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Open Science is a pivotal global movement to advance science and scholarship. It in-
cludes key elements such as Open Access to scientific publications, Open Data, Open 
Source, and Open Methodology (Kraker et al. 2011; McKiernan et al. 2016; Stodden 
et al. 2016), and therefore fosters reproducibility and verification of findings (Wilkin-
son et al. 2016). Scientific knowledge, the product of research, is a public good and 
should thus be made publicly available. The vast majority of researchers agree with 
the idea of Open Science (Dallmeier-Tiessen et al. 2011), yet many face challenges in 
implementing Open Science in practice.

Here we highlight one of these challenges, using invasion ecology as a case ex-
ample. Consider a typical situation in many research projects: your collaborator, 
PhD student, or postdoc discovers new research results and approaches you to dis-
cuss where to publish the work. You both know that impact factors (IFs) are flawed 
(e.g. San Francisco Declaration on Research Assessment, DORA, http://www.ascb.
org/dora). The IF of a journal does not allow one to assess the quality of an individual 
paper, and there seems to be an increasing commitment by the scientific community 
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not to use the IF when evaluating people or institutions. Indeed, the authors of this 
article strongly support the DORA declaration. At the moment, though, IFs are still 
frequently used by hiring and grant committees to evaluate researchers (McKiernan et 
al. 2016; Tregoning 2018). To be on the safe side, you’d like to publish your best work 
in high-impact journals. Given that you want to promote Open Science, and perhaps 
your research institution or the organization funding your work requires publication 
in Open Access (OA) journals, you look for a high-impact OA journal as first-choice 
outlet for the exciting results.

You may consider three options, (i) multidisciplinary, (ii) ecology, or (iii) invasion 
ecology journals, and use the latest Journal Citation Report by Clarivate Analytics to 
prepare a list of potential target journals, comparing OA with subscription journals 
(Table 1). You are not sure yet if you want to go for the classic multidisciplinary flag-
ship journals “Nature” or “Science”, where rejection rates are very high, but you notice 
that both publishers of these journals, Springer Nature and AAAS, have launched OA 
journals with the same general scope as their flagship journals. These journals, “Nature 
Communications” and “Science Advances”, have high IFs, too, but they are markedly 
lower than those of “Nature” and “Science”. Clearly, “Nature Communications” and 
“Science Advances” are very good outlets, but from an IF perspective only second 
choice after “Nature” and “Science”. In addition, “Nature Communications” and “Sci-
ence Advances” are the only OA journals in the top-10 of journals, based on IF, that 
sometimes publish papers related to biological invasions (Table 1A).

In the discipline of ecology, the 2018 Journal Citation Report (JCR) lists 164 
journals, of which the subscription journal “Trends in Ecology & Evolution” has the 
highest IF (15.2; Table 1C). Only 23 OA journals (14.0%) are currently included for 
this discipline, with “Ecology and Society” having the highest IF (4.14; ranking 29 
among all journals in ecology). Thus, there is currently no OA top-tier journal in ecol-
ogy (Fig. 1; cf. Barbaro et al. 2015).

When focusing on specialist journals in the field of invasion ecology itself, the pic-
ture looks different. Here, four of the five journals that we consider as invasion ecology 
journals are OA (Table 1E). This is probably because these journals are rather young 
in the general field of ecology. Nonetheless, the single subscription journal focusing on 
invasion ecology, i.e. the journal “Biological Invasions”, currently has the highest IF in 
the field; “NeoBiota” follows on the second place.

Why are there only few top-tier OA journals?

Most of the prominent subscription journals have existed for a much longer time 
period than OA journals. This is one obvious explanation why high-impact OA jour-
nals are currently lacking in invasion ecology and most other disciplines: OA journals 
simply have not had the time to build a reputation (although counterexamples such as 
“eLife” exist, see Table 1B, primarily through major financial support and promotion 
by leading research organizations, such as the Howard Hughes Medical Institute, the 
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Max Planck Society, and the Wellcome Trust). 42% of the respondents to the SOAP 
project survey (Dallmeier-Tiessen et al. 2011) who indicated to not have published 
OA articles wrote they had specific reasons for it. One of the two most recurring rea-
sons was: “OA journals are perceived/assumed not to be of good quality or they do 
not have an impact factor” (Dallmeier-Tiessen et al. 2011). This or a similar response 
related to journal quality was given by 30% of the respondents.

We would like to highlight another reason for the lack of high-impact OA journals 
that is often overlooked: As shown above, OA journals are frequently implemented as 
a second-choice option by publishers. Although new OA journals can become high-
impact journals (see e.g. “PLOS Biology” or “eLife”), such a trajectory is hampered by 
publishers that offer authors of manuscripts rejected in their first-choice journals the 
option to transfer the work to an in-house OA journal. This is, for example, done by 
Wiley: “A number of Wiley Open Access journals participate in a Manuscript Transfer 

Table 1. Top 10-impact factor journals included in Clarivate Analytics’ 2018 Journal Citations Report 
(JCR): (A) all journals that, at least sometimes, publish invasion ecology articles (these journals are rel-
evant to invasion ecologists); (B) Open Access journals that, at least sometimes, publish invasion ecology 
articles; (C) journals in JCR’s category “Ecology”; (D) Open Access journals in JCR’s category “Ecology”; 
(E) journals specialized in invasion ecology; (F) Open Access journals specialized in invasion ecology. In 
A-F, Open Access journals are highlighted in bold.

A) All relevant journals B) Relevant Open Access journals
Nature 43.1 Sci. Adv. 12.8
Science 41.0 Nat. Commun. 11.9
Nat. Clim. Change 21.7 PLOS Biol. 8.39
Trends Ecol. Evol. 15.2 eLife 7.55
Sci. Adv. 12.8 Conserv. Lett. 7.40
Nat. Commun. 11.9 BMC Biol. 6.72
Nat. Ecol. Evol. 11.0 Sci. Data 5.93
Front. Ecol. Environ. 10.9 Ecol. Soc. 4.14
Annu. Rev. Ecol. Evol. Syst. 10.9 Sci. Rep. 4.01
Biol. Rev. 10.3 BMC Plant Biol. 3.95

C) Ecology journals D) Open Access ecology journals
Trends Ecol. Evol. 15.2 Ecol. Soc. 4.14
Nat. Ecol. Evol. 11.0 Biogeosciences 3.95
Front. Ecol. Environ. 10.9 Mov. Ecol. 3.75
Annu. Rev. Ecol. Evol. Syst. 10.9 Conserv. Physiol. 3.63
ISME Journal 9.49 Glob. Ecol. Conserv. 2.75
Global Change Biol. 8.88 Ecosphere 2.75
Ecol. Lett. 8.70 Front. Ecol. Evol. 2.69
Ecol. Monogr. 7.70 NeoBiota 2.49
Methods Ecol. Evol. 7.10 Ecol. Evol. 2.42
Mol. Ecol. Resour. 7.05 BMC Ecol. 2.38

E) Invasion ecology journals F) Open Access invasion ecology journals
Biol. Invasions 2.90 NeoBiota 2.49
NeoBiota 2.49 Aquat. Invasions 1.71
Aquat. Invasions 1.71 Manag. Biol. Invasion 1.52
Manag. Biol. Invasion 1.52 BioInvasions Rec. 1.20
BioInvasions Rec. 1.20
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Figure 1. Distribution of 2018 journal impact factors in JCR’s category “Ecology” (cf. Table 1C). “Neo-
Biota” is shown separately. The median and mean impact factor of Open Access journals in JCR’s category 
“Ecology” is 2.08 and 2.12 (n = 23), respectively; for subscription journals, the median is 2.31 and mean 
2.84 (n = 141). Thus, while the IF between Open Access and subscription journals does not strongly differ 
on average, there is a critical lack of Open Access journals with high impact factors—these are the journals 
where researchers aim to publish their best papers and that they highlight in their CVs.

Program. After review in a supporting journal, rejected articles of suitable quality can 
be identified by the Editor as candidates for publication in a Wiley Open Access jour-
nal” (https://authorservices.wiley.com/open-science/open-access/about-wiley-open-
access/manuscript-transfer-program.html, accessed 29 August 2019). For example, 
manuscripts rejected by Wiley subscription journals such as “Global Change Biology”, 
“Global Ecology and Biogeography”, or the “Journal of Biogeography” can be trans-
ferred to the OA journals “Ecology and Evolution” or “Geo: Geography and Environ-
ment”. Other publishers, e.g. Springer Nature (see above), and even some learned 
societies, e.g. AAAS (see above) and the Ecological Society of America, follow similar 
manuscript transfer policies, at least for some of their journals. These policies are con-
sidered a business model for publishers, taking benefit from efforts already spent on 
a submitted manuscript (e.g. internal and external review processes). They are also 
signalling authors that their subscription journals are first choice, whereas OA journals 
are second choice. They are nudging researchers to first submit to subscription journals 
and only later to OA journals.
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Publishers might also be doing so to maximize profit via “double-dipping” (Bar-
baro et al. 2015). They receive money from libraries for subscribing to journals, and 
they receive additional money if publications are made OA in such subscription jour-
nals (Hybrid Open Access). Researchers who place their best work in high-impact 
journals (that are not OA) pay to make them OA, and publishers maximize their profit. 
Learned societies are in a bind right now (Brainard 2019). Their budgets typically de-
pend on income generated through contracts with publishers, and these contracts are 
much more lucrative for subscription journals.

What are possible ways forward?

We identified five possible ways forward. First, publishers should make their classic 
flagship journals OA, rather than launching second-choice OA outlets. This could work 
if research foundations require their grant holders to openly publish their results. The 
Gates Foundation has such a requirement since 2017, and two prestigious subscription 
journals, “The New England Journal of Medicine” and “Proceedings of the National 
Academy of Sciences USA”, responded by offering Gates grant holders to publish their 
papers in these journals OA (Van Noorden 2018). European funding agencies that 
have formed the cOAlition S follow the Gates foundation in requiring OA publication 
by 2021; this initiative is called “Plan S” and has been pushed forward by the Open 
Access Envoy of the European Commission, the President of Science Europe, a group 
of heads of national funding organisations (including the senior author of this article) 
and the Scientific Council of the European Research Council (Schiltz 2018; https://
www.coalition-s.org/). Further, given that journals are largely run by us researchers, we 
can directly ask publishers to switch a subscription journal to an OA journal without 
too expensive publication costs. If publishers decline to do so, an option would be to 
follow the former editors of the subscription journal “Lingua” who left the publisher 
Elsevier and re-established the journal under the new name “Glossa” as an OA outlet. 
As authors and reviewers, we can also boycott publishers by not submitting manu-
scripts to their journals or not reviewing for them (http://thecostofknowledge.com).

