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Abstract

The need to understand and manage biological invasions has driven the development of frameworks to cir-
cumscribe, classify, and elucidate aspects of the phenomenon. But how influential have these frameworks re-
ally been? To test this, we evaluated the impact of a pathway classification framework, a framework focussing
on the introduction-naturalisation-invasion continuum, and two papers that outline an impact classification
framework. We analysed how these framework papers are cited and by whom, conducted a survey to deter-
mine why people have cited the frameworks, and explored the degree to which the frameworks are imple-
mented. The four papers outlining these frameworks are amongst the most-cited in their respective journals,
are highly regarded in the field, and are already seen as citation classics (although citations are overwhelmingly
within the field of invasion science). The number of citations to the frameworks has increased over time, and,
while a significant proportion of these are self-citations (20-40%), this rate is decreasing. The frameworks
were cited by studies conducted and authored by researchers from across the world. However, relative to a
previous citation analysis of invasion science as a whole, the frameworks are particularly used in Europe and
South Africa and less so in North America. There is an increasing number of examples of uptake into inva-
sion policy and management (e.g., the pathway classification framework has been adapted and adopted into
EU legislation and CBD targets, and the impact classification framework has been adopted by the IUCN).
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However, we found that few of the citing papers (6-8%) specifically implemented or interrogated the frame-
works; roughly half of all citations might be viewed as frivolous (“citation fluff”); there were several clear cases
of erroneous citation; and some survey respondents felt that they have not been rigorously tested yet.
Although our analyses suggest that invasion science is moving towards a more systematic and standardised
approach to recording invasions and their impacts, it appears that the proposed standards are still not
applied consistently. For this to be achieved, we argue that frameworks in invasion science need to be
revised or adapted to particular contexts in response to the needs and experiences of users (e.g., so they
are relevant to pathologists, plant ecologists, and practitioners), the standards should be easier to apply in
practice (e.g., through the development of guidelines for management), and there should be incentives for
their usage (e.g., recognition for completing an EICAT assessment).

Keywords
Biological invasions, EICAT, introduction pathways, invasion science, Pathway Classification, Unified
Framework

Introduction

The field of invasion science has grown rapidly (Pysek et al. 2006; Richardson and Pysek
2008). However, despite major advances on many fronts, there are ongoing debates
about how the phenomenon of biological invasions should be circumscribed and classi-
fied (Latombe et al. 2019). Such differences in definitions hamper our ability to develop
robust generalisations, consistently monitor the phenomenon across different scales,
and report on it to multiple stakeholders. To facilitate generalisations, and to improve
the link between science, policy, and management, numerous frameworks have been de-
veloped in an attempt to unify different concepts and definitions. For these frameworks
to allow for generalisations and to have value in decision-making, they need to be appli-
cable across taxonomic groups and environments and be accepted by different end users.

These issues were discussed as part of a workshop on “Frameworks in Invasion Sci-
ence” in November 2019 (Wilson et al. 2020). As background to this workshop, and
to understand the role of frameworks in invasion science generally, this paper explores
the degree to which existing frameworks have been accepted and adopted. For this
purpose, we selected three of what we consider amongst the most influential recent
frameworks in invasion science: the pathway classification framework first outlined by
Hulme et al. (2008); the proposed Unified Framework for Biological Invasions describ-
ing the introduction-naturalisation-invasion continuum (Blackburn et al. 2011); and
the Environmental Impact Classification for Alien Taxa [the rationale was introduced
by Blackburn et al. 2014; and guidance as to how to apply it in practice (with slight
modification) was provided by Hawkins et al. 2015]. These are hereafter referred to
as the “Pathway Classification”, the “Unified Framework”, and “EICAT”, respectively
(and where data are presented for all three frameworks, they are presented in this order,
with a combined/single figure for the two papers that outline EICAT). This is a biased
selection. Many more frameworks have been proposed, some of which are very similar
to those selected (Catford et al. 2009; Leung et al. 2012; Wilson et al. 2020), and sev-
eral others paved the way for the frameworks selected here (Nentwig et al. 2010; Rich-
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ardson et al. 2000; Williamson and Fitter 1996). However, we selected these frame-
works as they capture the phenomenon of invasion in its entirety (i.e., introduction
dynamics, establishment, spread, and impact) and they were all explicitly designed
to be generalisable across taxa and contexts. They are also amongst the most wide-
spread and widely adopted frameworks, for example, the Pathway Classification has
been modified and adopted into EU regulations and by the Convention on Biological
Diversity (Scalera et al. 2016), and EICAT was adopted by the IUCN (IUCN 2020).
Both the Unified Framework and the Pathway Classification have been proposed for
use in international biodiversity standards, and EICAT is under consideration for a fu-
ture proposal (Groom et al. 2019). Therefore, they arguably represent the frameworks
that are closest to being standards in invasion science, and see Box 1 for how they have
been adopted policy and management settings in South Africa as an example.

Box |.How the frameworks have influenced policy and management in South Africa.

All three frameworks—the Pathway Classification (Hulme et al. 2008), the Unified
Framework (Blackburn et al. 2011), and EICAT (Blackburn et al. 2014; modified by
Hawkins et al. 2015)-have been implemented to different degrees in South Africa.
While these frameworks are not formally part of South African legislation, they are in-
corporated into national reporting on biological invasions and in a recently-developed
risk analysis framework (see details below). There is, therefore, an incentive for South
African researchers to explicitly use the coding of the frameworks.

Status report on biological invasion in South Africa

South African regulations on biological invasions require that, every three years, a
report on the status of biological invasions and the effectiveness of control measures
and regulations is produced. The primary aim of the status report is to strengthen the
links between basic research, policy, and management by detailing the current status
and providing support to decision-makers. The first report was released in October
2018 and it was the first effort globally to report on the status of biological invasion
at a national level (van Wilgen and Wilson 2018). The report is based around 20 in-
dicators covering pathways, species, sites, and interventions (Wilson et al. 2018). Of]
these, six indicators require the direct application of the invasion frameworks, and a
further two are related to the frameworks.

Risk analysis framework

The South African regulatory lists (Department of Environmental Affairs 2014a; b)
were initially developed through a series of stakeholder engagements and expert panel
meetings (Kumschick et al. 2020-b). However, this has been contested in some cases.
In response to the need for transparent and repeatable evidence to underpin the list, a
risk analysis framework was developed. (Kumschick et al. 2020-c) As with the status
report, the framework explicitly tries to align with the proposed frameworks.
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Due to the way we selected the three frameworks, our analysis is somewhat circular. For
example, the frameworks were selected on the basis that there has been some uptake into
policy, so it is unsurprising that we found some uptake by policy-makers. However, we feel it
is important to: (i) establish whether these frameworks are used broadly by people interested
in invasion science or used just by a subset (e.g., only researchers based in Europe or only peo-
ple studying marine invasions); (ii) determine whether the frameworks are being used as they
were intended or only used to justify working on biological invasions; (iii) to assess how users
perceive the frameworks; and (iv) to draw insights on how the field could move forward.

Methods

To evaluate the impact of the frameworks, we conducted an analysis of the citations of
the papers, surveyed the authors of citing papers, and explored the extent to which the
frameworks have been used in policy and management documents.

Citation analysis

The impact of a research publication is often measured by where it is published and
how often it is cited (Biagioli 2016). By aggregating across publications, metrics have
been developed to provide a measure of the impact of individual scientists and institu-
tions (Hirsch 2005) that is incorporated into decisions around recruitment, promo-
tions, and research funding (Hicks et al. 2015). While such metrics are simple and
transparent, they create perverse incentives. For example, researchers, in an attempt to
increase their h-scores, might inappropriately or egregiously promote their own work
when reviewing or editing other people’s manuscripts (Biagioli 2016; Zaggl 2017).
Nonetheless, and acknowledging that impact as measured by citations is a different
concept from research quality (Bornmann and Haunschild 2017), citations are a useful
starting point to evaluate impact.

We explored four main aspects. First, we assessed the proportion of self-citations
to gauge the degree to which the frameworks were only used by those who constructed
them. Second, we evaluated whether the geographic and taxonomic biases apparent in
the scientific literature in general (cf. Wilson et al. 2007; Wuestman et al. 2019) and inva-
sion science in particular (Pysek et al. 2006; Pysek et al. 2008) were also apparent in the
papers citing the frameworks. Our expectation was that the selected frameworks would
be used across taxa as they were designed to be generally applicable. For example, an
explicit rationale for the development of the Unified Framework was to merge a scheme
predominately used by zoologists (Williamson and Fitter 1996) with a scheme used pre-
dominately by botanists (Richardson et al. 2000). Third, we wanted to explore whether
the citing papers actually implemented the frameworks or simply cited the papers to back
up general comments about biological invasions. And finally, we wanted to assess the de-
gree to which the citations were from studies focussing on biological invasions or whether
the frameworks had impact beyond their originally-intended field of study.
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We downloaded bibliographic information from the ISI Web of Science Core Col-
lection (https://www.webofknowledge.com) on 1 July 2019 for all the publications
listed as citing one of the four papers considered here (Blackburn et al. 2014; Black-
burn et al. 2011; Hawkins et al. 2015; Hulme et al. 2008), and obtained copies of the
citing publications if possible (books and book chapters were omitted if a digital copy
could not be readily obtained — 3.2, 1.6, 2.8% of cases for the Pathway Classification,
the Unified Framework, and EICAT respectively; Suppl. material 1). We developed an
initial protocol to score the articles according to set criteria. Ten of the authors scored 10
papers to look at consistency in scoring (i.e., inter-rater reliability). For most categories,
it was found to be consistent, but in a few cases (e.g., the discipline), we found there was
some disagreement that could be reduced by refining the protocol. However, when at-
tempting to score papers in terms of the degree of influence the frameworks had on the
paper there was substantial disagreement, even after discussion to refine the categories
[Fleiss’ Kappa of 0.179 in R package irr (Gamer et al. 2019)]. As a result, the extent
of influence of each framework was scored by only one person for consistency (JRUW
scored the Pathway Classification and SK scored the Unified Framework and EICAT,
after discussing and aligning the scoring categories, see Suppl. material 2: Table S2.1).
Most authors did some scoring of the other sections. We then adapted the protocol
(see Suppl. material 2.1) and scored each paper accordingly (see Table 1 for details of
the data extracted). It took 2—10 minutes to score each paper once it was downloaded.

The list of journals that cited each framework was extracted. To determine whether
the frameworks had impact beyond their originally-intended field of study, we assigned
each citing journal to one of three categories — those that explicitly included biological
invasions as a subject area; those that published other aspects of ecology or were more
general in scope; and those that did not include ecology as a subject area.

To evaluate geographic biases in the papers citing the frameworks, we used the
results of a previous analysis of the geographic pattern of invasion science as a whole
(Pysek et al. 2008) as a point of comparison. We identified the corresponding author
of studies that had cited the frameworks and assigned their primary affiliation to a
geographic region as per the regions used by Pysek et al. (2008). We then compared
the number of studies in each region relative to the number of studies noted in Pysek
et al. (2008) against the expectation based on the rest of the world. After adjusting for
multiple comparisons, regions that tended to have cited one of the frameworks either
more often or less often than expected were identified (see Suppl. material 2.5).

Survey of citing authors

Because it was difficult to be sure how the frameworks had influenced publications,
we surveyed the corresponding authors of papers that cited any one of the four papers.
The survey was conducted under ethical clearance (SU project number: 14445) issued
by Stellenbosch University.

