
definitions, it would be much more reliable to identify suitadilelyspeciesusing

data about their abundance, spread rate and range sizes.

Accounting for alien species’ residence time and propagule pressure, especially for
alien-alien.comparisons, is also essential for ensuring that comparisons of species’
invasiveness are robust. Some species may have low abundance or a small range not

because of their traits, but because they have had insufficient time to grow att spre
d) Rationale for invasive species listing is inaccurate or imprecise

Invasivesspecies classificatiooe@mmonly use expert-opinion derived from
observation(Burgman 2004McGeochet al. 2012 Speeket al. 2013). Even if precise
definitionsare provided, people may be unaware of their own underlying motivations
for listing some species as invasive because of cognitive {Bisegnan 2001

Hulme 2012) For example, a researcher may believe that they have classified a
species as invasive because of its ability to spread rapidly, but this perceptyon ma
fact be,the result of the species reaching high abundance over a large geographic
range. Many authors do not provide specifidrdgbns of invasiveness, instead
providing broad defitions that encompass several opti@Bargman 2001

McGeochet al. 2012).As a consequence, even species (seemiragyified using
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529 the same criteria mayeincomparableUsing empirical data, like in the Victorian

530 analysisabove, avoids the potential problems of explerived classifications.
531 A way forward
532 a)Focusing on the demographic dimensiaf invasiveness

533  Being moereexplicit about the demographic dimensadnsvasivenesgColautti &
534  Maclsaac 200¢ and the population characteristics and ecologmsihanisms

535 underlying these dimensionSirevitchet al. 2011 Rejmanek 2011 )will aid

536 understanding of invasions and will helxtrapolag findingsgained from a limited
537 suite of.invaders to a broader pgBejméanek 2011). The value of a monechanistic
538 approachisdllustrated by advances in conservation biology following the

539 differentiation of small versus declining populatig@aughley 1994), gains in
540 understanding of bird extinction risly belatingspecies ecological characteristios
541  environmental threaf®©wens & Bennett 2000), afy recent workin invasion

542  biologythat identifiesplanttraitsrelatedto different stages of invasig@awson,
543  Burslem & Hilme 2009 PySeket al.2015).

544  b) Theimportance of a comprehensive approach

545 It is important toaccount for propagule pressure, time since introduction,

546  environmental conditions and characteristics of the recipient comnwingy

547  assessinginvasiveness traits as these factors can affect invasion @vdsesset al.

548 2007 Catford, Jansson & Nilsson 2008&n Kleunen, Weber & Fischer 2010

549  Rejmanek 2011GallagherRandall & Leishman 201%ySek et al. 2015For

550 example, the range sizes and abundance of species will be sepditigeamount of

551 timethat speeies have had to invade. Despite a growing body of research (Ordonez,
552  Wright&=OIff:2010; Tingley et al. 2014 PySeket al. 2015), the combined influence

553  of these.factors rardy examinedn trait-based studies of invasiveness illustrate

554  at least.#6% of the invasive spediesludedin the 112 studies were associated with
555  humans* (1% not associated, 23% association not reported), in contrast to only 8% of
556 the noninvasive specie€l8% not associated4% association not reported), yet only
557  one studyexplicitly accounted fospecieshuman association in their analyses (i.e.

558  Grotkopp, Erskine-Ogden & Rejmanek 2010, Table S2). A strong association with
559  humans through widespread planting and dispersal, for examgyeelevate the
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propagulepressuref certain speciefCatfordet al. 2012a) disentangling the
relationshipbetweertheir ecophysiologicaraits andheir demography. Completely
separatindiuman and speciesnediated propagule pressusdikely to be difficult
(Colautti, Grigorovich & Maclsaac 2006), but includiagovariate that represenie

strengthref*human association in analytical modbdsild help Wilson et al.2007).
c) An analytical approach thabffers greaternuance

Ratherithan relying on reported classification criteria and the ability of experts to
distinguishinvasive from nomvasive speciefMcGeochet al.2012) we
recommend‘avoiding invasive species lists altogether when searching for ineasive
traits, instead focusing on demographic data that relate to invasiveness (@tbgide
dataare not compromised by weed contr&gressing species’ trait values against
theirabundance, spread rates and the size of their geographic and environmental
ranges would help to identify the traits that are most strongly relatbd to
demographidimersions of invasiveness, and would negate the need to identify a
threshaldbeyond which species are considered invéigeapplies to 15 forms of
invasiveness as welljierarchicaltrait-based models seem well suitedstch aask
(Polleck, Morris & Vesk 2012and would enablepecies origitto be included as a
covariateA'Bayesian framework would enable information about species’

demographicharacteristicen other regionso be included as priors.
d) Attributesof good indicators

One of'the chief purposes of identifyimyasivenessraitsis to predictthe likelihood

of newspeciedbecoming invasiveA universal set of traits is unlikelyut, like any
indicatoryptraitanustpossess certain characteristicbe useful indicatorCatfordet

al. 2012b). Traits should be ecologically meaningful (i.e. functional, sensu ¥iolle
al. 2007)by linking the autecology afpeciego the way in which they are invasive.
Thetraits(and the way the traits are examined, e.g. relative to co-occuring native
species; Qrdonez, Wright & OIff 2016)ustbe unambiguous where the meaning and
interpretatiorof a trend is cleafraitsshould have consisteatfects and be widely

applicable and comparable acrosganismsecosystems and regions.