Second, publication costs in OA journals must become reasonable. Traditional 
scientific publishing has not only been criticized because of the paywall of subscription 
journals, but also because publishing houses have made a fortune with a product that 
is largely paid by taxpayers; these usually pay the scientists, including their equipment, 
to (i) do the research, (ii) write the manuscripts, and (iii) review and edit other manu-
scripts. Outrageous profit margins of publishers have been a key point in the critique 
against traditional publishing (e.g. Van Noorden 2013). If we now turn subscription 
journals into OA journals (point 1 above), but do not reduce the profit margins of 
the big publishers, we have not yet reached what we are aiming for. “Science Advanc-
es” and “Nature Communications”, i.e. the top-two OA multidisciplinary journals 
(cf. Table 1B), currently charge US$ 4500 or even US$ 5200 per article, respectively 
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(checked on 29 August 2019; cf. Van Noorden 2013). Even average charges for the 
three big publishers Springer Nature, Wiley, and Elsevier are between US$ 2100 to 
3000 (https://treemaps.intact-project.org/apcdata/combined/#publisher/, checked on 
29 August 2019). An interesting example is the case of “Diversity and Distributions”, 
a Wiley journal that in 2019 switched from a subscription to an OA model (it is not 
counted as an OA journal in Table 1 and Fig. 1, as we followed the JCR’s classification 
where the journal is still included as a subscription journal because the switch hap-
pened so recently). The decision to switch to OA was apparently taken by the publisher 
without consulting the journal’s editorial board beforehand, and came along with a 
charge of US$ 2200 to publish in this journal in the future. As a result, many editors 
protested and left the journal (Peterson et al. 2019). Journals from publishers such as 
Pensoft, which publishes “NeoBiota”, have considerably lower publication charges. In 
case of Platinum (also known as Diamond) Open Access, authors do not have to pay 
for their publications at all. Such a Platinum OA model is, for example, implemented 
for the Beilstein journals (financially supported by the Beilstein Institute) and “Web 
Ecology” (supported by the European Ecological Federation).

Third, those researchers who can afford to largely ignore impact factors (e.g. be-
cause they have a permanent position or a very high scientific standing) should submit 
their best work to OA journals even if these do not (yet) have a high reputation. If 
many colleagues do the same, the impact factor of such journals will rise, and so will 
their reputation.

Fourth, we must combat predatory journals which are typically OA and thus re-
duce the reputation of OA journals overall. The Directory of Open Access Journals 
(DOAJ; https://doaj.org) is a valuable source, as it lists high-quality OA journals and 
thus helps to discriminate those from purely profit-orientated predatory journals with-
out any scientific quality control. The latter are reported at https://predatoryjournals.
com, a follow-up of the well-known Beall’s list which discontinued in 2017.

Fifth, learned societies should change their business plans, so that they can af-
ford converting their journals to OA. The European Group on Biological Invasions, 
NEOBIOTA, changed its publication model to OA in 2011—this is the reason why 
the journal you read right now is OA. Similarly, the latest journal of the International 
Association of Vegetation Science, “Vegetation Classification and Survey”, is OA as 
well. Learned societies could receive part of the OA publication fee (which is reduced 
for authors who cannot afford it and for society members). At the same time, learned 
societies bear particular responsibility and solidarity for scientists of the Global South, 
who lack the resources for many subscription journals. Indeed, we should not accept 
that they remain cut-off from the knowledge generated in wealthy countries. It is vital, 
however, that they are still able to publish their own work, that publication fees are not 
prohibitive (see above).

Eventually, subscription journals should disappear in science altogether. This is 
unrealistic in the very near future, but for example in Germany the project DEAL 
(https://www.projekt-deal.de) reached a three-year agreement with the publisher 
Wiley, allowing all members of project DEAL institutions to access Wiley publica-
tions back to 1997, and to publish OA articles in Wiley’s journals with no addi-
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tional charge: the annual fee paid at the national level releases libraries at all project-
DEAL institutions from paying additional subscription charges, and researchers in 
these institutions do not have to pay additional charges to publish OA papers in 
Wiley’s journals (Sander et al. 2019). A major aim of the project DEAL is to make 
all publications submitted from German research institutions OA. Although nego-
tiations with Elsevier are currently stuck (but see a recent agreement in Norway), a 
memorandum with Springer Nature was signed this August to make an agreement 
similarly to the one with Wiley (https://www.projekt-deal.de). If other countries 
follow, scientific journals will be effectively OA for all these countries. Indeed, the 
above-mentioned developments, e.g. “Plan S” that European research results should 
be exclusively published OA (Schiltz 2018; https://www.coalition-s.org/principles-
and-implementation/), give hope that OA journals will become first choice—and 
that subscription journals will eventually disappear. As outlined above, though, we 
should keep in mind that a successful transition to OA publishing will crucially de-
pend on fair pricing and quality control of OA journals.
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Abstract
Biological invasions threaten biodiversity on a global scale, therefore, developing predictive methods to 
understand variation in ecological change conferred is essential. Trophic interaction strength underpins 
community dynamics, however, these interactions can be profoundly affected by abiotic context, such as 
substrate type. The red swamp crayfish (Procambarus clarkii) has successfully invaded a number of fresh-
water ecosystems. We experimentally derive the Functional Response (FR) (density dependent predation) 
of the red swamp crayfish preying upon both a benthic prey; chironomid larvae, and a pelagic prey; Daph-
nia magna, on a no substrate control, sand, and gravel substrates to determine whether (1) there is a higher 
impact on prey that are benthic, and (2) whether the presence of different substrate types can dampen the 
interaction strength. We apply and demonstrate the utility of the Functional Response Ratio (FRR) metric 
in unravelling differences in ecological impact not obvious from traditional FR curves. Procambarus clarkii 
is capable of constantly utilising high numbers of both benthic and pelagic prey items, showing a Type 
II functional response under all scenarios. The presence of gravel and sand substrate each independently 
decreased the magnitude FR upon D. magna. Though, with regards to chironomid larvae the FR curves 
showed no difference in magnitude FR, the FRR reveals that the highest impact is conferred when forag-
ing on sand substrate. This reinforces the need for impact assessments to be contextually relevant.

Keywords
Aquatic invasions, functional response ratio, invader impact, macroinvertebrates, Procambarus clarkii, 
substrate
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Introduction

Aquatic biological invasions are increasing at an alarming rate driven by increased 
connectivity due to new trade routes and ongoing climatic change (Davis and Dar-
ling 2017; Carlton and Fowler 2018; Seebens et al. 2017; Meyerson et al. 2019). 
Such invasions can result in substantial loss of biodiversity and homogenisation of 
communities (Bellard et al. 2016; Courchamp et al. 2017), which is often quanti-
fied and defined as “ecological impact” (Ricciardi et al. 2013; Blackburn et al. 2014; 
Dick et al. 2017a, b). The Aichi Biodiversity Targets (SCBD 2010) emphasise the 
importance of developing affirmative action to reduce biodiversity loss in order to 
increase resilience of ecosystem service production by reducing threats. Therefore, 
predicting and assessing the possible damage caused by invasive species is impera-
tive to conserving biodiversity and valuable services derived from freshwater systems 
(Dickey et al. 2018; Cuthbert et al. 2019). Risk assessment and impact evaluation 
previously relied heavily upon invasion history (Ricciardi and Cohen 2007), which 
is of course of no use for emerging and new invasions. Recently, there has thus been 
an emphasis on quantifying and predicting invader impact before invasion occurs or 
in the initial stages of an emerging invasion (Dick et al. 2014, 2017a, b; Dickey et al. 
2018). By determining impact under different environmental contexts, both mecha-
nistically and phenomenologically, it is possible to identify the drivers of ecological 
impact exerted by a particular species on resources and incorporate preventative or 
mitigation measures into management policies (Wasserman et al. 2016; South et al. 
2017; Dick et al. 2017a, b).

Invasive species are often characterised by their efficiency of resource consump-
tion, whereby they generally show a higher per capita effect towards a focal resource 
in comparison to a native analogue (Dick et al. 2014, 2017a, b; Laverty et al. 2017). 
Comparative functional response analysis has thus been successfully employed to infer 
ecological impact upon resource populations across taxonomic and trophic groups (Al-
exander et al. 2014; Dick et al. 2017a, b; Kemp and Aldridge 2018). The functional re-
sponse (FR) describes resource utilisation with respect to resource density, whereupon 
three categorical FR Types may be classified (Solomon 1949; Holling 1959). Type I 
FR, referring to a linear response is predominantly found in filter feeders as they are 
not limited by handling times (MacNeil et al. 1997; Jeschke et al. 2004). Type II FR 
describes high resource consumption at low resource density, and magnitude of the 
curve asymptote has been positively correlated with invader impact (Alexander et al. 
2014; Dick et al. 2017b). Type III FR is a sigmoidal response that results in low con-
sumption at low prey densities and which provides a low density refugia to prey spe-
cies, and this FR type is often related to environmental stressors, aswell as prey switch-
ing or learning (Holling 1959; Murdoch 1969; South et al. 2018). Upon determining 
FR type, it is possible to estimate parameter values for attack rate (a), handling time (h) 
and maximum feeding estimates (1/h). Consequently, this approach has been adopted 
as a standardised method to quantify and compare predator (and other consumer) 
impact upon recipient prey (and other resource) species (Dick et al. 2017a). Further, 
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due to ease of calculation through laboratory experiments and even field surveys, it is 
possible to factorially incorporate increased complexity such as habitat, temperature, 
and higher order predators in order to create more realistic environmental context 
(Barrios-O’Neill et al. 2015; South et al. 2018; Cuthbert et al. 2018). More recently, 
progress into developing the FR approach towards predictive capacity has resulted 
in the combination of the attack and handling parameters to derive a “Functional 
Response Ratio” (FRR), in order to elucidate potential intermediate impact where 
previously distinguishing differences between FR curves were problematic (Cuthbert 
et al. 2019). This is centred in the assertion that high attack rate values indicate high 
impact, while low handling time also implies high impact, and thus the parameters 
are combined to create a ratio of a/h, higher values of which are found in high-impact 
invaders (Cuthbert et al. 2019).

Species usually form habitat associations depending on their specific life history 
needs or due to optimal foraging theory, wherein the most productive habitat is se-
lected (Schoener 1971). Due to the nature of biological invasions, the abiotic and 
biotic features of the new range may not be analogous to that of the native range, and 
therefore it is imperative to assess performance and ecological impact across a number 
of different contexts. Benthic substrate is highly variable depending on the system and 
is known to provide benefits and costs to both predator and prey depending on species 
specific traits and fractal dimensions (Tokeshi and Arakaki 2012; Barrios-O’Neill et al. 
2015). Substrate has thus been shown to dampen interaction strength, but this may 
be a variable response depending on the type of substrate and the foraging behaviours 
of the predator (Barrios-O’Neill et al. 2015; Keyler et al. 2019; Gebauer et al. 2019). 
Determining whether abiotic context, such as substrate type, can affect the ability of 
an invasive species to consume resources is integral to informing management initia-
tives in order to deter and reduce spread and ecological impact of non-native species.

The red swamp crayfish, Procambarus clarkii (Girard, 1852), is a widespread in-
vasive species due to its wide thermal tolerance, high trait plasticity ,and popularity 
in aquaculture and the pet trade (Souty-Grosset et al. 2016). Procambarus clarkii is a 
polytrophic, omnivorous species which can be a destructive influence upon benthic 
invertebrate communities, which can result in trophic cascades and bentho-pelagic 
resource decoupling (Larson et al. 2017; Bucciarelli et al. 2019). Procambarus clarkii is 
spreading at an alarming rate through many countries, despite eradication and biocon-
trol attempts (Aquiloni et al. 2005; Nunes et al. 2017a, b; Loureiro et al. 2018). It is 
imperative to determine whether there is a differential ecological impact conferred by 
P. clarkii under different substrate conditions and whether this may lead to differential 
utilisation of prey species. Surprisingly, despite the damaging effect of P. clarkii on re-
cipient systems, there is little empirical data quantifying and comparing resource con-
sumption of important prey species. As such, we looked to address this by investigating 
whether there was a difference in the rate of resource utilisation over time by P. clarkii 
preying upon a benthic prey (chironomid larvae) and a pelagic prey (Daphnia magna) 
under three different substrate types (no substrate, sand, and gravel). As P. clarkii is a 
benthic species, we hypothesised that size of the prey and location in the water column 
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would affect the functional response magnitude and perception of the prey, wherein 
small pelagic prey items (i.e. D. magna) would be utilised less than larger benthic prey 
items, but that the interaction strength between P. clarkii and chironomid larvae would 
be dampened by the presence of substrate.