The questionnaire (Suppl. material 2.2) was structured to assess how the frameworks
are viewed and why they were cited in the authors’ works. We used structured questions
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that were adopted and modified from a framework that has been applied to survey authors
in citation analyses (Case and Higgins 2000; Harwood 2008; Prabha 1983; Shadish et
al. 1995). The questionnaire consisted of 35 questions in four sections: eight proximity
questions that assess the relationship between the person who cited a publication and any
authors of that publication; 21 questions that seek reasons why authors might cite a paper;
four semi-structured questions to gauge whether the frameworks are used in research or
to implement policy and management strategies; and two questions that provided an op-
portunity to list any suggestions for or proposed improvements to the frameworks (Suppl.
material 2.2). The questions that elicit reasons why authors might cite a paper can be
grouped into five broad citation categories — classic citations, negative citations, creative
citations, personal influence citations, and supportive citations — and the results were in-
terpreted in the context of these groupings. A cover letter and a link to the questionnaire
were emailed to a total of 958 corresponding authors, with a reminder sent to non-re-
sponders after one week. The survey ran for three weeks, from 13 March to 6 April 2020.

Influence on policy and management

Policy papers and strategies, unlike journal articles, often do not have a comprehensive
list of references, are not indexed by academic databases, and many are published in lan-
guages other than English. Therefore, we read a selection of national and international
policy documents. These documents included national strategies, status reports, national
and international guidelines, and documents published by the Convention on Biological
Diversity, International Union for Conservation of Nature, and the European Union.
We then qualitatively assessed the degree to which the documents explicitly or implicitly
referred to or implemented the frameworks. For this purpose, we only considered docu-
ments dated more recently than 2008, i.e., after the Pathway Classification was published.

Results

Citation analysis

The results of the citation analysis are summarised in Table 1. As of 1 July 2019, the Pathway
Classification had 436 citations recorded on the ISI Web of Science database, the Unified
Framework 729 citations, and the two papers that present and refine EICAT 249 citations.
This puts them in the top ten most cited papers in their respective journals amongst articles
published in the same year or more recently. The vast majority of these citations are from
papers that can be classified as invasion science. In fact, about a third of all papers published
in the journal Biological Invasions in 2018 cite the Unified Framework. The numbers of
citations are increasing annually, with no indication of any plateaus (Figure 1). The num-
ber of self-citations has also increased over time, but their relative proportion has declined.
Twelve percent of the papers cited more than one of the frameworks (Suppl. material 2.3).



575

The influence of selected invasion frameworks

10ded © uo yromowrely oy
MO Mucuﬂmcm MO plicibe) MFT hO«« \Aunogﬁm MT&N:MH B STIX2) Ul ﬁuu_u ST vTOBOEN\G uﬂ—u sawmn MO hOﬁEﬂE
oy 1811 15933ns 01 y8nous 10u seam paure[dxs d0UELIEA JO IUNOWE A “UOISNPUOD UT *(G ‘6 Y
JO swNWIXew) SUONEID SNOIDWNY Pey [[NS PN UOHEID, SE ssromawely o) pasn ey s1oded
IS0 JIYA DIUO SHTOMIWEIJ A} pAId AU0 syTomawrely a3 payusw]dur AJfesyoads yeyy
s1aded awos pue £(0450¢ ‘7 ‘1€) SUONEID JO IqUWINU UT DUBLILA 93 Jo yonwr ure[dxd 10U pip

‘syromowely

UMO SI1 UO 101D ST INQ ‘SUONEID JO JIGUINU YIIM DSEIOUT 0F PIPUD) IUINYUL JO IUNXI YL, | asoy1 Aq paousanjur 210 2q PINOM SIWD -1aded oy ur paao suovIz)
*UOTIBLIA JO JUnOwWe 231e| B I 21971 INq ‘PaWIGUO]) s[dnnu spromowresy e 910 jey siadeg SI SHOMIWEIJ Y} AW JO IdqUINU YT, 1980107 Jo waqunny
“EXE) SSOIDE
124 se sarpnis Apu21sisuod pasn are SHTOMIWETJ S} sem
[E1qOIoTWI 10 [e3UNJ OU 219M IDYI PUE SAPNIS IAYIO UL IOW JI0MIWEL] oY) parudwa]dur uoneadxd Ay Yons sy “EXE) JUIIPIP SSOI0E (VN opdnmu
9ABY 01 Popual T DI P20 IBY) S[EWIUE UO SIIPMIG “OA0QE SWEIT 10 SINSAT 99§ 9[qesI[eIoUd3 WIY) LW 03 SeM SHIOMOWEI) -1aded oy ut parpnis gatpo ‘syued ‘spewrue)
*(g 2831]) sase1q [qeIoU I INq ‘paunIyuod Ap3re] a1 Jo Juawdo[2Aap Ay 10§ S[RUONEI 2100y | swistueSIo ) Jo 2d0ds JTWOUOXE) Y[, | S[PAI] AT [IIM T0IDB] uoxvy
‘suostredwod 10§ ueyy ayper (s1uefd 1o sjewiue) exed renonied pue ([eLnsa1I 10
191eMYS2TJ) SWET JenonIed Uo SNO0j 03 PAPU YTOMIWEL] PAYIUN Y3 J[Iym “(dpmu *a71) “SWITERT SSOIDE A[USISISUOD PASN SIE SYIOMIUIEL]
SWwIEa1 pue exe) sso1oe suosiredwod 10§ pasn Arenonied sem uonedyisse|D) Aemyieg oy [re1op oy sem wopeoadxo oy yons sy (8107 ¢ (VN ©[dnmu
ut vuu:qu_mE_ Uy IBYI 3[qEIOU ST T IOIAIMOR 'S[EWIUE UO ISOW PUE SIIPTIS [ELISILIN 10 100A8[0) ) SIUSWUOIIAUD JUIIYIP SSOIOE ‘pasn exe1 9y3 U0 paseq ST SIYI ‘SAPMIS 1910 [erIS1IN
1M 1sour r_w:oﬁ “exel pue sufear JUIYIP SSOIOE SAPMIS \E PR30 2TE SYIOMIUIEJ 3213 [ uEww:Eu:uw W) OB 01 SEM SYIOMIUIETJ ﬁumwﬂ.%_EEOn_m_ J0] "JUSWUOIIAUD ‘urrewr ﬁuuwzﬁmuub
*(z 231y saseiq a[qeIou i Inq ‘pauwnryuod ApJre| a3 Jo 1uawdo[PAdp aY3 10§ S[RUONEI 2100 | Y3 jo swd ut saded oy Jo odods Ay, | S[PAI] XIS YIIm 1010 wypRy
Aﬁoo > nm »Mww HaﬂN.mn‘m »ﬁoo > ﬁm »Ow ”msh.mnﬁ nﬁoo > nm »Mc HN:\MHM
011011-Ja5 SNSIOA 29uanpfuz fo 7u21%2 Y1 JO 101EJ PAIIPIO UE UO Paseq SisA[eue) pny uoner
SE WY 2SN URY) [IBIIP UT SyI0MIWelj o) Judwd]dw 031 A[31] 210W 219M SUONRID-J[2S
‘1ro=d00>dzoo=d :PoUueLIeA JO mw:ssu 2 Jo 151 ﬁuhmzvm.EU Spomawely oy asinn A[resyoads 03 Ay
Suisn asuodsax a1 Se UONEID-J[2S B SEAL 2DUDIAJAI B IDYIIYM put d[qerea L1oreue[dxo ue se 210W 5q P[NOA JTOMIWEL) I3 JO SIOYINY
124 YIIM ‘SIOTID [RIWOUIq (IIA [2POW TeUT] PAsi[erouad) awn 1940 SUTUIPIP ST UONEID-J[2s “promourexy sy Sursn 1reas apdoad 1aypo se
Jo uoniodoid aaneper 241 10q (%6¢ ‘TT ST) ‘SUONTID-JP2s Jo Joquunu AFrE] v 1M A1, SWII-IDA0 JUIPIP P[NOYS SIYI INQ SUONEID | *dP1IE FUND 213 JO SIOYINE OS[E 1M (ASTVA “ANdL)
(1 2m3yy) pawiguor) -J[os Jo 1aquuinu uedyIudis v oq pinoys 212y | soded reurdio o1 jo sTOYINE DYDY A | S[2AI] OMI M J0I0R] | U01PII-f]oS
*SUOISEAUT “1surede so[qerrea 1910 Sunsa
*(1yS1r 01 1j9] Woiy SYIPIM Teq [ea180jo1q moqe siutod [erouad oxew 01 pasn | 10§ d[qerre asuodsar e papiaoxd siyp
a3 3o ‘g 2131 295) "219Y PAPNIS SYIOMIWELIJ Y} SSOIIE Te[ITs sem usaed SIYT, “sromawrely aq osfe 1ySrw £ y3noyie ‘sromawrely *(promowrery oy syudwdur raded o (oymads ‘prorq
oy Sunuawaydur Arenioe siaded Suno jo 948-9 Auo yam ( gny uonein a1 rerousd pasodoxd oy jo s1oadse oypads yuswardwr | yorym 01 2215ap a1 “a°1) pasn A[[enioe | ‘wontuydp [erauad) s[ad] aouamfur
SE PISSE[D 219M SUONEID [[& JO 0506 ~ ySiy A[Surstidins sem suoneird sNojoALL JO [249] Ay, 01 pua) pnoys sypomawrely oy Sunio siodeg | st uoneId a1 Moy Jo uonerdrdiaiur uy | Mo YIM 10198) PaIAPIO) Jo quarxy
((Bojouasiuany Jo jpuinof uvsriawyy a didwrexa 10y 4301022 01 yjur| ou Apuaredde yaim speumof *20UdIDS
ur dwos urpnjour ased Yoed ur o4 >) saurdiosip saypo ug siaded jo ypuey e pue {(o5/ 9 UOISEAUT PUOAdQ PAsn UdIq AR SYIOMIWEL]
) s1aded (£reuonnjoas 10) [e3130[025 19PLOIQ FWOS Aq PN AIOM SHIOMIWEI] Y3 JO [[e INq Y3 YOIYM 01 JUAXD I JO UONEIIPUT UE st 1oded o jo (1930 480[023 ‘uoIsEAUT)
“(%T6 €6 “96) suorseaur [ea130[o1q 03 parefar Apda11p a1am s1aded Sunp jo Arofew sea oy, sapraoxd Inq ‘uoneiadxa syads oN o1do1 a1 JeyM JO UOREIIPUT YSNOI Y | S[2AS] 1Y) M T0IDB] ouzdsiy
uopeadxy uondunsoq ad4y, J[qerrep

synsay

“I9PIO0 IBYD UT (GT(OT e 32 SUDMEH ‘H 10T T 32 WINgR[g) TVDIA PUt (1107 ‘¢ 3° WIngyoe[g) JT0MIWEL] PayIun) 3y (8007 ‘Te 19 dWnH) Jiom
-OWIeIj UOTIBDYISSE]) ABMYIE] 91 10] a1 AU “UDAIS OTE SIOQUUNU 2I2Y A\ "9OUIIDS UOISEAUT UT SYIOMIUIEIJ JO SISA[EUE UOIEIID Y1 JO SI[NSAI 211 Jo ATewuwung * | |qeL



576 John R. U. Wilson et al. / NeoBiota 62: 569-590 (2020)
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Figure I. The number of times each framework paper was cited since publication until 1 July 2019. The
frameworks are the Pathway Classification (Hulme et al. 2008), the Unified Framework (Blackburn et al.
2011), and EICAT (\Blackburn et al. 2014; Hawkins et al. 2015). Values from 2019 only include a por-
tion of the year and even the number of citations by articles published in 2018 is a slight underestimate as
it has also increased in the time since July 2019. Each framework has shown a general increase in citations

per year since publication, and a decrease in the proportion of self-citations (Table 1).