Conclusion
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Plant traits that are associated with species invasiveness are used to guide weed risk
assessment and managem®Baither than searching for traits that distinguish two

types of species invasive or nonnavasive, we posit that it will be far more fruitful to
look for traits associated with the four demographic dimensions of invasiveness and
the multipleforms of invasiveness that they produce. Comphkimgvith like should

lead to‘more accurate conclusions about the aitsmonly possessed by invasive

species
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Victoria case study.

Table SiCriteria used to distinguish invasive from niowasive species from a
sample.ef:academic papers (n = 14), policy documentg)(and invasive species

databases (n = 3).

Table S2 Criteria used to identify invasive species in the 112 stude&scompared

traits of invasive and non-invasive plant species.
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TableS3 Pearson correlation coefficierfts local abundance, environmental range
size, geographic range size and spread rate for alien a) herbs (n = 340), b) forbs (n =
240) and c) graminoids (n = 100) in Victoria.

TableS4 Results of logistic regressions that modelrdationshipbetween the
probabillity=ef alien herbs being listed as invasive in Victoria and ke
abundance,environmental range size, geographic range size, spread rate, minimum
residencertime and mean distance to edge: a) forbs (n = 240) and b) graminoids (n =
100).
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820 Table 1 The four demographic dimensions of invasiveness with examples of defritianuse them as critefianderlined), ways in which
821 they canbe quantifiegpossible indicators and measurasgdsomepotential management implications of focusing on a given dimension when
822  designating.Species as invasiis.well as the indicators and measures listed here, we provide other examples of potential measures in the case

823  study that compares the demography of invasive andnvaisive species iWictoria.

Dimension Description Example of Quantification method Indicators Management implications
definition
Local Refers to species’ “Invasive Field surveys; remote Proportion Prioritizesmanagement of alien species
abundance cover, biomass, species can sensing. The relative of total that dominate standing vegetation, even if
density or number quickly contribution that taxa make vegetation only over a small areallowing
of individuals ata transform to different life forms or cover or  management resources to be highly
site, usually in biological structural components can biomass targetedspatially andemporally e.g. to
terms of their communities help to account for composed coincide with stages of population growth

relative abundance due to their high differences in taxon size of alien that are more sensitive to herbicide

or dominance. abundancand (Catfordet al.2012b). species;  (Lindenmayett al.2015).1f aiming to
strong impacts density. limit the geographic range of a species, it
on native can sometimes be optimal control
species” abundant populations that supply most
(Lankauet al. propagules, but at other timggan be
2009, p. 1536R optimal to control lowdensity satellite
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Geographic Refers to size or  “Stage Species presence records Range or

range size spatial extent of  V: Widespread from e.g. herbaria to standard
species’ and dominant” characterise latitudinal and deviation
distributions. (Colautti & longitudinal distributions.  of latitude

Maclsaac 2004, Although the (ultimate) areaand

p. 139. of invasive species
occupancys probably of
most concern, we suggest
using the extent of
occupancy as species will
likely infill their range with
time (see Gaston & Fuller
2009 for potential

measures

Environmental Refers to the range “Invasive (E): Species’ environmental
range size of abiotic Fully invasive  range sizes can be

conditions in which species, with characterised through

longitude;
areal
extent of

occupancy

Number of
habitat
types a

populationghat contribute more to spree
(Epanchin-Niell & Hastings 2010).

Focuses management resources on
species that occur over vast areas of the
landscape, even if at low numbers,
presenting challenges for logistics,
resourcing and detectabilitii@user &
McCarthy 2009)The larger the range
size of a species, the more expensive the
cost of control and the lower the
likelihood of eradication or containment.
As thesize of the invaded area increases,
thereis less uninvaded land to protect
from damages, reducing benefits of
control(EpanchinNiell & Hastings

2010).

Management would target species that
occur across a broad range of

environmental conditions and habitat
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a taxon resides. individuals species distribution species types.The efficacy of invasive species
Proxies include dispersing, modelling or by the occupies; detection and management can vary

species’ latitudinal surviving and diversity of habitats that range of  depending on the environmental

or altitudinal range reproducing at species occupy. environme conditions of the invaded ardike terrain
or the number and multiple ntal and native vegetation structure (Hauser
diversity of habitat sitesacross a conditions. al. 2016), so different appacheswill

and ecosystem greater or lesser likely be optimal under different

types that species spectrum of environmental conditionsnvasive
occupy. The habitatsand species control progranagten aim to
dimension least extent of protect particular ecosysterfiem
referred to in occurrence” invasion impact¢Downeyet al. 2009), so
definitions of (Blackburn et al. targeting species that drsted as
invasiveness. 2011, p. 33y. invasivesolely becausef broad

environmental ranges seems an unlikely

management goal.