Methods

Specimens of sub-adult P. clarkii (mean ± SD: 21.62 ± 2.6 mm carapace length, n = 
25) were supplied by Seahorse Aquariums (Republic of Ireland) and maintained at the 
Queen’s University Marine Laboratory in a continuously aerated 600 L holding tank, 
with shelters made of drainpipe halves, supplied with dechlorinated tap water held at 
23 ± 1.0 °C using aquarium heaters and subject to natural light regime. During the 
experimental period there was no cannibalism. Procambarus clarkii were maintained 
on commercial sinking fish food (JBL, Germany) to avoid conditioning to experi-
mental prey items. As this species breeds at small sizes and because they are controlled 
species within the United Kingdom and Northern Ireland non-reproductive sub-adult 
crayfish were used in this experiment. Two live prey species, chironomid larvae (3.0 ± 
0.6 SD mm total length) (Chironomidae) and Daphnia magna (0.3 ± 0.01 SD mm) 
(Daphnia magna; Daphniidae), were supplied, also from Seahorse Aquariums. Ap-
propriate ethical approval for the use of these animals in research was obtained from 
the QUB Ethics Committee (School of Biological Sciences) and National Research 
Foundation – South African Institute for Aquatic Biodiversity (NRF–SAIAB ethics 
boards (25/4/1/5_2018-06).

Functional Response Experiment

A full factorial experimental design was employed to test differences in FR with re-
gards to factors: “prey species” (2 levels), “density” (9 levels), and “substrate” (3 lev-
els). Experimental arenas (W: 20 × L: 30 × H: 14 cm, 8 L) were held at 23 ± 1.0 °C 
and experiments were completed in a fully randomised design. Three substrate treat-
ments were supplied: no substrate, commercial aquarium sand supplied at a depth of 
4 mm in the experimental arena, and gravel (grain size: 8 × 4 mm) positioned using 
one 4 mm layer at the bottom of the experimental arena. Arenas were covered from 
the top and sides to avoid any synergistic or antagonistic conspecific effects. Indi-
vidual predators were added per arena and allowed to acclimate for one hour before 
adding prey items. Each prey species was supplied at 9 densities (2, 7, 15, 40, 60, 90, 
120, 200, 300 individuals per arena, n = 5 for each treatment), crayfish were allowed 
to feed for 1 h, after which the predators were removed, and number of prey items 
consumed were enumerated.

Control trials were carried out in experimental tanks at identical environmental 
conditions, wherein each prey species was supplied at the highest density in the ab-
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sence of predators (n = 3 per substrate treatment) to determine potential background 
mortality. Each crayfish was re-used multiple times, but experienced each density of 
each prey type only once. Crayfish were given at least 3 days between use and were not 
fed for 24 h prior to experimental procedure to standardise hunger levels.

All analyses were undertaken using the R Statistical Software (v. 3.4.3). A general-
ised linear model (GLM) with a quasi-Poisson error distribution was used to determine 
differences in prey consumption with regards to factors “prey species”, “prey density”, 
and “substrate complexity”, using a Type 3 Anova and χ2 to report the effect size of a 
factor on the dependent variable. Tukey’s HSD was used to generate pairwise estimates 
with Holm-Bonferroni adjustment of P values post-hoc.

The R package ‘frair’ (Pritchard 2014) was used to model the functional response 
type following methodology in Pritchard et al. (2017) (frair::frair_fit). Therein, a logis-
tic regression was initially used to ascertain whether the proportion of prey consumed 
decreases with increasing prey density and consequently produces a significantly nega-
tive first order term, indicating a Type II FR. If a significantly positive first order term 
is obtained this indicates a Type III FR (Juliano 2001). Functional responses were 
modelled using maximum likelihood estimation (MLE; Bolker 2010) and Rogers’ 
(1972) Random Predator Equation to account for prey depletion over time:

( )( )(1 expe o eN N a N h T= − − 	 (1)

wherein, Ne represents the number of prey eaten, N0 is the initial density of prey, a is 
the attack parameter, h is the handling parameter, and T is the total time available. The 
Lambert W function was implemented to fit the model to the data (Bolker 2008). The 
data were non-parametrically bootstrapped (frair:: frair_boot; n = 2000) to produce 
95% BCa confidence intervals around the mean functional response curve for each 
treatment, wherein any overlap of BCa curves indicates a lack of statistical difference in 
FR. This method allows visual assessment of differences between FR curves and allows 
inferences to be made at a population level. Maximum feeding estimates (1/h) were 
calculated from the handling time estimates.

The FRR (Cuthbert et al. 2019) was calculated for each prey species and substrate 
type using the parameter estimates of a and h from the maximum likelihood estimate 
results of eqn (1):

FFR /a h= 	 (2)

where a is the attack parameter and h is the handling parameter derived from the FR 
curve. In this case the FRR is used as a diagnostic tool to determine whether there were 
differences that can not be observed from the usual FR outputs. Therefore, the higher 
the FRR value the higher the inferred impact (Cuthbert et al. 2019). As FRR results 
are derived from the FR values of one set of experiments and the relatively small sam-
ple size, they are, in this instance, not bootstrapped for comparison as the FR model 
already incorporates n = 2000 bootstrapping of parameters.
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Results

Prey survival was >99% under all control treatments and thus any mortality was due 
to predation by P. clarkii, which was also frequently observed. Procambarus clarkii were 
observed in pilot experiments to feed upon chrinomid larvae by searching with their 
antennae and maxillipeds, contrastingly they fed upon D. magna in a filter feeding 
fashion by generating a flow via tail flicking behaviours.

All model terms significantly affected prey consumption by P. clarkii (Table 1). 
There was a significant three way interaction between ‘prey × prey density × substrate’ 
(Table 1) where at higher densities (above 120) P. clarkii consumed more chirono-
mids than D. magna on gravel than on sand and no substrate (both p < 0.001) but 
there was no difference in prey consumption between prey species consumption on 
no substrate and sand (p = 0.47). At prey densities of 200 and above P. clarkii con-
sumed more chironomids than D. magna on gravel compared to no substrate and 
sand (both p < 0.001), however, when on no substrate and sand P. clarkii consumed 
more D. magna than chironomid larvae (p < 0.001). Prey density and substrate sig-
nificantly interaction on number of prey eaten (Table 1), whereby at higher prey 
densities (above 120) there were less prey consumed on gravel than on no substrate 
and sand (all p < 0.001; ), however, there was no difference between no substrate and 
sand at densities of 120 (p = 0.93). Although at densities of 200 and 300 there were 
less prey consumed on sand than on no substrate (all p<0.001). Substrate type sig-
nificantly interacted with prey species to affect number of prey consumed (Table 1) 
where there was no difference in number of chironomid larvae consumed between 
substrate type (all p > 0.05), but there were more D. magna consumed on no sub-
strate and sand compared to on gravel (both p < 0.001) and more consumed on no 
substrate compared to sand (p < 0.001). Prey density significantly interacted with 
prey species (Table 1) causing more chironomids to be consumed than D. magna at 
densities of 120 (p < 0.001) but at densities of 200 and 300 P. clarkii consumed more 
D. magna than chironomid larvae. At densities below 120 there were no differences 
in prey consumption (all p > 0.005). Overall substrate type affected number of prey 
consumed by P. clarkii (Table 1) as more prey were consumed when no substrate was 
present compared to gravel and sand (both p < 0.001) and the presence of gravel 
substrate reduced prey consumption compared to sand (p < 0.001). Increasing prey 
density significantly affected prey consumption (Table 1) between all densities apart 
from between 200 and 300. Prey species significantly affected the number of prey 
individuals consumed (Table 1) as P. clarkii consumed significantly more D. magna 
than chironomid larvae (p < 0.001).

All prey species and substrate treatments resulted in a significant Type II FR by P. 
clarkii (Table 2, Fig. 1). The FR of P. clarkii towards chironomid larvae was not affected 
by substrate type (Table 2; Fig. 1), whereas the magnitude FR towards D. magna was 
significantly reduced by both sand and gravel substrates (Table 2; Fig.1). The attack 
parameter of P. clarkii upon D. magna (i.e. initial slope of the FR curve) confidence 
intervals overlap indicating that the attack efficiency is not driving the difference in FR 
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Table 1. Model terms for all factors from GLM with a quasi-Poisson error distribution used to determine 
differences in prey consumption with regards to factors “prey species”, “density”, and “substrate”, using a 
Type 3 Anova and χ2 to report the effect size of a factor on the dependent variable.

Model term Chisq df p-value
Prey species 14 1 <0.001
Density 207713 8 <0.001
Substrate 78 2 <0.001
Prey species * Density 607 8 <0.001
Prey species* Substrate 112 2 <0.001
Density * Substrate 1556 16 <0.001
Prey species * Density * Substrate 1681 16 <0.001

Figure 1. Functional responses of Procambarus clarkii preying on chironomid larvae and Daphnia magna 
under different substrate treatments; no substrate (solid line), sand (dashed line), gravel (dotted line). 
Points indicate raw data distributions; no substrate (green), sand (blue), gravel (brown). Shaded areas are 
bootstrapped (n = 2000) 95% confidence intervals.

(Table 2; Fig. 1). However, there are significant differences in the handling and maxi-
mum feeding parameters between the three substrate types, whereupon no substrate 
elicited the highest maximum feeding estimate, with sand intermediate and gravel 
producing the longest handling time and thus lowest maximum feeding estimate (Ta-
ble 2; Fig. 1).

The FRR shows that when predating on chironomid larvae the impact of P. clarkii 
is highest on sand substrate compared to gravel or no substrate (Fig. 2). Whereas, when 
predating on D. magna, P. clarkii were almost as effective on sand and no substrate, 
while gravel elicited the lowest FRR for D. magna (Fig. 2).
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Table 2. First order terms and significance levels from logistic regression of the proportion of prey con-
sumed against initial prey density, with FR Type, functional parameters (a, h, and 1/h), associated sig-
nificance levels from Rogers’ random predator equation, bias accelerated and corrected 95% confidence 
intervals for a and h, and the functional response ratio (a/h) with regards to Procambarus clarkii predating 
upon chironomid larvae and Daphnia magna under different substrate types. a = attack rate; h = handling 
time; 1/h = maximum feeding estimate.