Almost half of the citing papers only cited the frameworks to justify general com-
ments about biological invasions. Importantly, however, the citing papers covered a
wide range of realms and taxa, and the frameworks were implemented in detail in a
similar wide range of studies (Figure 2).
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Figure 2. The extent to which the frameworks have influenced citing papers broken down by (a) envi-
ronment and (b) taxonomic groups. The frameworks are the Pathway Classification (Hulme et al. 2008),
the Unified Framework (Blackburn et al. 2011), and EICAT (Blackburn et al. 2014; Hawkins et al. 2015).
The widths of the bars are proportional to the number of citations. The degree to which the framework
was used in the citing paper increases from left to right on each figure [from general, to definition, to
broad (application), to specific (application)]. The data are in Suppl. material 1, and the methodology

used for scoring in Suppl. material 2.1.

The frameworks were cited by articles published in a wide range of journals (151,
223, and 108 journals, see Suppl. material 2.4). Unsurprisingly, the majority of these
journals (70, 68, and 79%) have invasions as one of or their main subject area. Similarly,
the majority of articles citing each framework (83, 85, and 87%) were explicitly on inva-
sion science. All three frameworks have a global reach and have been cited by authors
from around the world working on invasions in a similar global range of sites (Suppl.
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material 2.5). However, when compared with the analysis of citation patterns in invasion
biology (Pysek et al. 2008), all the frameworks are more frequently cited by researchers
based in Europe or South Africa and less often by those based in North America [49,
44, and 52% of all citations to the respective frameworks were from research led by
European based authors vs. 22% of all studies in Pysek et al. (2008); for South Africa:
9, 16, 18% vs. 2%; for North America: 20, 17, 12% vs. 50%; (the probability from a
Chi-squared test was < 0.01 in all these cases)]. See Suppl. material 2.5 for the full details.

Survey of citing authors

We received responses from 84 people contacted (-~ 9% of the 905 e-mails that did
not bounce) from 20 countries (including 14 responses from North America, a slight
over-representation). Responses were split fairly evenly across the frameworks (20 of
2565 51 of 589, and 13 of 113 respectively). The statement that respondents tended to
most agree with was “This reference is authored by recognized authorities in the field”
followed by “This is a classic reference in the field”. The most common reason for citing
the frameworks was that they are “classic citations” (Fig. 3, Shadish et al. 1995). Im-
portantly, of the six statements that suggest a paper is viewed as a “classic citation”, the
two questions that were not widely supported (in fact more respondents disagreed than
agreed) were “There have been substantial efforts to show that the framework is wrong”
and “The framework has withstood many efforts to show that it is wrong”. Therefore,
while the papers are undoubtedly viewed and used as classic citations, there is a general
feeling that the frameworks have not been adequately investigated. This was borne out
by various suggestions of how the frameworks could (and in some cases have) been
modified or where other frameworks are more appropriate (Suppl. material 2.6).

In terms of the link between the citing authors and the authors of the frameworks,
over half have spoken to one of the authors (64, 51, 95%) and a substantial number of
these consider one of the authors a personal friend (35, 13, 41%). While the respond-
ents often recommended the citation to others during review (40, 27, 46%), it was not
suggested to them often (5, 6, 0%). Of course, the respondents are a small section of
the invasion science community who have actively cited the framework and who were
willing to respond to a survey concerning the framework.

Influence on policy and management

All three frameworks seem to have had some impact on policy and management (Sup-
pl. material 2.6 and 2.7; Box 1). The Pathway Classification framework has arguably
had the most impact. The CBD’s Aichi Biodiversity Target 9 specifies (amongst other
things) the need to identify and prioritise pathways by 2020 and a modification of
the pathway framework was proposed for use by the CBD itself (Scalera et al. 2016).
Other examples of its adoption include the guidelines for invasive species planning
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Figure 3. Reasons for citing the frameworks based on the response to a questionnaire sent to correspond-
ing authors. The frameworks are the Pathway Classification (Hulme et al. 2008), the Unified Framework
(Blackburn et al. 2011), and EICAT (Blackburn et al. 2014; Hawkins et al. 2015). The categories Nega-
tive, Supportive, Personal Influence, Creative, and Classic are based on Shadish et al. (1995). See Suppl.
material 2.2 for a copy of the questionnaire and Suppl. material 2.6 for the full results and how the ques-
tions map on to different categories.



580 John R. U. Wilson et al. / NeoBiota 62: 569-590 (2020)

and management on islands published by IUCN and the European Union Regula-
tion on the prevention and management of the introduction and spread of invasive
alien species. More recently, EICAT has been adopted as an IUCN standard (IUCN
2020) and is anticipated to play an important role in future biodiversity targets and
as part of an indicator to track impact (Essl et al. 2020; GEO BON 2015; Latombe
et al. 2017). By contrast, we found little evidence that the Unified Framework (the
most cited framework investigated here) has been used in policy and management.
This could in part be due to differences in how the phenomenon of biological inva-
sions is defined (Wilson et al. 2016). Policy-orientated definitions of invasive organ-
isms often include the impact of the organism, while the biogeographic definition
also represented in the Unified Framework (Richardson et al. 2000) seems to be
more common in science.

Importantly, once a scientific framework has been widely accepted by an interna-
tional body like the CBD or the IUCN, it is very likely that the original references are
no longer cited. Therefore, caution must be observed in interpreting the policy influ-
ence of scientific documents.

Discussion

We found that the invasion frameworks assessed here are widely cited by studies
focussing on different realms and taxa, and from many different parts of the world.
While many citations might be viewed as frivolous (“citation fluff”), there is a sub-
stantial number where the frameworks have been implemented in detail. There are
different possible explanations for these trends. Invasion science might be coalescing
temporarily; it might be settling down to adopt standard and widely-agreed prac-
tices; a particular ‘school” of invasion science that uses particular frameworks might
be emerging; or there might always be a suite of papers that are core papers for citing,
but that do not actually influence the direction of the field. We discuss some of these
issues here.

Frameworks are temporary, concepts are permanent, but where ideas come from
can have long-lasting effects

The Unified Framework and EICAT owe substantial intellectual debts to previous pa-
pers and frameworks. Indeed, some of the original frameworks are arguably still more
influential. The Unified Framework is based partly on a framework for plants out-
lined by Richardson et al. (2000), and this earlier paper still tends to be more widely
cited. Richardson et al. (2000) had a huge effect on the study of biological invasions.
By creating standards that were widely adopted by the research community, data on
biological invasions have been increasingly based on a common set of criteria, and are
therefore directly comparable. This has facilitated a wide range of comparative analy-
ses [e.g., the Global Naturalized Alien Flora (GloNAF) project (Pysek et al. 2017)].
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Frameworks also evolve and develop over time and in some cases are superseded.
The Pathway Classification has been expanded and subcategories developed as part
of its proposed uptake by the CBD (Harrower et al. 2017; Scalera et al. 2016). It is
noticeable that some more recent journal articles and policy documents implement
the CBD pathway classification scheme without citing the original paper on which it
is based. This might be quite typical, i.e., once a framework is adopted into a policy
or adapted into a guideline, there is a step-change in the impact it has, but conversely,
the original paper might no longer be cited. Papers applying EICAT often use it in
combination with the Generic Impact Scoring System (GISS; Nentwig et al. 2016;
Nentwig et al. 2010) upon which EICAT is based or they use a modification using
aspects of both schemes. GISS has probably been more often applied to date and to a
wider taxonomic range than EICAT (e.g., Kumschick et al. 2015), but due to EICATs
adoption as an IUCN Standard, EICAT is rapidly gaining momentum.

Frameworks often need to be adapted in light of practical experience. For example,
several adaptations to the Unified Framework have been proposed based on experiences
of implementing it in Europe (Groom et al. 2019), Hawaii (Brock and Dachler 2020),
and South Africa (Wilson et al. 2018). Similarly, Pergl et al. (2020) and Faulkner et al.
(2020) provide proposals to refine the CBD pathway classification scheme based on
applying it in different contexts, and Volery et al. (2020) document changes made to
EICAT after stakeholder consultation. All three frameworks have, to different extents,
been incorporated in developing biodiversity data standards, and this will provide a
more formalised process for revising them.

Importantly, however, our results show that the extent of influence of the frame-
works is still somewhat affected by how they were originally developed. There is, un-
surprisingly, a high level of self-citations, and this likely explains part of the apparent
European and South African bias in uptake (cf. Fig. 1 and Suppl. material 2.5). The
Pathway Classification was a direct product of the European Union Funded ALARM
project (Settele et al. 2005); the idea to develop the Unified Framework arose at a
workshop in Switzerland and was further elaborated at a meeting in South Africa; and
EICAT resulted from a workshop in Germany. Moreover, of the 33 original authors
of the frameworks, 26 are based in Europe, three in South Africa, and one each in
Australia, Canada, New Zealand, and the USA. In this context, the global influence
of the frameworks has been impressive, but it will be important for the utility of the
frameworks to be assessed in more depth and in different contexts. For example, intro-
duction pathways have changed over time (Faulkner et al. 2016; Hulme 2009), and the
importance of different pathways varies across the world. Faulkner et al. (2020) high-
light one such case, where the trade in traditional medicines is a potentially important
introduction pathway in Africa, but is not considered explicitly in the current (arguably
Eurocentric) Pathway Classification. Similarly, the Unified Framework originated from
combing zoological and botanical frameworks, and there are several practical issues ap-
plying both it and the Pathway Classification to fungi and microbes (Paap et al. 2020).

Nonetheless we believe that our results provide some indication that invasion sci-
ence is beginning to coalesce around systematic schema for classification and under-
standing that are applicable across taxa and realms.
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Comparisons with other frameworks?

Given the lack of points of comparison, it is difficult to gauge whether the results seen
here are surprising or not. Ideally, we would have looked at the uptake of other im-
portant frameworks in invasion science (including historical and more contemporary
schemes) and compared with highly-cited framework papers from related disciplines.
Unfortunately, the methodology we developed was time-consuming. We found no
reasonable proxy for a manual analysis of the extent of influence of the frameworks on
the citing papers. There was a broad correlation between our manual scoring of the ex-
tent of influence and the number of times a framework was cited, but there were many
exceptions (Table 1). Similarly, simply noting whether a citation was in the methods,
discussion, or introduction provided some indication of whether the frameworks were
used, but not enough to reliably predict that the frameworks were actually imple-
mented (results not shown, but data presented in Suppl. material 1). We concluded
that conducting such a citation analysis requires careful examination of at least the
sentences that include the citation, and often an evaluation of the whole manuscript.
Machine-learning techniques might offer a solution to this issue in future.

We did, however, identify some comparisons that would be particularly interesting
and some important research gaps. As mentioned previously, most of the frameworks
presented here had progenitors [for example, the Unified Framework explicitly built
upon Williamson and Fitter (1996) and Richardson et al. (2000)], an explicit evalua-
tion of how these have been used over time would provide a benchmark against which
our results could be assessed. Similarly, while the frameworks chosen reflect pathways,
species, and impacts, it would be important to consider frameworks centred around
sites of invasion or the effectiveness of interventions (McGeoch et al. 2016; Wilson
et al. 2018), or to consider how invasion hypotheses are cited (Catford et al. 2009;
Jeschke and Heger 2018). Finally, it might be instructive to track recent frameworks
[e.g., SEICAT, the socio-economic impact classification of alien taxa scheme (Bacher
etal. 2018), although there has not been much time for uptake].