Spreadrate” Refers to change in“Alien species The most challenging Distance a Targets rapidly expanding populations.
spatial extent over were designated demographic metric to species’  Early detection and intervention presents
time. Most asinvasiveif guantify, requiring range front the best chance of containing species
definitions do not  there information about where  increases before geographic range andmber of
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824
825
826
827
828

specify actual was...rapid and when species were over a

spread rates, range expansion introduced and records of specific
instead describing or population how they have moved period of
invasive growth in the across the landscape. Manytime.
populations as introduced modelling approaches are

those that spread orcountry available(Wilson et al.

those that spread (McGeoch et al. 2007 Andrew & Ustin

rapidly. 2010, p. 1 of 201Q Caplat, Nathan &

Appendix S3. Buckley 2012).

satellite populations become too large
(Hobbs & Humphries 1995)ndividuals

on edge of population range may be more
heavily targeted in controbr populations
at the edge of a range (or abutting a
potential dispersal barrier) may be
supplemented with individuals that have
lower dispersal capability, reducing both
the rate and probability of continued
spread (Phillip£t al. 2016).

Table 2 A typology of 15 forms of invasiveness basedcombinations of théour demographic dimensionisigh local abundance (A), broad

environmental range (E), wide geographic range (G) and fast spread rate (8¢d&dam Rabinowitz (1981Adding the fifth dimension,

impact, would increase the forms of invasiveness to 31 (i.e. each of the 15vidhresyd without impact, plus impact by itself).
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Environmental range Used Not used

Geographic range Used Not used Used Not used

Abundance Spread rate

AEGS Fast spreading and locally  AES Fast spreading and AGS Fast spreading andAS Fast
Used abundant over a broad range of locally abundanover a broad locally abundant over a spreading and
environmental conditions and a largerange of environmental large geographic area. locally
Used geographic area. conditions. abundant.

AEG Locally abundant over a broad AE Locally abundant over a AG Locally abundant A Locally
Not used range of environmental conditions broad range of environmental over a large geographic abundant.

and a large geogpaic area. conditions. area.

EGS Fast spreading over a broad ESFast spreading over a broaS Fast spreading over S Fast

Used range of environmental conditions range of environmental a large geographic area.spreading.
and a large geographic area. conditions.
Not used
EG Occurs over &road range of E Occurs over a broad range o6 Occurs over a large -
Not used environmental conditions and a largeenvironmental conditions. geographic area.

geographic area.
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15 forms of Invasiveness

Combinations of the demographic dimensions of invasiveness

Environmental range

A AEGs B AES
E;—P" %
AEG || . 8
El‘"' ? | ol |
X _F. : ig !:: _I i .'|.|: !-I _J
EGS ES G5 s
EG E a None

Fig. 1. Preportion of 112 traibased invasion studies that classify invasive species
into 15 forms of invasiveness based on combinations of high local abundance (A),
broad environmental range (E), wide geographic range (G) and fast spread rates (S).
Pie charts ireach cell indicate the percentage of 112 studies that used those
dimensions to identify invasive specesdetermined by the classification criteria
reported.or.invoked in the studies (Table.34)Xters and coloucoded shading
indicate.cases where thditnension is explicitly used as a criterion of invasiveness
(some:celeurs overlap indicating usenadltiple criterig, see Table 2g.g. AEGS, all
demographic itnensions are used as critefNone: proportion of studies where none
of the fourdemographic dimensions wesed as criteria of invasivene8s0% of
studiessdid not specify the criteria usédhen impact was considere?B of the 31
forms of invasiveness were used in these 112 st@adgestudies used onignpact as a

criterion of invasiveness).
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Fig. 2. Relationships among the four demographic dimensions of invasiveness for 340
alien forbs'and graminoids in Victoria. Pearson correlation coefficientharen in

each panelr]>0.5 in bold font. Units of measurement: local abundance = log-
transformed maximum relative cover observed in a quadrat; environmental range siz
= geometric mean of the standard deviations of four environmental variables in their
originak unitsy(Appendix S1); geographic range size = geometric mean of the standard
deviatiens.ef:latitude and longitude (decimal degrees); spread raterahsformed

rate of geographic spread (km/year). Invasive species in black circlemvagive
species.inwhite circles. Correlations with and amdiiRJlr and distance to edge were

all |r] <0:5 (Table S5).
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Fig. 3. Predicted probability of 248lienforbs being classified as invasive based on

species’ local abundance, environmental range size, geographic range size, spread

rate, minimum residence time and distance to ddgis of measurement: minimum

residence.time = years between first and last observation in Victopariod 1900-

1991 inclusive; distance to edge = liwmghsformed mean of distance to edge of

vegetation‘fragments (km); others provided in caption of Fig. 2. Significant slope

coefficients are reported; **p < 0.001, *p < 0.05; dotted lines are 95% credibl
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868  Fig. 4.Predicted probability of 100 alien graminoids being classified as invasive
869 based on species’ local abundance, environmental range size, geographic range size,

870  spread rate, minimum residence time and distance to edge. Detail@s3in
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