Prey Substrate First order 
term (p-value)

FR 
type

a (p-value) a 95% 
BCa CI

h (p-value) h 95% 
BCa CI

Maximum 
Feeding 

Estimate (1/h)

Functional 
Response 

Ratio (a/h)

Chironomid 
larvae

None -0.016, <0.001 II 9.51, <0.001 6.79 – 3.53 0.007, <0.001 0.007–0.008 136.9 3102.7
Sand -0.016, <0.001 II 14.54, <0.001 9.30 – 28.8 0.007, <0.001 0.007–0.008 129.8 1888.3

Gravel -0.016, <0.001 II 12.40, <0001 8.79 – 19.08 0.007, <0.001 0.007–0.008 131.5 1631.5
D. magna None -0.022, <0.001 II 8.37, <0.001 6.43 – 12.09 0.003, <0.001 0.003–0.004 263.1 2202.6

Sand -0.017, <0.001 II 14.50, <0.001 8.60 – 28.58 0.006, <0.001 0.006–0.007 144.9 2101.4
Gravel -0.014, <0.001 II 9.63, <0.001 6.58 – 15.31 0.009, <0.001 0.008–0.009 111.1 1070.9

Figure 2. Functional response ratio (FRR) (a/h) of Procambarus clarkii preying on chironomid larvae and 
Daphnia magna under different substrate treatments; no substrate (green), sand (blue), gravel (brown).
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Discussion

Management of invasive species depends upon generating contextually relevant and 
accurate estimates of potential impact conveyed upon a recipient ecosystem (Dick et 
al. 2017a, b; Evangelista et al. 2019 ). Procambarus clarkii has established as an invasive 
species around the globe due to human mediated transportation revolving around the 
aquaculture and the pet trade (Chucholl 2013; Patoka et al. 2014; Oficialdegui et al. 
2019). Procambarus clarkii is known to alter aquatic communities through both con-
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sumptive and non-consumptive effects (Carreira et al. 2017; Bucciarelli et al. 2019) 
but there are few quantitative estimates of their ecological impact upon macroinverte-
brate communities (but see Klose and Cooper 2012).

Through the comparison of FR curves, it was possible to parameterise attack rate 
and handling time of a consumer upon a resource. Further, by comparing the FR 
curves for each prey species, we were able to distinguish whether one species may have 
higher pressures exerted upon it by an invasive species. Our results corroborate that 
P. clarkii indeed utilises both benthic and pelagic resources (Brown et al. 1992, 1998; 
Geiger et al. 2004; Lodge et al. 2005), but that the extent can be altered by substrate 
type but also effects prey morphology or behaviour increasing handling time. Procamb-
arus clarkii has the capacity to exert substantial predatory pressure on macroinverte-
brate populations as they are able to consume over 100 prey items per hour irrespective 
of substrate or prey identity. When taking into account possible differences in predator 
abundance on different benthic substrates, there could be the potential for a large per 
capital offtake rate of zookplankton; however, this would be very system dependent as 
water depth and flow dynamics affect encounter rate (Ruokonen et al. 2012). There-
fore, as our experimental setup was rather shallow and devoid of natural hydrological 
characteristics, the results should be interpreted relative to each other rather than as a 
direct estimation of consumption in a system such as a large lake or stream. We recom-
mend that habitat associations and abundance data for P. clarkii in invaded systems is 
reported on in the future in order to improve impact prediction. We also show the util-
ity of the FRR method in determining subtle differences between impact predictions 
where comparison of standard FR curves become inconclusive.

The presence of different substrata affects the predation efficiency of crayfish towards 
each prey type. Compared to the control treatment of no substrate, both sand, and gravel 
substrate caused a slight reduction in the attack parameter (or search efficiency) of P. 
clarkii upon the benthic chironomid prey rather than altering the handling time. This 
suggests that the presence of both sand and gravel can offer a refuge for benthic prey spe-
cies as the crayfish is not able to access the meiofauna as readily. Similar trends are seen in 
benthic invasive gobiids, where gravel substrate reduces magnitude FR compared to sand 
substrates (Gebauer et al. 2019). When only presented with the standard FR curve it is 
practically impossible to differentiate between them due to large overlap of confidence 
intervals. However, when the FRR is considered, it becomes apparent that due to the 
higher attack rate the impact exerted on chironomids when foraging on sand is higher 
than both no substrate and gravel substrates, despite the identical handling estimates. 
With regards to in situ evidence towards our results, Klose and Cooper (2012) found that 
P. clarkii abundance was negatively associated with larval chironomid abundance in two 
streams, one with sand and one with gravel and cobble substrate. In a similar fashion to 
the present results, the stream with cobble and gravel substrate showed a weaker negative 
relationship between predator and chironomid abundance (Klose and Cooper 2012).

Daphnia magna is an important prey species for larval and adult crayfish (Brown 
et al. 1992; Meakin et al. 2009; Kozák et al. 2015). Our results substantiate this, but 
data on field effects of crayfish species on daphniid populations is limited. Although, it 
is established that crayfish are polytrophic consumers, wherein invasion can lead to the 
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creation of new energy pathways between benthic and pelagic resources, but that this is 
system and species specific (Ruokonen et al. 2012; Lipták et al. 2019). While D. magna is 
generally found in the water column and exhibits diel vertical migration, this species also 
forages at the sediment-water interface. This behaviour thus makes this species more acc-
cesable to predation by benthic suspension feeders such as crayfish (Horton et al. 1979). 
This is where the FR and FRR approaches to impact prediction shows their value by 
elucidating the subtle differences in strengths of behaviours controlling foraging success 
(Cuthbert et al. 2019). The presence and type of substrate reduced the maximum feeding 
rate of P. clarkii on D. magna where gravel had the lowest maximum feeding rate due to 
a high handling time, despite having a higher attack parameter under no substrate. It is 
possible that there are substantial field effects of crayfish invasions upon daphniid popula-
tions; however, further realistic context and in situ data needs to be incorporated to ad-
dress the actual extent as D. magna can alter anti-predator behaviour in response to cues 
(Langer et al. 2019). Differences in impact between substrata are likely due to foraging 
mode in crayfish being generally benthic rather than the filter feeding behaviour observed 
within these experiments. Further, while P. clarkii is a behaviourally plastic species they 
may exhibit substrate preferences, especially as they are non-obligate burrowers (Hobbs 
and Barr 1960; Kouba et al. 2016), which could lead to differences in abundance. Fur-
ther information is necessary on habitat associations and abundances of crayfish in novel 
environments in order to determine relative impact potential (Dick et al. 2017b)

Crayfish were able to generate a flow wherein the prey items were drawn closer, 
perhaps facilitating the low handling time demonstrated and indicating that filter feed-
ing efficiency by adults is comparable to benthic foraging and thus warrants further 
investigation. Plasticity in feeding mode and flexible omnivory have been identified in 
other crustacean invaders (Platvoet et al. 2009; Kestrup et al. 2011) and could contrib-
ute to broad invasive impact. Some austral native crayfish species do not show flexible 
omnivory in the same manner (Johnston et al. 2011), which supports the idea that a 
flexible diet is a driver of invasion success and impact in invasive crustaceans (Hänfling 
et al 2011). Due to a focus on agonistic behaviours, descriptions or ethograms of cray-
fish feeding behaviours are rare in the literature (but see Panksepp and Huber 2004) 
and none explicitly describe the mechanism of capturing prey in a filter feeding behav-
iour. Filter feeding is however documented in marine crustaceans and larval crayfish 
(Gerlach et al. 1976; Budd et al. 1978; Brown et al. 1992; Kim et al. 2015), indicating 
that this may be an opportunistic behaviour facilitated by morphological similarities.

Procambarus clarkii is a global polytrophic keystone consumer which has facili-
tated its spread and pervasion into numerous systems (Momot 1995; Jackson et al. 
2017). Due to the nature of polytrophy and generalist foraging strategies it is essential 
to consider multiple resources when attempting to quantify utilisation as well as con-
text. There is substantial field and experimental data that points towards the idea that 
much of P. clarkii predation is frequency dependent (Correia 2002; Klose and Cooper 
2012; Nishijima et al. 2017). Therefore, future work should focus on quantifying the 
frequency dependence of predation upon a variety of food resources under different 
contexts, especially as Nishijima et al. (2017) found that macrophyte availability also 
contributes to dampening P. clarkii impacts on invertebrate communities.
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In the context of furthering approaches to impact prediction in invasion science, 
we establish here how the application of FR and FRR methods can be used to power-
fully predict impact where traditional assessment methods would not have identified 
a difference between contexts. Furthermore, we discern that there is high potential for 
crayfish to differentially consume both benthic and pelagic macroinvertebrate species 
which has implications for nutrient cycling and resource provisioning for native spe-
cies. In a destructive and spreading species like P. clarkii it is imperative to continue to 
determine scenarios wherein its predatory effect can be dampened in order to imple-
ment mitigation strategies as removal of crayfish once established is unfeasible.
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Abstract
Cities, due to the presence of ports and airports and the high diversity of trees in streets, parks, and gar-
dens, may play an important role for the introduction of invasive forest pests. We hypothesize that areas 
of urban forest facilitate the establishment of non-native forest pests. Based on scientific literature and a 
pan-European database on non-native species feeding on woody plants, we analysed where the first detec-
tions occurred in European countries. We collected site data for 137 first detections in Europe and 508 
first European country-specific records. We also estimated the percentage of tree cover and suitable habitat 
(green areas with trees) in buffers around detection points. The large majority of first records (89% for first 
record in Europe and 88% for first records in a European country) were found in cities or suburban areas. 
Only 7% of the cases were in forests far from cities. The probability of occurrence decreased sharply with 
distance from the city. The probability to be detected in urban areas was higher for sap feeders, gall mak-
ers, and seed or fruit feeders (>90%) than for bark and wood borers (81%). Detection sites in cities were 
highly diverse, including public parks, street trees, university campus, arboreta, zoos, and botanical gar-
dens. The average proportion of suitable habitat was less than 10% in urban areas where the species were 
detected. Further, more than 72% of the cases occurred in sites with less than 20% of tree cover. Hotspots 
of first detection were identified along the coastal regions of the Mediterranean and Atlantic, and near 
industrial areas of central Europe. We conclude that urban trees are main facilitators for the establishment 
of non-native forest pests, and that cities should thus be intensely surveyed. Moreover, as urban areas are 
highly populated, the involvement of citizens is highly recommended.
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Introduction

Forests, like other terrestrial ecosystems, are increasingly threatened by the establish-
ment and spread of non-native pests worldwide (Brockerhoff and Liebhold 2017). 
Some examples of forest invasive species with large distribution range are the Pine 
wood nematode, Bursaphelenchus xylophilus, causing the pine wilt disease in Asia (Ki-
shi 1995; Robinet et al. 2009) and Europe (Sousa et al. 2001); the Emerald ash borer, 
Agrilus planipennis, in North America (Herms and McCullough 2014); Anoplophora 
glabripennis which was introduced into North America and Europe (Carter et al. 2010; 
Roques et al. 2010); the invasion of the USA by the gypsy moth, Lymantria dispar 
(Liebhold et al. 1992); or the increasing numbers of Eucalyptus pests established in all 
continents where eucalypts are grown in intensive plantations (Hurley et al. 2016).

The increase of forest pest invasions in recent years is mostly the consequence of in-
creasing global trade and international travel (Brockerhoff et al. 2006a; Roques 2010). 
International trade has remarkably increased during the 20th century, with a rate of 
7.1 percent per year between 1987 and 2007, and is still increasing (Constantinescu 
et al. 2015). As a result, the invasion rate continues to rise, with no sign of saturation 
(Seebens et al. 2017).