Insights into citation practices

Our research did not primarily set out to evaluate citation practices, but several insights
were apparent. Many of the citations were what we considered frivolous (and informally
dubbed “citation fluff”). The introduction of most papers starts with a generic catch-all
statement about invasions, and the frameworks were often used to support these, often
inappropriately [e.g., citing the Unified Framework as evidence that invasions have impact,
or EICAT as a risk assessment protocol (Kumschick et al. 2020-a)]. Arguably “citation
fluff” provides an indication of influence, i.e., the frameworks are not directly and explicitly
used, but play a role in shaping the overall mental model of the processes at play. However,
there were many errors in the way in which the frameworks are cited (see Suppl. material
2.3). Should there be a greater onus on authors, reviewers, and editors to purge “citation
fluff” or at least to ensure such references really support the general statements made?
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The fact that 20—40% of all citations are self-citations is not necessarily indicative of nep-
otistic or insular research practices (Seeber et al. 2019). The frameworks were the products of
highly productive scientists with the intention of producing seminal papers in a research field
in which they were amongst the research leaders. The rapid uptake and declining propor-
tion of self-citations are arguably, healthy signs, as is the geographic spread of the citations.
This is borne out by the respondents to the survey where the authors were considered well
respected, and the framework papers were, by and large, considered classic papers in the field.

However, the papers analysed and the people surveyed were very biased. The results
are, therefore, consistent with the notion of a distinct school of thought amongst certain
(particularly European and South African) invasion scientists for whom these frame-
works are valuable (cf. the MAFIA framework of Pysek et al. 2020). A study of research-
ers who did not cite or use these frameworks despite the framework being relevant to (or
even designed to assist) their research would do much to further our understanding of
the limitations of the frameworks. As an analogue, it is difficult to understand why some
invasions are successful if we lack data on failed invasions (Zenni and Nufez 2013).

A suggestion to journals — avoid numbered citations

Finally, as a side note, in our experience papers with numeric citations are harder to
read, comment on as editors and reviewers, and make analyses, like the one here, much
more cumbersome. It is not clear to us why online-only publishers (e.g. the Public
Library of Science) persist with this format (cf. https://svpow.com/2011/01/07/an-
open-letter-to-plos-one-a-pox-on-your-numbered-references/).

Conclusion

The selected frameworks are influential and widely cited. They are being used to pro-
vide information about explicit efforts at monitoring and reporting biological inva-
sions and the development of internationally-agreed data standards. Nonetheless, they
are not yet widely implemented as they were originally formulated. We believe that our
ability to understand and manage biological invasions will improve as we move increas-
ingly towards agreed standards in the field (Wilson et al. 2020). Invasion frameworks
will need to both provide information about such change and be flexible, so they can
be modified in the light of the experience and needs of users.
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2.1 The protocol used to score publications that had cited the selected invasion

framework papers.

1. Web of Science was searched for publications citing the framework (Blackburn et al.
2014; Blackburn et al. 2011; Hawkins et al. 2015; Hulme et al. 2008), and details
downloaded into a spreadsheet

2. A digital copy of the publication was obtained. To reduce the complexity of the task
supplementary material were not considered.

3. Results were entered on a shared online spreadsheet, with the citing publications scored
according to steps 4—10 below.

4. Whether any of the authors of the framework paper were an author of the citing
publication (i.e. ~self-citations) was noted. This was automated in part by using
lookup with surnames, although, as formatting of names might differ, and people
might share surnames, this was checked manually, and several errors corrected.

5. The discipline of the citing publication was scored as “invasion” if the topic of the citing
publication was biological invasions (as defined by the Unified Framework). If the
topic of the citing publication was not related directly to the introduction-
naturalisation-invasion continuum or its outcome(s), then it was scored as “ecology” if
the topic were biological in a broad sense (including evolutionary biology as well as
molecular, genetic, taxonomic and conservation biology studies). If the citing
publication did not fall within this broad definition (e.g. the focus was medicine or
physics) it was scored as “other”. While the presence of “invasion” in the title,
abstract, or keywords was usually indicative that the topic was invasion science, it
was important to manually confirm this (e.g. the term invasion might be referring to
weeds or pests that are native or processes related to ecological dominance without
any crossing of a biogeographic barrier).

6. The scope of the paper in terms of the realm investigated was noted (marine, freshwater,
terrestrial, other, multiple, NA). Laboratory studies were scored according to the taxa
used.

7. The scope of the paper in terms of the taxa investigated was noted (animals, plants,
others (microbes, fungi etc.), multiple, NA).

8. Citing publications were then searched for the citations (e.g. CTRL+F in Adobe), with
using either the lead author’s surname “e.g., Blackburn” or if references were
numeric in text the corresponding reference number in the bibliography was used
“e.g., 14" noting that the reference might be in a numeric range “e.g., [11-15]". The
number of citations was noted, and the citing text copied and pasted into the
spreadsheet. This was usually just the sentence itself, but if more context was
needed to facilitate scoring the surrounding sentences were also extracted or some
notes made.

9. The citing text / citing publication was then evaluated in terms of the purpose of the
citations as:

a) scene setting (usually in the introduction) (T or F);

b) a description of what and how it was done (usually material and methods) (T or F);

¢) used in interpretation (usually results / discussion / conclusion / recommendations) (T or
F).

10. Any issues or observations were added to the final column.

11. Papers were then evaluated by one person (for consistency) using specific categories of
the extent to which the frameworks had a direct or indirect impact on the work
conducted. This was based on the sentences extracted from the paper above, and if
necessary, an evaluation of the paper itself. See Table S2.1 below for details.

Note: We discussed whether to add a question on "Which type of paper it is? (review /

opinion; or paper that producing original data)" but decided it would complicate things, and it

was not clear how to analyse the data (too many grey areas).



Table S2.1: An ordinal categorical four point-scale used to score the extent to which the papers were directly or indirectly influenced by or

applied the invasion frameworks.
The frameworks are the Pathway Classification framework (Hulme et al. 2008); the Unified Framework (Blackburn et al. 2011); and EICAT (i.e.,
the impact classification framework, Blackburn et al. 2014; Hawkins et al. 2015). For practical purposes, it was decided to use slightly different
interpretations for the different frameworks. The frequency of mis-citations was not explicitly scored, as it was not clear where a line could be
drawn. However, there were a range of clear mistakes: in at least two cases Blackburn et al. 2011 was referenced in the bibliography but is not
cited in the text; in another case Blackburn et al. 2011 was referenced in the text as Blackwell et al. 2011, though this was corrected by Web of
Science; and in another case Blackburn et al. 2011 was used to support the statement “Its [the web-site www.xeno-canto.org] main goal is to
improve knowledge of bird sounds by increasing accessibility and diffusion of bird sound recordings from across the globe”, presumably a
different publication by Tim Blackburn was intended to be cited). Mis-citations would all be scored as level 1, i.e. general.

Level

Application to the Pathway
Classification

Application to the Unified Framework

Application to EICAT

1 (General)—Little to
no direct influence.
This was informally
dubbed by us as
“citation fluff”

Used as a general reference
(e.g. to state that invasive
species are introduced along
pathways)

The framework is not applied, but cited to
underpin some general statements about
invasions.

Used as a general reference (e.g. that
invasions have impacts)

2 (Definition)—the
framework is
referenced explicitly,
but not clearly
implemented.

There is a link to the need to
look at different pathways, and
some definitions are used, but
these do not underpin the work

The framework is cited to underpin the definition
of terms (invasion, alien, etc), but it is not
applied

The categories of mechanisms are used
in some way, or it is used to indicate there
is the need for consistent scoring of
impacts

3 (Broad application)—
Some evidence that at
least part of the
framework actually
implemented

There is some classification of
pathways that is influenced by
the classification scheme.

The framework is applied, but only in a broad
sense. i.e., populations/species are classified
according to the framework, but not in the
specific language nor with the specific
descriptions/definitions provided in that
framework. Other frameworks might have been
used instead

An indication of EICAT levels is given with
reference to specific mechanisms at
specific operation levels, though it is not
clear that the methodology has been
followed as intended.

4 (Specific application)
—Specifics of the
framework are
implemented

The paper specifically scores
the pathways using the
proposed classification (or sub-
categories)

The framework is applied, and
populations/species are classified according to
the specific descriptions/definitions and
terminology outlined in the framework (e.g. A—E
scheme). No other framework was used in
preference

Impacts are scored using the EICAT
methodology




2.2 The questionnaire used to evaluate the opinion of invasion scientists as to how
fundamental the frameworks have been to invasion science, policy, and management.

“Introduction

You are kindly asked to complete a questionnaire as part of research entitled “An evaluation of the
influence of selected invasion frameworks on invasion science and management”. This is research
conducted through Stellenbosch University. You are asked to participate because of your experience
in invasion science.

Purpose of the study: The aim of this survey is to collect data from researchers to investigate the
influence of invasion frameworks in the field of invasion science.

Your responsibilities: We are inviting you to participate in an on-line survey that is composed of a
series of questions about three selected invasion frameworks. We estimate the survey will take no
longer than fifteen minutes.

Payment: Participants are not paid nor charged a fee to participate.

Confidentiality: All data collected during this survey will be anonymised and stored at the Centre for
Invasion Biology, Stellenbosch in password protected files at least until the study is published. Only
the group members working on this research article will have access to the data. No personal
identifiers (e.g. name, surname, or any form of identification or contact details) will be requested,
nor there any information collected that will enable the identity of participants to be determined.

Participation and withdrawal: You have the right to choose whether to be in this study or not. You
may refuse to answer any questions you do not want to answer and remain in the study, and you

may skip questions you do not wish to answer. However, given all replies will be anonymised, once
data has been submitted it will not be possible to identify who is responsible for a particular entry.

Identification of investigators: If you have any questions or concerns about the research, please
contact: Ms. Tumeka Mbobo, 021 808 2834 or Prof. John Wilson, South African National Biodiversity
Institute / Centre for Invasion Biology, Stellenbosch University, jrwilson@sun.ac.za.

Introduction to the three frameworks:
o a pathway classification framework (Hulme et al. 2008 Journal of Applied Ecology);

. the proposed Unified Framework for Biological Invasions (Blackburn et al. 2011 Trends in
Ecology & Evolution); and

. the Environmental Impact Classification of Alien Taxa Scheme (Blackburn et al. 2014 PLoS
Biology; modified by Hawkins et al. 2015 Diversity and Distributions).

The questionnaire consists of four subheadings; (1) background, (2) description of the frameworks,
(3) their use in management and policy reporting, and (4) any suggestions or proposed
improvements. The same questionnaire is used for all three frameworks being evaluated in this
study.

Where to find all frameworks
1. Have you used any of the above-mentioned frameworks in your research? Yes/No.

If you have used Blackburn et al. 2011 please follow this link

https://docs.google.com/forms/d/e/1FAIpQLSch tOLNJDEncx08DZxXWf d1iDkkndc2fdk4-
0YICyVEXNJw/viewform?usp=sf link If you have used Hulme et al. 2008 please follow this link




https://docs.google.com/forms/d/e/1FAIpQLSdQftFdRx43s453amFvHL4AU2MagFSW7ujiEFtWW7bgi4Tr
BjsHA/viewform?usp=sf link

If you have used Blackburn et al. 2014 please follow this link

https://docs.google.com/forms/d/e/1FAlpQLSeiHRWYKFAfDWGf9jDdnLG8cYYON5tVVMT vyi2PU 0C9
000tw/viewform?usp=sf link

If you have used Hawkins et al. 2015 please follow this link

https://docs.google.com/forms/d/e/1FAIpQLSePBOfh9D5MFKuGKX4z bEuNrNURrnYzSFHAhPHPfLIN
A2PQ/viewform?usp=sf link

1. Background
Please answer the following questions with yes or no.
Have you ever cited this reference in your publications?
. Do you currently possess a copy of this reference?
. Have you ever spoken directly to one of the authors of this citation (i.e. not just over the email)?

. Would you consider the author a personal friend?

1.

2

3

4

5. Is the author a colleague at your institution?

6. Did the author work at an institution where you have studied / worked?

7. Have you ever recommended this particular reference as a reviewer or editor?
8

. Has a journal referee/reviewer asked you to include this particular reference during the review
process?

2. How would you describe the framework?

The following questions are based on the modified schemes of Case & Higgins (2000)
https://doi.org/10.1002/(SICI)1097-4571(2000)51:7<635::AID-ASI6>3.0.CO;2-H and:

Shadish et al. (1995) https://doi.org/10.1177/030631295025003003

Note: these questions were answered on a five-point scale (1 strongly agree, 2 agree, 3 neither agree
nor disagree; 4 disagree; 5 strongly disagree)

1. There are problems with the framework?

2. This reference illustrates your perspective or finding that contradicts a perspective or findings.
. This reference strongly influenced your thinking on the topic.
. This reference was a major source of inspiration for your work.
. This reference helps justify central argument in invasion science.

3

4

5

6. This reference is similar to your own work.

7. This reference reviews prior work in this area.
8

. This study used a method or theoretical perspective that you think is currently unusual or
especially innovative.

9. This reference bridges a gap between two subfields.
10. This reference helps to reconcile contrasting viewpoints or findings in the field.
11. This reference illustrates possible avenues for future research.

12. This reference solves an important conceptual or practical problem in the field.



13. More so than most, this reference advances our ability to address an important social or human
problem.

14. This is a classic reference in the field.

15. This reference is authored by recognized authorities in the field.

16. This reference has generated much novel and successful research or scholarship.

17. There have been substantial efforts to show that the framework is wrong.

18. The framework has withstood many efforts to show that it is wrong.

19. This reference helps establish the legitimacy of the topic of your work.

20. This reference reports what you consider to be an exceptionally high-quality piece of science.
21. This reference documents the sources of a method or design feature used in your study.

3. The use of the framework in management and policy/monitoring and reporting.

1. Are you aware of instances where the framework was used to guide management? Yes/No. If yes,
please provide details.

2. How important is the framework for management?
Note: answered on a five-point scale

3. Are you aware of instances where the framework was used to guide policy/monitoring and
reporting? Yes/No. If yes, please provide details.

4. How important is the framework for policy?

Note: answered on a five-point scale

4. Proposed improvements

1. If the framework was to be revised, how would you revise it?

2. Do you also use a different framework instead of the one mentioned here? If yes, please give
details.



2.3 Citations to the frameworks as at 1 July 2019 showing frequency with which papers

shared citations.

The frameworks are the Pathway Classification framework (Hulme et al. 2008); the Unified
Framework (Blackburn et al. 2011); and EICAT (i.e., the impact classification framework,
Blackburn et al. 2014; Hawkins et al. 2015). Both the total number of citations, and citations
from 2016—-2019 (i.e. citations where it was possible to have cited Hawkins et al. 2015) are

shown
Total number of | Citations
citations 2016-2019
Pathways classification 436 162
Unified Framework 729 460
EICAT (Blackburn) 237 201
EICAT (Hawkins) 49 48
EICAT (Blackburn OR Hawkins) 249 213
EICAT (Blackburn AND Hawkins) 37 36
Pathways + Unified 82 44
Pathways + EICAT (Blackburn) 27 22
Pathways + EICAT (Hawkins) 7 7
Pathways + EICAT (Blackburn OR Hawkins) 27 22
Pathways + EICAT (Blackburn AND Hawkins) 7 7
Unified + EICAT (Blackburn) 69 61
Unified + EICAT (Hawkins) 16 16
Unified + EICAT (Blackburn OR Hawkins) 72 64
Unified + EICAT (Blackburn AND Hawkins) 15 15
Pathways+Unified+EICAT(Blackburn) 14 11
Pathways+Unified+EICAT(Hawkins) 2 2
Pathways+Unified+EICAT(Blackburn OR Hawkins) 17 13
Pathways+Unified+EICAT(Blackburn AND Hawkins) 3 3

The number of papers that cited more than one of the frameworks is given by (Pathways +
Unified) + (Pathways + EICAT (Blackburn OR Hawkins)) + (Unified + EICAT (Blackburn OR
Hawkins)) — (Pathways+Unified+EICAT(Blackburn OR Hawkins)) = 82 + 27 + 72 — 17 = 164.

So proportion is 164/(436+729+237) = 11.7%




2.4 The journals in which papers citing
the invasions framework were published,
and number of citing papers published in

each.

The subject areas were scored as: (1)
invasion (journal publishes articles on
invasion science); (2) ecology (journal
publishes articles on ecology but
biological invasions are not specifically
mentioned as a subject areas); and (3)
other (invasions or ecology are not subject
areas of the journal). Pathway is the
Pathway Classification framework; Unified
is the Unified Framework; EICAT is the
Environmental Impact Classification of

Alien Taxa.

Journal Subject [Pathway |Unified| EICAT
Acta Botanica Brasilica Invasion|0 0 1
Acta Botanica Croatica Invasion|0 0 1
Acta Botanica Mexicana Invasion|0 2 0
Acta Oecologica-International Journal of Invasion|0 2 0
Ecology

Acta Societatis Botanicorum Poloniae Invasion|0 1 1
Acta Zoologica Bulgarica Invasion|0 0 1
African Entomology Invasion|1 2 0
African Journal of Aquatic Science Invasion|0 3 1
African Journal of Marine Science Invasion|0 2 2
African Journal of Range and Forage Invasion|0 1 0
Science

African Zoology Invasion|1 4 0
Agriculture Ecosystems and Environment _[Invasion|0 0 1
Agroecology and Sustainable Food Invasion|1 1 0
Systems

Ambio Invasion|2 3 0
American Journal of Botany Invasion|0 2 0
American Journal of Roentgenology Other [0 1 0
American Naturalist Invasion|1 3 0
Amphibia-Reptilia Invasion|1 0 0
Anales Del Jardin Botanico De Madrid Invasion|1 0 0
Animal Conservation Invasion|1 1 1
Annals of Applied Biology Invasion|0 1 0
Annals of Botany Invasion|0 2 0
Annals of Forest Science Invasion|0 0 1
Annals of Operations Research Other [0 1 0
AOB Plants Invasion|0 12 3
Applied Animal Behaviour Science Invasion|0 0 1
Applied Entomology and Zoology Invasion|1 0 0
Applied Vegetation Science Invasion|0 1 0
Agquatic Biology Invasion|1 0 0
Aquatic Conservation-Marine and Invasion|0 2 0
Freshwater Ecosystems

Aquatic Ecology Invasion|0 1 0
Aquatic Ecosystem Health and Invasion|1 3 0
Management

Aquatic Invasions Invasion|6 11 1
Arctic Invasion|0 0 1
Asian Herpetological Research Invasion|1 0 0
Austral Ecology Invasion|0 6 2
Australian Journal of Botany Invasion|1 0 0
Avian Research Invasion|0 1 0
Basic and Applied Ecology Invasion|1 1 0
Behavioral Ecology Invasion|0 1 0
Behavioral Ecology and Sociobiology Invasion|0 2 0
Belgian Journal of Zoology Invasion|1 0 0
Biocontrol Invasion|2 0 0
Biodiversity and Conservation Invasion|1 7 2
Bioenergy Research Other |1 0 0
Biofouling Invasion|0 1 0
Bioinvasions Records Invasion|0 11 1
Biologia Ecology |1 1 0
Biological Bulletin of Bogdan Chmelnitskiy |Invasion|0 1 1
Melitopol State Pedagogical University

Biological Conservation Invasion|8 9 3
Biological Invasions Invasion|47 86 31
Biological Journal of the Linnean Society Ecology |1 1 0
Biological Reviews Invasion|3 1 1
Biology and Environment-Proceedings of  |Invasion|1 1 1
the Royal Irish Academy

Biology and Philosophy Ecology |0 1 0
Biology Letters Invasion|1 3 0
Bioscience Invasion|2 6 4
Biosystems Diversity Invasion|0 0 1

Journal Subject |Pathway |Unified| EICAT
Biotropica Invasion|1 0 0
Bird Conservation International Invasion |0 1 1
Blumea Invasion |0 1 0
BMC Ecology Invasion|0 0 1
BMC Evolutionary Biology Ecology |0 1 0
Botanica Marina Invasion |0 0 1
Botany Letters Invasion|0 2 0
Bothalia Invasion |2 15 6
Brazilian Journal of Biology Invasion|0 2 0
Bulletin of Entomological Research Invasion|1 0 0
Bulletin of Insectology Invasion|1 0 0
Canadian Journal of Fisheries and Aquatic |Invasion|0 1 0
Sciences

Canadian Journal of Zoology Invasion|0 0 1
Central European Journal of Biology Invasion|1 0 0
Chiang Mai Journal of Science Ecology |0 0 1
Climatic Change Ecology |1 0 0
Conservation Biology Invasion |4 3 0
Conservation Genetics Ecology |0 1 0
Conservation Genetics Resources Ecology |1 0 0
Conservation Letters Invasion|3 3 2
Critical Reviews in Plant Sciences Invasion |0 1 0
Crop Protection Invasion|1 0 0
Current Biology Invasion|0 1 0
Current Forestry Reports Ecology |0 1 0
Current Opinion in Behavioral Sciences Other |0 1 0
Current Opinion in Insect Science Invasion|1 0 1
Current Zoology Invasion|2 4 1
Diversity and Distributions Invasion|19 30 11
Ecography Invasion |4 2 2
Ecohealth Invasion |0 1 0
Ecological Applications Invasion|2 2 0
Ecological Complexity Invasion|0 1 0
Ecological Economics Other |5 1 2
Ecological Engineering Invasion |0 1 0
Ecological Entomology Invasion|0 1 0
Ecological Indicators Invasion|1 1 1
Ecological Informatics Invasion|1 0 0
Ecological Modelling Invasion|1 1 2
Ecological Monographs Invasion |0 1 0
Ecological Research Invasion |0 1 0
Ecology Invasion|2 6 1
Ecology and Evolution Invasion|1 10 5
Ecology Letters Invasion|4 10 1
Ecology of Freshwater Fish Invasion|1 4 0
Ecosistemas Invasion |0 1 0
Ecosphere Invasion|2 3 4
Ecosystems Invasion|0 0 1
Emerging Microbes and Infections Other |0 1 0
Emu Invasion |0 1 0
Entomologia Experimentalis Et Applicata Invasion|1 1 0
Environment International Other |1 1 0
Environmental and Planning Law Journal _ [Other |1 0 0
Environmental Conservation Invasion|1 1 0
Environmental Evidence Invasion |2 2 1
Environmental Management Invasion|1 2 1
Environmental Monitoring and Assessment [Other |0 4 2
Environmental Science and Policy Invasion |0 1 1
Environmental Science and Technology Invasion|2 0 0
Environmental Sciences Europe Invasion|0 0 1
Estuaries and Coasts Invasion |0 1 0
Estuarine Coastal and Shelf Science Invasion |0 3 0
Ethology Ecology |0 1 0
Ethology Ecology and Evolution Ecology |1 2 0
European Journal of Entomology Invasion |0 1 0
European Journal of Forest Research Ecology |0 1 0
European Journal of Plant Pathology Ecology |0 1 0
Evolutionary Applications Ecology |2 6 2
Evolutionary Ecology Ecology |0 1 1
Fish and Fisheries Ecology |0 1 1
Fisheries Management and Ecology Ecology |1 0 0
Flora Invasion |2 0 2
Folia Geobotanica Invasion |0 1 0
Forest Ecosystems Invasion|0 1 0
Forestry Ecology |1 0 0
Forestry Chronicle Ecology |0 1 0
Forests Invasion|1 1 1
Freshwater Biology Invasion|2 0 2
Frontiers in Ecology and Evolution Invasion|1 2 1
Frontiers in Ecology and the Environment _[Invasion|4 7 1
Frontiers in Immunology Other |0 1 0
Frontiers in Marine Science Invasion|1 1 3
Frontiers in Plant Science Invasion |0 1 3
Functional Ecology Invasion|2 3 0
Fungal Ecology Ecology |0 2 0
Gayana Botanica Invasion|1 0 0
Genetica Ecology |0 1 0
Genetics and Molecular Biology Ecology |0 1 0
Genome Biology and Evolution Ecology |0 1 0
Geographia Cassoviensis Other |0 1 0
Geographia Polonica Other |0 1 0
Global Change Biology Invasion|4 8 3
Global Ecology and Biogeography Invasion|9 16 3