The main pathways for the accidental introduction of non-native forest insects 
are the trade of live trees for planting, hitchhiking with containers, imports of timber, 
and use of wood packaging material (Brockerhoff and Liebhold 2017), all of which are 
much more frequent than in the past. A common feature of these pathways is that they 
often converge to urban areas. Cities, in particular large cities, are close to international 
airports and seaports and thus are expected to be main gateways for the entry of new, 
non-native insect species. Cities are also more populated, attracting more and more 
goods every day. It is expected that by 2050, almost 70% of humanity will be living in 
urban areas. In Europe, where urbanization occurred earlier, 82% of people are already 
living in cities (United Nations 2018).

There is little doubt that urbanization and population concentration in large cit-
ies are of critical importance for the arrival rate of invasive species (Paap et al. 2017). 
However, whether the convergence of main invasion pathways towards cities will 
ultimately result in more introductions, and most importantly in the establishment 
of non-native forest insects, remains an open question. Indeed, the establishment of 
non-native forest insects in urban areas depends not only on the probability of arrival, 
but also on the presence and abundance of suitable host trees. If the introduced pest 
species needs only a small number of trees or small tree patches to become established, 
then urban trees, even if isolated in parks, gardens, or streets might provide a suitable 



Urban trees facilitate the establishment of non-native forest insects 27

environment for their establishment. In addition, trees are more likely to be stressed 
in warmer (urban heat island effect) (Debbage and Shepherd 2015) and drier urban 
areas, making trees then more susceptible to non-native secondary pests like bark or 
longhorn beetles (Meineke et al. 2013; Chakraborty et al. 2014). Species originating 
from warm regions, e.g. the Neotropical region, could particularly benefit from these 
microclimatic conditions to invade cities in temperate, cooler regions.

Most cities usually harbor a relatively high diversity of tree species, dispersed 
in many urban parks and gardens. These could provide a larger number of putative 
hosts and, thus, increase the risk of non-native pest establishment (Liebhold et al. 
2018). According to these assumptions, the higher diversity of host tree species 
observed in cities than on countryside would aid the establishment of forest insects 
of different functional traits, like voltinism and diet breadth (Brockerhoff and Lieb-
hold 2017).

To test these hypotheses, we compared the rate of first detection in urban vs non-
urban areas of invasive pests feeding on woody plants in Europe. We focused on this 
continent because it is among the most affected by forest pest invasions in the world, 
and we have very good records of non-native species detection in European countries 
(Roques et al. 2010). We also estimated the distance of detection locations to small 
and large cities. We further investigated the habitat requirements in urban areas for 
the establishment of non-native tree pests, particularly in relation to their feeding re-
quirements. By identifying areas of higher risk of establishment, we provide relevant 
knowledge to improve the methods for early detection of non-native forest pests. This 
is crucial as the success of eradication mainly depends on the speed and accuracy of 
first detection (Liebhold et al. 2016).

Methods

Data gathering

Data sources. We first used the pan-European database for non-native organisms, 
DAISIE (Delivering Non-native Invasive Species Inventories for Europe) (Hulme 
and Roy 2010), which provides historical invasion data at the country level for the 
species introduced to Europe after 1700. Since the data from the DAISIE database 
were recently updated in the EASIN catalogue (European Alien Species Information 
Network), which additionally provided year and country of first records of species in 
Europe (Katsanevakis et al. 2015; Roques et al. 2016; http://easin.jrc.ec.europa.eu), 
we finally used EASIN to select the non-native insect species affecting woody plants, 
i.e. trees and palms. The EPPO Global Database (https://gd.eppo.int/) was also used 
to search for new non-native insects recently arrived in Europe. The bibliographic 
databases Google Scholar and Science Direct were additionally used. We searched for 
literature using specific keywords to detect papers reporting first records of new species 
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feeding on trees in Europe. The combination of keywords was the following: (First 
record or Introduction) and (Pest or Insect or Emerging or Non-native or Invasive or 
Non-native) and (Forest or Tree) and (Europe or Austria, Belgium, Bulgaria, Croatia, 
Republic of Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, 
Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, 
Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, UK).

Criteria for data selection. Only insect species introduced in Europe since 1950 were 
considered because most of the forest non-native species in Europe were introduced in the 
last five decades (Roques 2011). Previous introductions were disregarded to avoid inac-
curacies from ancient reports.

For each country, a unique first record was retrieved with the exception of a par-
ticular species detected in geographically well separated regions of a given country (e.g. 
mainland and distant islands). A case study was thus defined as a new species detected 
in a new country for the first time. The same introduced species could be reported sev-
eral times in Europe as long as it was successively recorded for the first time in different 
European countries. We further distinguished between first record in Europe and first 
records in any of the European regions as a given species could use the first introduc-
tion as bridgehead for spreading through Europe, or be introduced several times in dif-
ferent European regions. Rare cases where two different European countries reported 
the first detection in the same year were both accounted as first records in Europe.

Complementary data. For each case study (one species × one country × one date of 
first detection) we documented information regarding the insect species, and the time 
and location of first record. For each species we retrieved from the literature the order, 
family, feeding guild (Bark & wood borers, Defoliators, Sap suckers, Gall makers, Root 
feeders, Seed and fruit feeders), host range (Broadleaves, Conifers, Palms, Polypha-
gous), and body length (mm). For each first detection we recorded the year of detec-
tion, the geographical coordinates of the site, the type of habitat (Urban if reported in 
a city or suburban urbanized areas, Forests, Rural areas, or Nurseries), and the distance 
in km to the border of the nearest city (with at least 10 000 inhabitants) or large city 
(at least 100 000 inhabitants or with an international transport system, e.g. airport, 
seaport, railway station).

The site coordinates were retrieved from the reporting articles. In several cases, exact 
site coordinates were not available. When the description of the location was reliable 
and narrow enough to delimitate a location area (e.g. Lisbon Zoo, Nepliget Park in 
Budapest), its central point was used to recalculate site coordinates. For records that had 
inaccurate location but with some useful geographical information, e.g. “in the town of 
Rome” (Migliaccio and Zampetti 1989), we used their central point to estimate distance 
to the nearest city but we did not use them to estimate habitat and tree cover in their 
surroundings. Lastly, records that did not have a location precise enough to deduce any 
specific geographic information, e.g. “the Italian region of Lombardy”, were discarded.



Urban trees facilitate the establishment of non-native forest insects 29

The Euclidean (straight-line) distance between the detection location and the external 
limit of the nearest city and nearest large city were calculated using ArcGIS 10.5 (ESRI, 
Redlands, CA, USA). Cities were visually identified using ArcGIS Online World Imagery 
map (Copyright ESRI). The distances were then reclassified in distance classes (×10 km).

Hotspot analysis was performed with Getis-Ord GI* spatial statistics (Ord and 
Getis 1995) using the Spatial Statistics Tools of ArcGIS 10.5. Hotspot analysis is fre-
quently used in biological invasion studies (Liang et al. 2014; Shaker et al. 2017), 
as it enables the detection of spatial clustering patterns using a landscape-scale ap-
proach. Getis-Ord GI is an index used to evaluate spatial autocorrelation. Z-scores 
and P-values indicate whether features, like detection points, are significantly spatially 
clustered. For statistically significant positive z-scores, the larger the z-score, the greater 
the clustering of high values (hotspot); for significantly negative z-scores, the smaller 
the z-score, the greater the clustering of low values (coldspot). For this analysis, we 
used only the first records in Europe. We used the false discovery rate (FDR) method 
of Benjamini and Hochberg (1995) to determine the confidence levels of 80%, 90%, 
95%, and 99% of their respective GI z-score. This method allows controlling for false 
discoveries, i.e., the Type I errors.

Population size of cities near detection points was retrieved from the online Wiki-
pedia encyclopedia. For each detection point the population density, i.e. inhabitants per 
square kilometer, by NUTS 2 region (Nomenclature of Territorial Units for Statistics, 
level 2) was obtained from Eurostat (https://ec.europa.eu/eurostat/web/products-data-
sets/product?code=tgs00024, assessed on 2019-8-22). The year 2015 was used as refer-
ence. We then estimated the ratio between the average population density in the NUTS 2 
region where the detection point was located and the population density of the respective 
country. For the analysis, we considered countries with two or more NUTS 2 regions.

Forest cover and suitable habitat around the point of detection. The percentage 
of forest cover was estimated using the Tree Cover Density (TCD) of the Copernicus 
Land Monitoring Service – High Resolution Layer Forest (https://land.copernicus.eu/
pan-european/high-resolution-layers/forests/view, 2012). TCD provides continuous-
scale information on the proportional crown coverage (0–100%) detected per pixel 
(20 m of spatial resolution) at the European scale, including the following Land Use – 
Land Cover (LULC) classes: evergreen and deciduous broadleaved, sclerophyllous and 
coniferous trees, orchards, olive groves, fruit and other tree plantations, agro-forestry 
areas, transitional woodlands, forests in regeneration, groups of trees within urban ar-
eas. The percentage of forest cover was calculated in four buffers (100, 500, 1000, and 
5000 m of radius) around the detection points with precise geographical coordinates. 
The Set Null function was used to remove the no-data values from the databases.

Complementarily, to test the hypothesis that the percentage of tree cover within 
100 m around the detection point was similar to that of any other 100 m radius buffer 
in the surrounding area, we randomly created three additional 100 m radius sampling 
areas within the 5000 m buffer area. These sampling areas were generated with the con-
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straints of its central point being at least 200 m far from the central detection point and 
200 m far from the other two random sampled areas. Additionally, any randomly cre-
ated central point that was located in the ocean or inland water surface was manually 
removed and replaced. The tree cover around each of the three random central points 
was calculated in the same manner as around the central detection point.

To estimate the percentage cover of suitable habitats in large cities we used the Ur-
ban Atlas database from 2012, from the Copernicus Land Monitoring Service (https://
land.copernicus.eu/local/urban-atlas). Urban Atlas delivers pan-European comparable 
LULC data for Functional Urban Areas, i.e. city and its commuting zone (OECD 
2012) including 17 urban classes with a Minimum Mapping Unit (MMU) of 0.25 ha. 
For the selection of suitable habitats, we used as criterion the probable occurrence of 
trees and retained the following five LULC classes: Green Urban Areas, Sports and 
Leisure Facilities, Orchards, Forests, and Herbaceous vegetation associations. The per-
centage of suitable habitats was calculated in three buffers (radius of 500 m, 1000 m, 
and 5000 m) around the detection points.

Statistical analyses

To estimate the probability of detection in function of the classes of distance to the 
nearest city we used generalized linear models (GLM) with Binomial distribution and 
log link function. A model was applied to each feeding guild separately. A Gaussian 
GLM with log link function was further used to test the effect of body size on the 
distance to the nearest small city and large city. We also used Gaussian GLM to test 
temporal trends in detection years and distance of the detection points to the nearest 
city and nearest large city.

Paired t-test statistic was used to compare the percentage tree cover in the 100, 
500, 1000, and 5000 m radius buffer. Paired t-test statistic was also used to compare 
the percentage of tree cover in the buffer area (100 m radius) around the detection 
point and the mean percentage of tree cover in the three buffer areas (100 m radius) 
sampled at random within the same 5000 m buffer area. One-way ANOVA was used 
to compare the percentage of tree cover in the buffer area (100 m radius) per feeding 
guilds. The relationship between the average population density per NUTS 2 and the 
country population density was tested by paired t-test statistics.

Results

Number of first detection, and distribution in Europe, of non-native forest insects

We retrieved data from 133 non-native insect species, belonging to six feeding 
guilds. Sap feeders (order Hemiptera) were the most represented guild (40% of 
the cases), followed by bark beetles and woodborers (29%). Defoliators, gall mak-
ers, and seed and fruit feeders represented 14%, 10%, and 7% respectively. Only 
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one species was a root feeder, which was not used for comparisons between feeding 
guilds due to its low representativeness.