Journal Subject |Pathway|Unified |[EICAT Journal Subject |Pathway |Unified| EICAT
Global Ecology and Conservation Invasion|0 0 1 Nature Invasion|0 1 0
Helgoland Marine Research Invasion|0 2 0 Nature Communications Invasion|3 6 1
Herpetological Conservation and Biology Invasion|0 0 1 Nature Conservation-Bulgaria Invasion|0 1 0
Human Ecology Ecology |1 0 0 Nature Ecology and Evolution Invasion|0 2 0
Hydrobiologia Ecology |7 11 4 Natureza and Conservacao Invasion|1 0 0
Hystrix-Italian Journal of Mammalogy Ecology |0 1 1 Naturwissenschaften Invasion |0 1 0
Ibis Ecology |0 1 1 Neobiota Invasion|8 21 20
Ices Journal of Marine Science Invasion|0 1 0 New Phytologist Invasion|5 3 1
Ichthyological Research Ecology |1 0 0 New Zealand Journal of Ecology Invasion|0 2 0
Infection, Genetics and Evolution Other 1 0 0 Northwest Science Invasion |0 1 0
Insect Conservation and Diversity Invasion|0 0 1 Notulae Botanicae Horti Agrobotanici Cluj- |Ecology |1 0 0
Insects Ecology |0 2 0 |Napoca

Integrative Zoology Ecology |1 1 0 Ocean and Coastal Management Invasion|1 0 0
International Journal for Parasitology- Ecology |0 1 0 Ocean Yearbook Ecology |0 0 1
Parasites and Wildlife Oecologia Invasion|1 2 0
International Journal of Applied Earth Other |1 0 0 QOikos Invasion|1 2 0
Observation and Geoinformation Pacific Science Invasion|1 0 0
International Journal of Biometeorology Ecology |1 0 0 Parasites and Vectors Ecology |0 1 0
International Journal of Geographical Other |1 0 0 Parasitology Research Ecology |0 1 0
Information Science Peerj Invasion|4 8 8
International Journal of Pest Management _|Invasion|1 0 0 Perspectives in Ecology and Conservation |Invasion|0 2 1
Invasive Plant Science and Management _|Invasion|3 4 2 Perspectives in Plant Ecology Evolution Invasion |0 2 0
ISME Journal Ecology |0 2 0 and Systematics

ISPRS International Journal of Geo- Other |1 0 0 Philosophical Transactions of the Royal Invasion |1 3 0
Information Society B-Biological Sciences

Israel Journal of Ecology and Evolution Ecology |0 1 0 Phytopathology Ecology |1 0 0
Italian Journal of Zoology Ecology |1 0 0 Plant and Soil Invasion|0 1 0
Journal for Nature Conservation Invasion|3 2 3 Plant Biology Invasion |0 1 0
Journal of Animal Ecology Ecology |0 1 1 Plant Biosystems Invasion |3 4 1
Journal of Applied Ecology Invasion|23 5 6 Plant Ecology Invasion|2 1 0
Journal of Applied Ichthyology Ecology |2 0 0 Plant Pathology Ecology |2 0 0
Journal of Applied Phycology Other [0 0 1 Plant Protection Science Ecology |1 0 0
Journal of Archaeological Research Other |0 1 0 Plos Biology Invasion |0 3 1
Journal of Arid Environments Invasion|0 1 0 PLoS One Invasion |17 29 6
Journal of Avian Biology Ecology |0 0 1 Polar Biology Invasion |2 4 0
Journal of Biogeography Invasion|3 1 1 Polar Research Invasion|1 0 0
Journal of Ecology Invasion|3 5 2 Polish Journal of Ecology Invasion |0 1 0
Journal of Economic Entomology Ecology |7 0 0 Population Ecology Invasion|1 1 0
Journal of Environmental Management Invasion|7 3 1 Preslia Invasion |8 8 1
Journal of Evolutionary Biology Ecology |0 1 0 Proceedings of the National Academy of Invasion (6 7 0
Journal of Experimental Marine Biology and |Ecology [0 2 0 Sciences of the United States of America

Ecology Proceedings of the Royal Society B- Invasion |3 4 1
Journal of Fish Biology Ecology |0 2 0 Biological Sciences

Journal of Insect Science Ecology |2 0 0 Rangeland Ecology and Management Ecology |0 1 0
Journal of Limnology Ecology |2 0 0 Regional Environmental Change Invasion |0 1 0
Journal of Mammalogy Ecology [0 0 1 Regulatory Mechanisms in Biosystems Ecology [0 0 1
Journal of Marine Systems Ecology |1 0 0 Remote Sensing Other |0 1 0
Journal of Molluscan Studies Ecology |0 1 1 Rendiconti Lincei-Scienze Fisiche E Invasion|1 0 0
Journal of Mountain Science Invasion|0 1 0 Naturali

Journal of Natural History Ecology |0 1 0 Restoration Ecology Invasion |0 0 1
Journal of Nematology Ecology |1 1 0 Revista Brasileira De Entomologia Ecology |1 0 0
Journal of Ornithology Ecology |0 1 0 Revista De Biologia Marina Y Oceanografia | Invasion|0 1 0
Journal of Pest Science Ecology |3 1 0 Revmar-Revista Ciencias Marinas Y Invasion |0 1 0
Journal of Plant Ecology Invasion |0 2 0 Costeras

Journal of Sea Research Ecology [0 1 0 Revue D Ecologie-La Terre Et La Vie Invasion|1 3 0
Journal of Sustainable Forestry Ecology [0 1 0 Revue Scientifique Et Technique-Office Ecology |1 0 0
Journal of the Entomological Research Ecology [0 0 1 International Des Epizooties

Society Risk Analysis Invasion|2 3 0
Journal of the Royal Army Medical Corps _ |Other |0 1 0 Royal Society Open Science Invasion|1 1 0
Journal of the Royal Society of New Invasion|0 1 0 Russian Journal of Biological Invasions Invasion|1 1 1
Zealand Science Invasion |3 0 0
Journal of Theoretical Biology Invasion|0 1 0 Science of the Total Environment Invasion |4 3 0
Journal of Vegetation Science Invasion|0 2 0 Scientia Marina Invasion|1 0 0
Journal of Zoology Ecology |1 0 0 Scientific Data Invasion |0 1 1
Knowledge and Management of Aquatic Invasion|1 0 0 Scientific Reports Invasion|4 3 2
Ecosystems Silva Fennica Invasion|0 1 0
Koedoe Invasion|0 1 1 South African Journal of Botany Invasion|1 10 2
Landscape and Urban Planning Ecology |1 0 0 South African Journal of Science Invasion|0 2 1
Landscape Ecology Ecology |2 1 0 South American Journal of Herpetology Ecology |0 0 1
Latin American Journal of Aquatic Ecology |0 1 0 Symbiosis Ecology |0 1 0
Research Theoretical Ecology Invasion|1 0 0
Limnologica Ecology |0 0 1 Transactions in GIS Other |0 0 1
Limnology and Oceanography Ecology |1 1 0 Tree Genetics and Genomes Ecology |0 1 0
Mammal Review Ecology |0 1 1 Trees-Structure and Function Ecology |0 1 0
Management of Biological Invasions Invasion|5 5 4 Trends in Ecology and Evolution Invasion| 10 9 3
Marine and Freshwater Behaviour and Ecology |0 2 0 Trends in Parasitology Ecology |0 1 0
Physiology Tropical Ecology Invasion|0 1 0
Marine and Freshwater Research Invasion|0 2 0 Tuexenia Invasion |2 0 0
Marine Biology Invasion | 1 9 1 Turkish Journal of Botany Invasion|0 0 1
Marine Biology Research Invasion |0 1 0 Urban Ecosystems Invasion|1 0 0
Marine Ecology Progress Series Invasion|0 2 0 Urban Forestry and Urban Greening Invasion|1 0 1
Marine Environmental Research Invasion|0 1 0 Water Resources Research Ecology [1 0 0
Marine Policy Ecology |2 0 0 Web Ecology Invasion|0 1 0
Marine Pollution Bulletin Ecology |0 2 2 Weed Biology and Management Invasion|0 1 0
Mathematical and Computational Forestry |Ecology (0 1 0 Weed Research Invasion |0 2 0
and Natural-Resource Sciences Wildlife Research Ecology [0 2 0
Mathematical Biosciences Invasion|0 1 0 Wiley Interdisciplinary Reviews-Water Ecology [1 0 0
Mediterranean Marine Science Ecology |1 2 1 Zookeys Ecology [1 3 0
Methods in Ecology and Evolution Invasion|0 1 1 Zoological Studies Ecology [0 2 0
Mitochondrial DNA Part B-Resources Ecology |0 1 0 Zootaxa Ecology [1 2 0
Molecular Ecology Invasion|3 6 0 Total 403 690 237
Myrmecological News Ecology |0 1 0

Natural Areas Journal Invasion|1 0 0




2.5 The location of the corresponding authors when they completed their study (i.e. their primary address) of papers that cited each
framework compared to the number of studies reported from different geographical regions by Pysek et al. (2008).

The geographic regions are as per those reported in PySek et al. (2008). The p-values shown are from Chi-squared tests comparing the
number of studies conducted per region by PySek et al. (2008) to the number of papers authored by someone from that region who cited a
particular framework against the number of studies and papers authored in all other regions. Unadjusted p-values are shown. Values that
were significantly different at p=0.05 after adjusting p-values using the false discovery rate method using the function p.adjust in R, with all the
p-values combined, are highlighted with 2 indicating more studies using the framework than expected, ~ fewer studies using the framework
than expected, and ns is no significant different from the expectation.

Geographical region Number of studies Pathway Classification Unified Framework EICAT
conducted per region by | Number of papers Trend Number of papers Trend Number of Trend
Pysek et al. (2008) authored (p-value) authored (p-value) papers authored | (p-value)
Africa (excluding South Africa) 24 0 ns (0.10) 3 ns (0.32) 1 ns (0.68)
Asia (including Middle East) 105 19 ns (0.65) 41 ns (0.03) 10 ns (1.00)
Atlantic Islands (excluding the UK) 16 0 ns (0.22) 1 ns (0.22) 0 ns (0.46)
Australia, New Zealand, and Oceania 209 69 A (<0.01) 70 ns (0.08) 21 ns (0.70)
Central America 133 0 \ (<0.01) 1 \ (<0.01) 0 \ (<0.01)
Hawaii 50 1 N (0.03) 2 N (<0.01) 0 ns (0.06)
Indian Ocean Islands 31 ns (0.05) 0 \ (<0.01) 0 ns (0.17)
North America 1397 87 \ (<0.01) 126 \ (<0.01) 31 \ (<0.01)
Northern Europe (including the UK) 464 159 A (<0.01) 239 A (<0.01) 104 A (<0.01)
South Africa 67 37 A (<0.01) 117 A (<0.01) 46 A (<0.01)
South America 132 8 \ (<0.01) 49 ns (0.04) 10 ns (0.71)
Southern Europe 141 54 A (<0.01) 77 A (<0.01) 26 A (<0.01)
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2.6 The results of the survey of corresponding authors of papers who have cited one of the
papers that outline the Pathway Classification framework; the Unified Framework or
EICAT.

See Supplementary Material 2.2 for details of the survey. Out of the 958 people contacted,
53 email addresses returned with a message of “wrong address” and/or that “the email
address is no longer on the server”, of the remaining 905 e-mails, a total of 84 replies were
received (20 of 256; 51 of 589, and 13 of 113 respectively). Respondents could fill in the
questionnaire for multiple frameworks but this only happened in four instances when
respondents completed the questionnaires for both Blackburn et al. 2014 and Hawkins et al.
2015. Two people declined to take part in the study, the first person because they use
different frameworks (they provided some input that was consolidated in the suggestions
section below). The second person stated that they couldn’t be part of the study because
they did not personally use the any of the frameworks even though they were corresponding
authors on a paper that did. It was also noted that one question in the survey “This reference
illustrates your perspective or finding that contradicts a perspective or findings” was not clear
enough, this was reflected on the responses, as it was the only questions that was often left
unanswered.

The most important reasons for citation across the frameworks were because “the reference
is authored by recognized authorities in the field, it is a classic in the field and, it has
generated much novel and successful research or scholarship” (Table 2). The results for
proximity questions were similar between the three frameworks (Table 1). In terms of the use
of frameworks in management, though just over half several the respondents (53%) stated
that the Unified framework was important for management; less distinctive examples came
up from the survey, with the exception of the national status report in South Africa. When
asked how the unified framework should be revised, if at all, different responses came up i.e.
“I would slightly modify it in order to allow its application to other invasive species presently
badly fitting, remove "naturalized"; consider adding clarity around pre-border/post-border
activities” (see Supplementary Material 2.6 for more responses for all the surveyed
frameworks). When asked whether they use different frameworks, the CBD framework came
up several times as the “revised and expanded version of the Pathway Classification
framework.

20

Number of
responses 10 4

U .0

2020-03-13  2020-03-20  2020-03-27  2020-04-03
Date

Supplementary Material 2 Figure 1 The date on which people responded to the questionnaire.
Respondents could fill in the questionnaire for each framework, but only one date is recorded per
respondent here. The questionnaire was available on-line from 13 March to 6 April, with a reminder
sent on 24 March (the second peak on the figure). No responses were received after 27 March
2020, although one request to complete the questionnaire was received after the closing date.
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Supplementary Material 2 Table 2 the results of the eight proximity questions (given the questionnaire was sent to people who had cited the framework
the first two questions represent checks, though somewhat surprisingly at least two responses claimed to have not cited the paper)

Statement Pathway classification Unified framework EICAT
yes no yes no yes | no
Have you ever cited this reference in your publications? 18 2 55 0 13 0
Do you currently possess a copy of this reference? 19 1 54 1 13 0
Have you ever spoken directly to one of the authors of this citation (i.e. not just over the email)? 13 7 28 27 12 1
Would you consider the author a personal friend? 7 13 7 48 6 7
Is the author a colleague at your institution? 3 17 3 52 0 13
Did the author work at an institution where you have studies/worked? 5 15 7 48 4 9
Have you ever recommended this particular reference as a reviewer or editor? 8 12 15 40 8 5
Has a journal referee/reviewer asked you to include this particular reference during the review process? 1 19 3 52 0 13

Supplementary Material 2 Table 3 the results of the questionnaire for the four publications on each of the 21 questions used to assess reasons for citing

the frameworks from 1=strongly agree, 2=agree, 3=neutral, 4=disagree, 5=strongly disagree.

Category Statement Pathway classification Unified framework EICAT (Blackburn et al. EICAT
2014) (Hawkins et al. 2015)
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 |11 2 3 |14 |5
Negative There are problems with the framework. 0 2 4 112 2 |2 5 12 21 |14 |1 3 |1 |2 |2 |o ([0 |12 |3 |0
Negative This reference illustrates your perspective or 0 2 9 |3 2 |4 9 14 (17 |7 Q1 0O (6 |0 |1 j0 [0 (2 |0 1
finding that contradicts a perspective or findings.
Personal This reference strongly influenced your thinking on |5 9 6 |0 0 |15 |20 |13 |6 1 |4 5 |0 [0 |0 |2 (2 |0 |0 |0
influence the topic.
Personal This reference was a major source of inspiration |4 4 8 |1 3 I8 16 |21 |7 3 5 4 |0 |0 |0 |2 |0 |2 (0 |o
influence for your work.
Classic This reference helps justify a central argumentin |8 6 4 |0 0 |21 |22 |8 2 2 2 5 (2 |0 [0 |2 |2 |0 |0 |0
invasion science.
Personal This reference is similar to your own work. 3 100 3 |2 2 |6 15 (20 |7 7 12 5 (2 |0 [0 |2 |2 |0 |0 |0
influence
Personal This reference reviews prior work in this area. 7 6 6 |1 0 |27 |18 |8 1 0 |2 5 11 |0 |0 |0 (2 |2 |1 |0
influence
Creative This study used a method or theoretical 2 7 8 |5 0 1 16 |25 |10 |2 1 4 |11 |2 |0 j0 |2 |2 |0 |0
perspective that you think is currently unusual or
especially innovative.
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Category Statement Pathway classification Unified framework EICAT (Blackburn et al. EICAT
2014) (Hawkins et al. 2015)
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 ]1 2 3 4 5

Creative This reference bridges a gap between two 2 8 5 |4 1 J10 |21 |11 |11 (2 |3 2 |2 |1 0o (1 |2 |2 |0
subfields.

Creative This reference helps to reconcile contrasting 5 4 7 |4 0 |16 |21 |10 |7 0 |2 4 |0 |2 |0 j0o 3 |0 (1 |o
viewpoints or findings in the field.

Creative This reference illustrates possible avenues for 7 11 |1 |1 0 |19 |26 |3 5 1 |4 3 |0 [0 [0|O (4 |0 |0 |0
future research.

Creative This reference solves an important conceptual or |9 9 1 )1 0 |21 |23 |7 3 0o |4 3 (1 [0 [0 |0 |4 |0 |0 |0
practical problem in the field.

Creative More so than most, this reference advances our 9 7 4 |0 0 |13 18 |12 |9 2 3 6 |0 |0 |0 j0 |4 |0 |0 |0
ability to address an important social or human
problem.

Classic This is a classic reference in the field. 10 |7 1 1 0 |33 |15 |3 3 1 |6 2 (0 |0 |2 I3 |0 (1 |0 |0

Classic This reference is authored by recognized 18 |2 0 0 |42 |10 |3 0 9 o (0 |0 4 (0 (0 |0 |0
authorities in the field.

Classic This reference has generated much novel and 7 7 5 1|0 0 |12 |20 |18 |4 1 17 2 |0 [0 |02 (2 |2 |0 |0
successful research or scholarship.

Classic There have been substantial efforts to show that |0 0 4 |8 7 |0 3 13 |23 |16 |O 1 (3 4 |0 jo |1 |1 |2 |0
the framework is wrong.

Classic The framework has withstood many efforts to 0 2 7 |7 3 11 4 22 |14 (10 |O 1 |5 (2 |0 jo {2 |12 (1 |0
show that it is wrong.

Supportive This reference helps establish the legitimacy of the |3 7 7 2 1 |11 |24 |11 |7 2 3 6 (0 [0 0|1 |2 (1 |0 |0
topic of your work.

Personal This reference reports what you consider to be an |4 8 8 |0 0 |16 |19 |16 |3 1 B 2 |3 |0 [0 J1 (2 |2 |0 |0

influence exceptionally high-quality piece of science.

Personal This reference documents the sources of a method |6 7 4 |1 2 |12 (17 |12 |11 |1 |5 2 (1 |0 0 |2 |0 (2 |1 |0

influence or design feature used in your study.
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Supplementary Material 2.6 continued. Responses to semi-structured questions on the
use of biological invasions frameworks in management and, on any suggestions or proposed
improvements of the frameworks

Are you aware of instances where the framework was used to guide management? Yes/No.
If yes, please provide details.

the “Pathway Classification”

Maybe the Ballast water convention

Yes, adopted by Genovesi et al. for IUCN

Yes, within IPBES invasive species sections

National Strategy on IAS in Poland

It was the basis for the development of the CBD pathways categorization, which is

currently guiding management (e.g. the CBD classification is used for the

implementation of the Regulation 1143/2014 of the EU and has been adopted by

EASIN, which is the main tool supporting the implementation of the Regulation)

e Yes. Horizon Scanning and prioritisation processes use the ensuing CBD (2014)
classification scheme for the assessed species. EU IAS Regulation (Risk
Assessments and associated Management documents employ the scheme and/or
extensions/modifications of it, e.g. IUCN (2017)).

e |UCN (2017). Guidance for interpretation of CBD categories on introduction
pathways. Technical note prepared by IUCN for the European Commission.

e CBD classification of pathways categories and subcategories

e Yes - for example, the framework is important for management in the context the EU

regulation on IAS

the “Unified Framework”

e Yes. | can remember an article, which | did not read, that use it specifically in the title.
In the other hand, the framework explicitly removes "impact" from their definition of
invasive, so | have to assume that it would incorrect to use it on an applied
environment.

¢ Yes. Preventive measures to avert the spread of invasive species

e Stop IAS before they spread in a new range

Yes, to motivate legislative treatment of invasive species and prioritization for

management

National Strategy on IAS in Poland

Yes. Guidance on stages of invasion in NZ.

Yes, for developing science/evidence-based government policy suggestions.

Horizon scanning and species prioritisation

Yes. Control of spread of invasive species.

Yes. Management of invasive plants in South Africa.

Yes, Gaertner M, Fisher JL, Sharma GP, Esler KJ (2012) Insights into invasion and

restoration ecology: Time to collaborate towards a holistic approach to tackle

biological invasions. NeoBiota 12: 57-75. doi: 10.3897/neobiota.12.2123

e Yes, as it allows to discriminate different management actions for different stages of
the invasion process.

EICAT

e Yes. The EICAT has five objectives. Among these objectives are including facilitate
predictions of potential future impacts of taxa in the target region and elsewhere; aid
in prioritisation of management actions, and aid in evaluation of management
methods. In addition, the EICAT adopted as an official instrument of IUCN.

¢ Not the framework per se, but published literature on the impacts of particular
species has been used in management decision making. For example, published
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evidence of hybridization is used in various animal control projects such mallard
ducks, guttural toads, goats.

yes. | am working in a project (CONTAIN-LATAM) where we use this framework to
identified outcomes of IS to design future potential management activities

Yes, in Horizon Scanning exercises to score the risk of Impact of alien species
National Strategy on IAS in Poland

Prioritising alien species for management

Are you aware of instances where the framework was used to guide policy/monitoring and
reporting? Yes/No. If yes, please provide details.

the “Pathway Classification”

e yes, national policy to regulate the pathways
Yes. The CBD pathway classification (2014), used for purposes of MSFD
reporting, as well as for the implementation of the EU IAS Regulation.

e |t has been commonly used for classifying alien species by pathway of
introduction in publications and reports (e.g. Katsanevakis S, Zenetos A, Belchior
C, Cardoso AC, 2013. Invading European Seas: assessing pathways of
introduction of marine aliens. Ocean and Coastal Management 76: 64—74). Its
revised version (i.e. the CBD classification) is the standard for
monitoring/reporting in Europe (e.g. reporting for the implementation of the
Marine Strategy Framework Directive).

o Yes. CBD framework for prioritisation of pathways.

o Yes - for example, the framework has become the basis of the CBD scheme on
IAS introduction pathways and is also important for the EU regulation on IAS.

e Linking to CBD Classification for Pathway Action Plans

e Considered in the action plan of Germany to manage introduction pathways

¢ National Strategy on IAS in Poland

the “Unified Framework”

EICAT

¢ Not per se, but because the reference provides a method for classifying alien
species, it is possible that it underpins legislation. Most of the policies | am aware
of have to do with how to deal with alien species rather than how to classify them.
Classification of aliens often takes place through iterative processes involving
many people, some of whom undoubtedly use the reference to underpin their
decisions.

e Yes, the proportion of species naturalizing and invading for Melaleuca influenced
monitoring efforts

e Yes. Hard to evaluate, but underpins a great deal of the way we think about
managing weeds

e yes, many alien species inventories now classify the species as casuals,
naturalized or invasive

e Yes (South African national status report on biological invasions)

e Yes, as it allows to discriminate policy and monitoring for different stages of the
invasion process.