In total 508 first country-specific records were retrieved, from 38 regions (includ-
ing mainland and separated islands) and 25 countries (Suppl. material 1: Table S1). 
The top 10 non-native species most frequently detected were reported from 12 or 
more different countries: Belonochilus numenius, Cameraria ohridella, Corythucha cil-
iata, Cydalima perspectalis, Dasineura gleditchiae, Dryocosmus kuriphilus, Halyomorpha 
halys, Leptoglossus occidentalis, Metcalfa pruinosa, and Obolodiplosis robiniae. On the 
other hand, 57 non-native species were reported in just one country. More than 87% 
of first detections resulted from occasional visual observations, mainly made by scien-
tists, naturalists, or forest technicians. Only a few first reports (11%) mentioned that 
observations were due to planned survey or trapping. Three cases were interceptions in 
ports. They were excluded from spatial analysis.

From our data, 137 cases were first records for Europe (mainland and islands). 
Italy registered the highest number of first records in Europe (36), followed by Spain 
(19), France (18), and Portugal (10). Eight first detections were made in islands of the 
Mediterranean Sea (Sicily, Corsica, and Balearics) or the Atlantic Ocean (the Canar-
ies, Madeira, and the Azores). UK and Germany had intermediate values of 8 and 7, 
respectively. All other cases were distributed among 19 other countries.

The hotspot analysis of first records in Europe revealed an uneven distribution at 
the European scale. Several hotspot areas with a Getis-Ord Gi* Z-score greater than 
3.80 (p-value < 0.01) were identified in continental Europe (Fig. 1). The largest con-
centration of hotspot clusters was located in coastal areas of the Mediterranean near 
large cites of Italy, southern France, Catalonia and Andalucía in Spain, and along the 
Atlantic coast, e.g. in Lisbon, Vigo in Galicia, Amsterdam, and London. Hotspots of 
first detection were also found around Switzerland (Zurich, Strasbourg, and Stuttgart) 
and in Hungary around Budapest. Hotspots also appeared in the islands of Corsica, 
Sicily, Cyprus, Madeira, the Azores, and the Canaries (Fig. 1).

Distance to nearest cities

About 64% of first records in Europe occurred in large cities and 89% in cities or 
their suburban areas. Similarly, 62% of country specific detections were reported 
in large cities and 88% in cities or their suburban areas (i.e. within 10 km distance 
from their limit). The probability of first detection decreased sharply with distance 
from the nearest city or large city (Fig. 2). When fitting an exponential decline, the 
rate of decrease was on average (± SE) higher around small cities (−0.08 ± 0.016) 
compared with large cities (−0.02 ± 0.003). The probability of occurrence within 
the first two classes distances, i.e. within city (class 0) and up to 10 km distance 
(class 1), was 92 ± 2% for sap suckers and seed and fruit seeders, 88 ± 4.1% for gall 
makers, 85 ± 4.1% for defoliators and 82 ± 3.8% for bark & wood borers. Howev-
er, differences between guilds were not significant (Wald Chi2 = 7.461, p = 0.113). 
Body size was not a significant predictor of the distance of first detection either 
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Figure 1. Hotspots map of first detection points in Europe of non-native insects feeding on woody 
plants, recorded since 1950. The Getis-Ord GI* (GiZ Scores) are provided to indicate different levels of 
clustering of either high values (Z-score positive, hotspot) or low values (Z-score negative, coldspot). The 
respective p-values are: Z Score > 3.8, p-value < 0.01; ZScore [3.2, 3.8], p-value < 0.05; ZScore [3.0, 3.2], 
p-value < 0. 1).

from small city (Wald Chi2 = 0.128, df = 1, p = 0.720) or large city (Wald Chi2 = 
0.559, df = 1, p = 0.455).

In 69% of the cases the population of the nearest city to the detection point, i.e. 
located within a 20 km distance, was over 100 000 people, and in 35% of the cases 
above 500 000 people (Fig. 3). Average population density was 128 ± 18 people/km² 
at the country level and 697 ± 172 people/km² in the NUTS2 region with first oc-
currence (paired t-test mean difference = −570 ± 163, p = 0.002, N = 28). The average 
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Figure 2. Probability (mean ± SE) of first detection of non-native insect feeding on woody plants in 
Europe (estimated by GLM) in function of distance class (in 10 km) to a) the nearest city and b) the 
nearest large city.

population density in NUTS2 region of the detection point was on average 6.2 ± 1.0 
times higher than the population density of the respective country (Fig. 4). Highest 
invaded NUTS 2 to country ratios (above tenfold) were observed for Hungary (21.6), 
Austria (19.5), Bosnia and Herzegovina (12.5), UK (11.5), Finland (11.1), Belgium 
(10.7), and Norway (10.3) (Fig. 4).
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Figure 3. Percentage and number of first detections of non-native forest insect species by class of city 
population (up to 20 km distance).

Type of recipient habitat for non-native species

Urban habitat was the most frequently observed land cover type around first detection 
points, accounting for 74% of the cases. Urban habitats reported were highly diverse, 
including schoolyards, university campuses and experimental stations, trees in airport 
and port areas, railway stations, industrial areas, urban arboreta, botanical gardens, 
public parks, zoos, and street trees. Arboreta, botanical gardens, gardens, and urban 
parks were the most often reported cases in cities (60% of the cases with site informa-
tion). Only 11% of the cases were found in forest habitats. In 4% of the cases these for-
ests were close to cities (i.e. at less than 10 km), while the other 7% were in forests far 
from cities. Other cases were reported in nurseries (4%) and rural landscapes (11%).

The percentage of first detection in the urban habitat significantly varied with the 
insect feeding guild (Chi2 = 19.519; p < 0.001). Sap suckers, gall makers, and seed 
and fruit seeders were more frequently found in urban habitats, 80%, 78%, and 81%, 
respectively, than defoliators (69%) and bark & wood borers (58%) (Fig. 5). Only a 
few detections were found in nurseries (Fig. 5).

Insects feeding on broadleaves were more frequently found for the first time in 
urban habitat (76%) than species feeding on conifers (59%). Still, the difference was 
not significant (chi2 = 1.130, p = 0.288). Polyphagous species, feeding on both conifers 
and broadleaves, were reported in nine cases only, but six of these cases (67%) were 
also in urban areas.

Temporal trend of detection

Temporal trend shows an exponential increase in the number of first records with dec-
ade, with a steep increment since the 1990s (Fig. 6). However, overall mean distances 
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Figure 4. Average population density of the NUTS 2 regions where the non-native forest insect species 
were first detected and of the corresponding country (inhabitants per km2).

Figure 5. Distribution of first detections in Europe of non-native insects feeding on woody plants per 
feeding guild and habitat type.
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to the nearest small city (Wald Chi2 = 0.291, df = 1, p = 0.589), or large city (Wald 
Chi2 = 0.479, df = 1, p = 0.489) did not vary with time (Fig. 6).

Land cover composition of recipient areas

The mean percentage of tree cover at 100 and 500 m around the detection point was 
17.1% ± 1.3 and 17.2% ± 1.1, respectively, ranging from 1 to 85%, with no differ-
ences between these two buffer sizes (t-test = 0.158, df = 307, p = 0.875). Considering 
these buffer radii, 55% of the detection points were in sites with only 10% or less of tree 
cover, and in 73% of the cases in sites with less than 20% of tree cover. However, within 
a buffer of 1000 m radius around the detection point, the mean proportion of tree cover 
was significantly higher (31.8% ± 1.9) than at 100 m (t-test = 14.6, df = 307, p < 0.001). 
Again, at 5000 m radius buffer size, the proportion of tree cover was higher (35.4% ± 
1.0) than at 100 m (t-test = 14.5, df = 307, p < 0.001). Within the largest buffer radii, i.e. 
1000 m and 5000 m around the detection point, there were no difference among feeding 
guilds for the percentage of tree cover (F4,300 = 2.179, p = 0.071, and F4,300 = 1.928, p = 
0.106, respectively for 1 km and 5 km). However, at 100 and 500 m radius, we found 
differences among feeding guilds for the proportion of tree cover around the detection 
point (F4,300 = 3.065, p = 0.017 and F4,300 = 3.132, p = 0.015, respectively for 100 and 500 
m). In both cases, defoliators tend to occur in sites with higher percentage of tree cover 
(which was 27% and 25%, respectively for 100 and 500) than for other feeding guilds.

A complementary analysis concerning the estimation of the percentage cover of 
suitable habitats (following five LULC classes: Green Urban Areas, Sports and Leisure 

Figure 6. Temporal trend of first detection in Europe of non-native insects feeding on woody plants and 
mean distance to the nearest small and large cities.
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Facilities, Orchards, Forests, and Herbaceous vegetation associations) in urban areas of 
large cities was conducted in 94 cases. The proportion of suitable habitat was on aver-
age 9.7% ± 1.1, 9.0% ± 0.6, and 9.0% ± 0.6, for 500 m, 1000 m and 5000 m buffer 
radius, respectively. There were no significant differences between buffer sizes.

The comparison with surrounding landscape showed that the percentage of tree 
cover within a 100 m buffer radius around the detection point (focal point) was slight-
ly, but significantly (t-test mean difference = −4.937 ± 1.471, p = 0.001), lower than 
tree cover in three buffer areas of the same radius randomly sampled within a distance 
of 5000 m (17% ± 1.3 vs 22% ± 1.2).

Discussion

Using European data on first detection records of non-native insect species feeding on 
woody plants since 1950, we could confirm the trend for an exponential increase with 
time. However, the most striking outcome of the survey is that 88% of first detections 
were made in cities and, for the majority, in large cities (62% in total, 70% of urban re-
cords). Moreover, the number of detections decreased dramatically in the first 10 km out-
side the city (Fig. 2). Although trees were always present in the urban area around the de-
tection point, the percentage of tree cover was moderate, being less than 20% in general.

Higher amount of non-native forest pests arriving in cities

The proximity of main transport facilities (e.g. airports and ports) and the high density 
of people make cities under high propagule pressure, i.e. high frequencies of introduc-
tions of non-native organisms, plants or animals (Gaertner et al. 2016; Rassati et al. 
2016). As arrivals are expected to occur in ports and airports, trees near these interna-
tional transport facilities are particularly sensitive. Similar human-assisted introduc-
tions of non-native forest pests have been reported in other studies (Yemshanov et al. 
2013), and analogous trends have been found in other continents. For example, the 
emerald ash borer, native to Asia, was first introduced and became established in North 
America in the highly urbanized Detroit area (Poland and McCullough 2006).

Several records specifically documented first occurrences in urban areas near trans-
port facilities and could identify the pathways. For example, the first infestation of 
A. glabripennis in the Netherlands, in 2010, was found on native host plants, in an 
industrial area in the city of Almere, and was related to pallets used for transport of in-
dustrial machinery (Loomans et al. 2013). The long horn beetle Callidiellum rufipenne 
(Coleoptera, Cerambycidae), attacking cypress trees was first reported on a European 
host species, Juniperus communis, in Italy in an experimental station, next to the harbor 
of Porto de Ravenna in which large amounts of transported wood accumulated (Cam-
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padelli and Sama 1988). The leaf miner, Parectopa robiniella, was first found close to 
the Milan airport in Italy (Whitebread 1989).