¢ National Strategy on IAS in Poland

e Yes. Concept of barriers is relevant for almost all policies of invasive alien
species.

e Yes, KRana, N Goyal, Sharma GP (2018) Staging stewards of agro-ecosystems
in the ecosystem services framework. Ecosystem Services, 33, 89-101

e Theoretically yes but not on a practical level.
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Yes, it was used as a starting point for the Impact scoring scale currently used in
the recommended Risk Assessment protocol developed and used to produce
RAs for the EU IAS Regulation. It has been endorsed and applied by the IUCN.
The EICAT form the technical and scientific basis for the IUCN-wide consultation
on an IUCN standard classification of the impact of invasive alien taxa. IUCN,
2017. Consultation document. IUCN standard classification of the impact of
invasive alien taxa. Version 1 May 2017.

National Strategy on IAS in Poland

Yes, there are efforts to use the framework in assessments of alien species
impact nationally as part of risk analysis. However, one of the shortfalls is the
requirement for published information on impacts, which while a sound gold
standard, often results in the inability to classify a species impact.

Yes, under the project LIFE INVASAQUA.

Implemented in EU policy

Yes, it has been used in many publications and reports, e.g. it has been used for
reporting the cumulative impacts of marine invasive species in the Mediterranean
Sea (Katsanevakis S, Tempera F, Teixeira H, 2016. Mapping the impact of alien
species on marine ecosystems: the Mediterranean Sea case study. Diversity and
Distributions 22: 694—707)

Do you also use a different framework instead of the one mentioned here? If yes, please
give details.

the “Pathway Classification”

PeST framework - developed using a multi-criteria approach considering Biology,
Ecology and Pathways.

Yes. In the marine environment, it is sometimes useful and informative to use
categories of pathways of introduction defined on a human activity basis:
‘shipping’, ‘aquaculture’ ‘corridors’, ‘aquarium trade’ and ‘other’ (e.g. live food/bait
trade; floating objects. etc.), as used in Katsanevakis et al. (2013). Katsanevakis,
S., Zenetos, A., Belchior, C., Cardoso, A. C., 2013. Invading European Seas:
assessing pathways of introduction of marine aliens. Ocean & Coastal
Management, 76, 64-74.

Since 2018, | have used the CBD framework, which is actually a revision of the
Hulme et al. (2008) framework

Yes, IPPC ISPM5

Although not inclusive frameworks, | use the transport hub and stratified diffusion
models to describe the movement of the invertebrates | study.

| focus on the research of invasive aliens” impacts - do not use any framework
like this

the “Unified Framework”

As many other theoretical frameworks, this was built with some particular
examples that fit correctly into the framework. There are examples in the
literature (understudied taxa, highly mobile vertebrate, inconspicuous organisms
for which the precise way of arrival to a given area is impossible to determine)
that are not good fit for the framework. The framework should be revised with
those examples in mind.

Richardson et al. (2000). Naturalization and invasion of alien plants: concepts
and definitions

Yes, The model of invasion steps and stages (INVASS): Heger, T. (2001) A
model for interpreting the process of invasion: crucial situations favouring special
characteristics of invasive species. Plant Invasions. Species Ecology and
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EICAT

Ecosystem Management (eds G. Brundu, J.H. Brock, |. Camarda, L.E. Child &
P.M. Wade), pp. 3-10. Backhuys Publishers, Leiden. Heger, T. & Trepl, L. (2003)
Predicting biological invasions. Biological Invasions, 5, 313-321. Heger, T. (2004)
Zur Vorhersagbarkeit biologischer Invasionen. Entwicklung und Anwendung
eines Modells zur Analyse der Invasion gebietsfremder Pflanzen. Technische
Universitat Berlin, Berlin.

| find that it doesn't necessarily make sense to subscribe to a single framework.
Each can be a useful tool/lens for interpreting patterns.

Yes, open to considering all different views and trying to understand how they
contribute to overall perspective.

Yes, One Health

yes, the framework on the different demographic dimensions of invasiveness
(Catford et al. 2016 Journal of Ecology)

Technically yes, depending on the research question. However, this is the usual
framework that | find easier and more logical, especially for policy-wise and
baseline research.

Yes, GISS Nentwig et al

| use Blackburn et al. (2011) and Jeschke et al. (2013, Ambio) which is similar,
but more explicit about where impact is placed.

yes: Catford et al. 2009

Yes, | use others hypothesis in my work like as Hypothesis Invasion Meltdown
(Simberloff and Von Holle 1999, Biological Invasions).

Yes. Carlton 1985 was the original framework for stages of invasion

This reference is basically the same as Blackburn et al. 2015

| used the Generic Impact Scoring System (GISS). Nentwig W, Bacher S, PySek
P, Vila M, Kumschick S (2016) The Generic Impact Scoring System (GISS): A
standardized tool to quantify the impacts of alien species. Environmental
Monitoring and Assessment 188: 315.

Not yet, but | intend to use its revised version, i.e. EICAT (Hawkins et al. 2015)
whenever needed in the future
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2.7 Examples of documents showing the influence of the selected framework papers in policy and management.
These examples are from national and international level strategic documents, guidelines and recommendations that are aimed at bridging the
gap between science and management.

All taxa
South Africa

different
stages of
invasion.
Follows the
biogeographic
definition.

and sub-categories

intention was to use the scheme, it
was not implemented due to a lack of
data.

Type of document, Year Unified Pathway Classification Impact Classification Reference
scope, and country Framework
e Guidelines for 2017 No Mentions the need to identify The document aims to provide a National Biodiversity Authority (not
prioritization pathways but does not refer to Hulme guideline to prioritize invasive alien dated) Ministry of Environment
e Alltaxa et al 2008. Instead refers to Aichi plants in India. Forests and Climate Change
e India target 9. The document explicitly refers to the Government of India, Invasive Alien
scheme proposed by Blackburn et Species of India. Centre for
al.2014 with minor modifications. Biodiversity Policy and Law
However, it does refer to Blackburn et | (CEBPOL).
al.2014 but to SEICAT paper by Bacher
et al. 2017 instead and to IUCN
guidelines.
e Strategy 2017- | No Clearly mentions the need to identify It says clearly underpins the need for Invasive Plants and Animals
e Weeds 2027 pathways but does not refer to Hulme impact assessment on the economy, Committee (2016) Australian
e Australia et al. 2008. Does not use exactly the environment and human health. Weeds Strategy 2017 to 2027,
same scheme for classifying pathways However, does not use the EICAT Australian Government Department
as proposed by Hulme et al 2008. scheme directly. of Agriculture and Water Resources,
Canberra.
e Strategy 2015 | No Detailed mention about pathways but Mentions the need to quantify the The Great Britain Non-native
e Alltaxa does not explicitly use or refer to the environmental, economic and social Species Secretariat Animal and
e Great Britain framework proposed by Hulme et al. impacts. No explicit reference to EICAT | Plant Health Agency (2015) The
or use of terms used in EICAT. Great Britain Invasive Non-native
Species Strategy
e Status Report 2017 | Categorizing Refers and uses pathways classification | Explicit and multiple references. While | van Wilgen, B.W. & Wilson, J.R.

(Eds.). (2018). The status of
biological invasions and their
management in South Africa in
2017. South African National
Biodiversity Institute, Kirstenbosch
and DST-NRF Centre of Excellence
for Invasion Biology, Stellenbosch
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Type of document, Year Unified Pathway Classification Impact Classification Reference
scope, and country Framework
e Strategy 2017- | No explicit Discusses issues closely related to No explicit reference Invasive Plants and Animals
e Animals 2027 | use of the Hulme et al.2008. For instance, it Committee (2016). Australian Pest
e Australia framework. discusses issues related to release or Animal Strategy 2017 to 2027,
escape of pets. But it does not provide Australian Government Department
explicit reference to the paper. of Agriculture and Water Resources,
Canberra.
e Recommendations | 2016 No explicit Refers to more recent papers on Advocates the use of Blackburn et al. Conference of the parties to the
on data standards reference pathways but does not refer to Hulme 2014 for impact assessment. convention on biological diversity.
e Alltaxa et al 2008. Also refers to another related paper by | (2016). Invasive alien species: data
e International Hawkins et al 2015. access and use for research towards
Achieving Aichi Biodiversity Target 9
(UNEP/CBD/COP/13/INF/38).
Convention on biological diversity,
UNEP.
e Recommendations | 2018 No explicit No explicit reference “Encourages Parties, other Subsidiary body on scientific,
e Alltaxa reference Governments and relevant expert technical and technological advice.
e International organizations to promote data (2018). Recommendation adopted
mobilization to, for example, the by the subsidiary body on scientific,
Global Register of Introduced and technical and technological advice
Invasive Species produced through the | (CBD/SBSTTA/REC/2/8). Convention
Global Invasive Alien Species on biological diversity, UNEP.
Information Partnership, and by
supporting the development of the
Environmental Impact Classification of
Alien Taxa by the International Union
for Conservation of Nature”
e Management 2018 | No explicit Explicitly refers to Hulme et al 2008. No explicit reference IUCN. (2018). Guidelines for
guidelines mention Has adapted from the pathway scheme invasive species planning and
e Alltaxa as proposed by Hulme et al 2008. management on islands.
e [slands All the pathways proposed in the paper Cambridge, UK and Gland,

except unaided pathway has been used
in the scheme.

Switzerland: IUCN. viii + 40pp.
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Type of document, Year Unified Pathway Classification Impact Classification Reference
scope, and country Framework
e Regulation 2014 No explicit Although the entire document does The policy document was published European Union. (2014). Regulation
e Alltaxa mention but not cite scientific papers explicitly, the prior to publication of the paper. (EU) No 1143/2014 of the European
e European union talks about issue of identifying and prioritising Parliament and the Council of 22
stages in pathways has been repeatedly October 2014 on the prevention
invasion in mentioned in different contexts. It and management of the
the context of | appears that the document is strongly introduction and spread of invasive
eradication. influenced by the pathway alien species. Official Journal of the
classification paper by Hulme et.al European Union 317: 35-55.
2008.
e Consultation 2017 | No mention Does not mention the pathway The in this document the impact IUCN. (2017). Consultation
e Alltaxa classification scheme. classification scheme (EICAT) has been | document. IUCN standard
e International directly adapted by IUCN and classification of the impact of
promoted for further use. invasive alien taxa. Version 1 May
2017.
e Resolutions, 2016 No mention No direct mention, however, talks Endorses the use of EICAT for impact IUCN. (2016). IUCN Resolutions,

recommendation,
decisions

All taxa
International

about identification and management
of pathways.

assessment and considers it

instrumental in achieving Aichi targets.

Recommendations and other
Decisions. Gland, Switzerland: I[UCN.
106pp
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