We may argue that first occurrences occurred mostly in urban areas because more 
researchers are living in these areas and are, thus, more likely to detect recently intro-
duced forest pests. In some cases, researchers found new records within their own fac-
ulty campus (e.g. Del Estal et al. 1998; Garcia et al. 2013). This pattern could be also 
explained by the higher visibility of insect pests on single trees, along streets or in urban 
parks, than on nearby stands of forests. In fact, we found that more than 87% of first 
detections resulted from occasional observations with no planned survey or trapping 
methods targeting specific species.

Presence of suitable habitats for non-native forest pests to establish in cities

Arrival does not necessarily imply successful establishment of introduced species. The 
establishment of a species in a new area further needs suitable habitat and resources, 
depending on its ecological niche. In fact, it is estimated that only a minor proportion 
of new arrivals results in successful establishment in a new region (Mack et al. 2000). 
This is evident when the frequencies of interceptions are compared with the number of 
species established (Brockerhoff et al. 2006b, 2014; Eschen et al. 2015). The presence 
of suitable host trees is an essential prerequisite for new forests pest species to become 
established in a given area. Reports in urban areas are rather diverse. Examples from the 
studied reports include schoolyards, public gardens (EPPO 2019); zoological parks, 
(e.g. Franco et al. 2017), urban parks, botanical gardens (e.g. Penestragania apicalis in 
France; Nickel et al. 2013), arboreta inside university campuses (e.g. Del Estal et al. 
1998), trees along avenues and squares, or trees near airports or seaports (e.g. Cam-
padelli and Sama 1988). However, a striking finding of the present study is that tree 
cover could be very limited in the exact site where species are found. Detection points 
were located in areas with little proportion tree cover, on average 17% but in more 
than 30% of the cases, the proportion of tree cover was less than 5%. Further, for sites 
located in large cities, the proportion of suitable habitat likely to contain trees (using 
Urban Atlas habitat categories) represented on average less than 10%. This suggests 
that a small size of suitable habitat, or even a few street trees, can be enough for forest 
pest species to establish in urban areas and that they do not need large natural or rural 
forests. For example, Macrohomotoma gladiata, a tropical Asian psyllid, was first found 
in Italy on Ficus trees along avenues of Naples (Pedata et al. 2012). More generally, 
the large presence of non-native trees planted as ornamentals in cities is likely to allow 
the establishment of non-native insects associated to these woody plants in the native 
range. Actually, about half of the exotic insect species of woody plants that have been 
introduced to Europe are still confined to the original, exotic host tree and have not 
switched to another host plant (Roques 2010).

However, we did find some differences in habitat requirements according to feed-
ing guild. Defoliators seemed to be more demanding in terms of the presence of a cer-
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tain density of tree cover. Bark and wood borers were more frequently detected outside 
urban areas than other guilds. On the other extreme, gall makers, sap suckers, and seed 
and fruit feeders were mostly found (more than 90% of the cases) in urban areas. In 
some cases, these species occurred in circumstances in which only a small number of 
trees of a specific host was present. For example, the invasive gall wasp Epichrysocharis 
burwelli, which is known to form galls only on the lemon-scented gum, Corymbia 
citriodora (Myrtacea), was found in an urban park and the Zoo in Lisbon, where only 
a few host trees of that particular host species were present (Franco et al. 2016). Fur-
thermore, within hundreds of kilometers around the central point of detection, there 
were no plantations of lemon-scented gum, and only isolated or small clusters of trees 
in urban gardens or arboreta, could be found. Therefore, as seen in E. burwelli, the 
presence of a small number of host trees may be sufficient for a new insect species to 
establish itself. This may be particularly true when the microhabitat used by the insect 
on the host tree is small, as normally occurs for gall makers, sap suckers, and seed and 
fruit seeder. For these insect species, the entire tree or a few trees may provide sufficient 
habitat for a population to develop. A number of these species can reproduce par-
thenogenetically, e.g. hemipteran sap suckers or seed chalcids (Auger-Rozenberg and 
Roques 2012), or are inbreeders, e.g. seed beetles, which may limit Allee effects arising 
from mate-finding failure (Liebhold et al. 2016), thus explaining their establishment 
success on a few isolated urban trees (Brockerhoff and Liebhold 2017).

Cities may facilitate the establishment of tree pests because of their large diversity 
of tree genera and species, giving non-native pests a better chance of finding a suitable 
host tree (Liebhold et al. 2018). Most cities in North America and Europe have street 
tree diversity concentrated in few tree genera and species, mostly broadleaves, like Pla-
tanus, Acer, Tilia, and Fraxinus, but also a number of non-native woody ornamentals. 
Still, a large diversity of tree species and shrubs is found in cities when urban parks and 
gardens are considered (Raupp et al. 2006; Sjöman et al. 2012). An architype of such 
diversity is found in botanical gardens, where a large collection of species is present, 
which are mostly non-native tree species. In fact, urban gardens and arboreta may ac-
cumulate hundreds of tree species in only a few hectares. Examples from the records 
that we retrieved in this study, are Tapada da Ajuda in Lisbon that harbors more than 
300 tree species (Vasconcelos et al. 2013) where T. peregrinus was found for the first 
time in Portugal (Garcia et al. 2013), or the Gibraltar Botanic Gardens, with an area 
of only 6 ha which holds a collection of over 1700 species of plants, largely non-native, 
where the cycadellid Sophonia orientalis was first found in Europe (Wilson et al. 2011). 
The bark beetle Ambrosiodmus rubricollis (Coleoptera, Curculionidae), was found in 
Aesculus hippocastanum in a botanical garden of Padova, Italy (Faccoli et al. 2009). In-
terestingly, broadleaves are more abundant and diverse in cities than conifers (Raupp et 
al. 2006), which possibly explains the result from our study where the probability of a 
non-native insect being detected for the first time in a city was higher for insect species 
feeding on broadleaves than on conifers.

In several cases, species were found near cities, i.e. in suburban areas. These areas 
are often characterized by heterogeneous landscapes, where gardens, orchards, forest 
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fragments, and many rural habitats are present and tree abundance and diversity is 
greatly increased. In fact, the proportion of tree cover increased from 17% in urban 
areas around detection points to 32% and 35% in buffers of 1000 m and 5000 m 
radius, respectively. Thus, suburban areas could further facilitate the establishment of 
non-native forest pests. In only 4% of the cases (20 out of 508), non-native species 
were detected in nurseries. For these particular cases, detections occurred probably 
before establishment, which would also facilitate eradication attempts.

Cities may also offer better conditions for non-native species establishment due 
to their more suitable climate, in particular warmer temperatures resulting from the 
heat island effect (Debbage and Shepherd 2015). For example, increasing temperature 
caused by impervious surface was observed to significantly increase insect fecundity 
and contribute to higher population growth (Dale and Frank 2014). This would be 
particularly relevant for cities in temperate regions receiving non-native species that 
originate from subtropical countries. In addition, urban trees are frequently exposed 
to environmental stress factors, such as water stress, poor soil conditions and pollu-
tion (Sjöman and Nielsen 2010). In such conditions, trees can be more vulnerable to 
some non-native insect species, in particular the secondary pests feeding on declining 
trees. Contrarily, irrigation and fertilization may render urban trees vulnerable to other 
guilds such as defoliators, sap suckers, and gall makers. An example of better suitability 
of cities is the distribution of the gall midge Obolodiplosis robiniae affecting Robinia 
pseudoacacia in Slovakia, for which greater infestations were found within cities than in 
the countryside (Tóth et al. 2009). Observations that invasive species are more preva-
lent in cities than in rural areas because of environmental stress were also reported for 
other groups of organisms like plants (Gaertner et al. 2016)

Where are first detections in Europe occurring?

At a larger spatial scale, hotspot analyses clearly showed a clustered pattern of first 
detection records in Europe. Most hotspots for the first detection of non-native forest 
pests were found along the coastal regions of Europe, from the Mediterranean coast of 
Italy, France, and Spain to the Atlantic coast, from Portugal to the Netherlands (Fig. 1). 
They clearly match with the location of major cargo seaports, close to large cities (e.g. 
Genova, Napoli, Venice, Ravenna, Marseille, Barcelona, Lisbon, Vigo, London, and 
Amsterdam), where the intense flow of imported goods provides more opportunities 
for non-native forest insect introduction. The majority of the busiest cargo seaports in 
Europe (excluding Russia) by total cargo volume (Kiprop 2018) were located in the 
hotspot clusters or their vicinity (Rotterdam in the Netherlands, Antwerp in Belgium, 
Marseilles/Fos, La Rochelle, and Le Havre in France, Botas in Turkey, Valencia in 
Spain, and Trieste and Genova in Italy).

Still, two other hotspots of first detections were identified, one in Central Europe, 
from southern Germany, to northern Italy, and the other in Eastern Europe. These 
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areas coincide with intense industrial regions and a number of river ports. Their prox-
imity to Middle East and Asia, from where more than 40% of the non-native species 
from our study originate, may further suggest a pathway of progression from eastern 
regions. Some particular areas may also reflect a concentration of forest entomologists, 
but this is difficult to verify.

Conclusions

The economic impact of invasive forest insect pests is huge on both forest and urban 
environments (Poland and McCullough 2006; Boyd et al. 2013). Early detection is the 
main prerequisite for successful eradication. From the present study, we conclude that 
surveillance and monitoring for invasive forests pests should be focused on trees in urban 
and suburban areas. More especially, we recommend that surveys give priority to urban 
parks with high tree diversity, such as botanical gardens, arboreta, and woodlots near 
airports and seaports. These areas should concentrate the attention of forest protection 
authorities and be dedicated to structured surveys and trapping networks. Recently, trap-
ping methods using multiple lures have been shown effective for early detection of non-
native forest moths and beetles (Brockerhoff et al. 2013; Rassati et al. 2015; Fan et al. 
2019) and, thus, should be used more systematically. Another way forward is to promote 
the use of urban trees as sentinels for monitoring the introduction of non-native forest 
pests and diseases (Paap et al. 2017), with the increasing awareness and involvement of 
citizens, who could use smartphone applications for day-to-day surveillance of urban 
tree health (Marzano et al. 2015). Several factors can contribute to urban areas becoming 
hotspots for the establishment of non-native forest pests. The high population density 
and vicinity to main international transport facilities (seaports and airports) likely enable 
the arrival of new species. However, it is the diversity of host tree species, scattered over 
multiple urban green spaces, and favorable microclimatic conditions (warmer, drier) that 
can ultimately favor the establishment of non-native insect species in cities. Still, other 
studies are needed for an accurate assessment of the relative importance of these factors.
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Abstract
Horticulture is one of the main pathways of deliberate introduction of non-native plants, some of which 
might become invasive. Of the 914 commercial ornamental outdoor plant species sold in Spain, 700 
(77%) are non-native (archaeophytes excluded) marketed species. We classified these into six different lists 
based on their invasion status in Spain and elsewhere, their climatic suitability in Spain and their potential 
environmental and socioeconomic impacts. We found sufficient information for 270 species. We provide 
a Priority List of eight regulated invasive species that were still available on the market. We also established 
an Attention List with 68 non-regulated invasive and potentially invasive species that might cause various 
impacts. To prioritise the species within the Attention List, we further assessed the risk of invasion of these 
species by using an adaptation of the Australian WRA protocol and the level of societal interest estimated 
from values of the Google Trends tool. We also propose a Green List of seven species with probably no 
potential to become invasive, a Watch List with 27 potentially invasive species with few potential impacts 
and an Uncertainty List with 161 species of known status but with insufficient information to include 
them in any of the previous lists. We did not find sufficient information for 430 (61%) of the marketed 
non-native plant species, which were compiled into a Data Deficient List. Our findings of prohibited 
species for sale highlight the need for stronger enforcement of the regulations on invasive plant species 
in Spain. In addition, our results highlight the need for additional information on potential impacts and 
climate suitability of horticultural plants being sold in Spain, as insufficient information could be found 
to assess the invasion risk for most species.
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Introduction

The introduction of invasive non-native species by humans may be accidental – for 
example seed crops as contaminants amongst cargo – or deliberate (Mack et al. 2000), 
such as the introduction of species used in forestry, aquaculture and horticulture. In 
particular, the sale of ornamental plants, including sale by nurseries, is the main delib-
erate pathway for plant invasions (Van Kleunen et al. 2018) which includes some of 
the most harmful invasive plant species in the wild (Hulme 2007). 

There is a close relationship between domestic market-based propagule pressure 
and invasion success (Dehnen-Schmutz et al. 2007a; Johnston et al. 2009; Blackburn 
et al. 2013; García-Díaz et al. 2015). Horticulture activities reduce biotic and abiotic 
stresses on plants, bring species of different geographic origin together and increase the 
likelihood that plants escape into the wild (Niinemets and Peñuelas 2008). Moreover, 
introduction biases, or preferences for non-native species that perform better than na-
tives (Chrobock et al. 2011), include plants that have increased germination rates, 
faster and larger growth and higher fecundity than native plants (Chrobock et al. 2011; 
Parker et al. 2013; Maurel et al. 2016). Therefore, the commercial use of non-native 
ornamental plant species is not only important as the main pathway of introduction 
(Hulme 2007), but it also favours the invasion potential of these plants and their im-
pacts. In fact, in less than 20 years on the market, some non-native species can become 
invasive (Pemberton and Liu 2009).

The most effective way to manage the impacts of non-native species is through pre-
vention (Convention on Biological Diversity 2010). In the last two decades, there has 
been great progress in developing risk assessment protocols as an essential management 
component to identify potentially invasive species (Pheloung et al. 1999; Leung et al. 
2012; Roy et al. 2014, 2015). Most of these risk assessments are used to rank non-native 
species according to their probability of becoming established and causing harm. Hori-
zon-scanning of invasive species is a particular type of rapid screening risk analysis based 
on the systematic examination of future potential threats, leading to the prioritisation 
of non-native species for further investigation (Roy et al. 2014). Horizon-scanning has 
been applied when prioritisation identifies a small fraction of species selected from a 
large list of scanned species, for which a thorough risk analysis is not feasible in a short 
period of time (Andreu and Vilà 2010; Roy et al. 2015; Roy et al. 2019). This is the case, 
for example, for testing the invasion risk of all ornamental plants commercialised within 
a country because the number of non-native plant taxa sold is very high. 

A parsimonious way to perform a horizon-scanning analysis for ornamental plants 
is to use four of the most widely used criteria to identify potentially invasive species: 
climate matching, being invasive elsewhere, their potential impacts on the environ-
ment and their impacts on socioeconomic activities (Weber and Gut 2004; Otfinowski 
et al. 2007, Gassó et al. 2010; Blackburn et al. 2014; Roy et al. 2014). 

As the number of non-native species being used as ornamentals is very high, but 
resources are limited to manage them all in the same way, it is necessary to create pri-
oritisation lists of plant species identifying those that are (1) regulated invasive but still 
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commercialised, (2) potentially invasive with the risk of causing numerous impacts, (3) 
potentially invasive with few potential impacts, (4) probably safe because there is no 
potential to establish in the wild and (5) those for which there is insufficient informa-
tion to classify them by their risk of invasion and impact (Dehnen-Schmutz 2011). 
This coarse screening is the basis for prioritising the potentially most invasive species 
and to later perform a more detailed risk assessment (Pheloung et al. 1999; Weber and 
Gut 2004; Andreu and Vilà 2010; Gassó et al. 2010), as well as for proposing a list of 
the least harmful species (Gederas et al. 2012).

Since many regulations expressly prohibit the commercialisation of listed species, it is 
expected that none of them is sold. However, regulation is not always effective, especially 
for the online plant trade (Humair et al. 2015). In fact, many nurseries continue to stock 
and supply invasive regulated species (Wirth et al. 2004; Cronin et al. 2017). In addi-
tion, nowadays most of the nurseries offer internet purchasing. This model of commerce 
is currently one of the most important sources of gardening plants (Humair et al. 2015). 
The online plant trade significantly increases transportation distance and propagule pres-
sure of non-native species (Walters et al. 2006; Lenda et al. 2014; Humair et al. 2015). As 
an innovative approach, the Google Trends tool can be used to forecast consumption and 
commerce, which is a valuable source of information (Vosen and Schmidt 2011). There-
fore, the level of interest in each ornamental species measured by Google Trends can 
provide information on the interest for a particular species by society in general. Google 
Trends provides information on how frequently a keyword or group of keywords has 
been searched for on the Internet. Resulting data are not necessarily composed of only 
people interested in buying the plant. In fact, it is possible that some of these searches are 
performed because they are looking for ways to control or manage already invasive spe-
cies. In our study, we used Google Trends data to assess “popularity” or “interest”, defined 
in a broad sense, as the data do not allow distinguishing whether plant name searches 
were motivated by Internet users’ positive or negative views of a plant.

To our knowledge, this tool has not yet been used for the prevention of biologi-
cal invasions.

In this paper, we perform a horizon-scanning analysis of the 914 commercial or-
namental outdoor plant species in Spain from a total of 1063 taxa to facilitate policy 
implementation. The main aim is to generate six species lists based on their regulation 
and invasive status in Spain and elsewhere, climate matching between their native re-
gion and Spain, the magnitude of the environmental and socioeconomic impacts they 
might cause and their societal interest (Fig. 1):

•	 A Priority List that includes regulated (by Spain or the EU) invasive non-native 
species that were still commercially available in the Spanish peninsular territory 
(Spain, hereafter).

•	 An Attention List that includes climatically suitable non-regulated invasive in Spain 
and potentially invasive species (i.e. invasive elsewhere) with many potential impacts.

•	 A Watch List that includes climatically suitable non-regulated invasive in Spain 
and potentially invasive species (i.e. invasive elsewhere) with few potential impacts.
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•	 A Green List that includes species with no climatic suitability and probably no 
potential to be invasive in Spain.

•	 An Uncertainty List that includes non-invasive species with probably no potential 
to be invasive that do not meet the requirements to be included in the Green List. 
It also includes species with known invasion status but with insufficient informa-
tion available on impacts and non-native species with known invasion status but 
with insufficient information on climatic suitability or invasiveness elsewhere.

•	 A Data Deficient List with all the non-native species with no information about 
their invasion status and not enough data to classify them in any other list.

To rank the species of the Attention List, we conducted an in-depth analysis based 
on their risk of invasion and societal interest. The risk of invasion was scored accord-
ing to the Australian weed risk assessment performed by Pheloung et al. (WRA 1999). 
This WRA protocol has been tested successfully for its consistent accuracy in different 
geographic regions (Gordon et al. 2008) including Spain (Gassó et al. 2010). Societal 
interest in non-native species was measured using Google Trends. We wanted to an-
swer the following questions: Does the risk of invasion and interest to society grow 
across the different invasion status groups of species currently in Spain (i.e. not in the 
wild, casual, naturalised and invasive)? Does the number of potential environmental 
and socioeconomic impacts rise with increasing invasion status. Moreover, for each 
non-native species, we calculated a Priority Index based on the impacts, WRA score 
and interest of the species. We tested if the Priority Index increased with increasing 
invasion status of the species.

Material and methods

We compiled a database including the vast majority of ornamental outdoor plants 
with commercial use in gardening in the Spanish peninsular territory excluding the 
Canary and Balearic Islands (Spain, hereafter). We also included indoor plants that 
can survive and/or reproduce outdoors. However, we excluded strictly indoor plants 
because their ecological requirements might prevent survival outdoors. We included 
fruit trees as they are of ornamental use in public and private gardens and green 
areas, but we excluded vegetables used in horticulture. The list of taxa was com-
piled through the systematic consultation of catalogues from the 21 main Spanish 
nurseries (Appendix 1) between December 2015 and October 2016, which provide 
plants for sale across the country. The number of new taxa added to the database 
(Appendix 1) did not increase at all after the 15th nursery catalogue was consulted. 
The total number of taxa compiled was 1036, of which 914 were actual species. 
Hybrids or genus level taxa were not included in the analysis and infraspecific taxa 
were pooled into species.

According to their origin, we first discriminated between native species and non-
native species in Spain. We then identified archaeophytes (i.e. species introduced be-
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fore 1500 A.D.), following Pyšek et al. (2004). Archaeophytes were not included in 
the analysis because they are poorly recorded and, for many species, their non-native 
status is under discussion.

Species were further classified according to their invasion status in Spain, fol-
lowing the definitions recommended by Richardson et al. (2000): not in the wild, 
casual, established or naturalised (hereafter “naturalised”), invasive non-regulated in 
Spain or Europe (hereafter “invasive”) or invasive regulated in Spain or Europe (here-
after “regulated”). Invasion status in Spain, as not in the wild, casual, naturalised 
or invasive, was based on the information provided in the Spanish Atlas of Invasive 
Non-native Plants (Sanz Elorza et al. 2004). The regulation status of the species, that 
in Spain involves the ban of possession, transport and commerce of living beings and 
propagules, was based on the Spanish Catalogue of Non-native Invasive Species (BOE 
2013) and the List of Invasive Alien Species of Union Concern (European Commis-
sion 2016, 2017).

Once the non-native species were classified into these five invasion status groups 
(i.e. regulated invasive, invasive, naturalised, casual, not in the wild), we proceeded to 
perform the horizon-scanning to classify the species into the respective lists based on 
the flow diagram illustrated in Fig. 1 as follows:

All Regulated species were directly included in the Priority List, whereas invasive 
species were considered for impact assessment (see method below).

Naturalised species were identified as invasive elsewhere, based on the CABI Data-
sheets (2018) and the Global Invasive Species Database (Invasive Species Specialist 
Group 2015). Naturalised species that are invasive elsewhere were regarded as poten-
tially invasive species and were considered for impact assessment. Naturalised species 
not invasive elsewhere were included in the Uncertainty List. 

Casual and not in the wild species were screened for climatic suitability in Spain 
(see method below). For species climatically suitable somewhere in the country, with 
a medium to high level of confidence in the likelihood, we checked whether they were 
invasive elsewhere (Roy et al. 2014). Species that were not climatically suitable and not 
registered as invasive elsewhere, were included in the Green List (Dehnen-Schmutz 
2011), commonly known as the “white list” by decision-makers. In contrast, species 
that were climatically suitable and were invasive elsewhere were regarded as potentially 
invasive species and thus considered for impact assessment. On the other hand, species 
that were climatically suitable but not invasive elsewhere and species that were invasive 
elsewhere but not climatically suitable were included in the Uncertainty List. 

Finally, all the species naturalised or casual in Spain, for which we could not find 
sufficient data about being invasive elsewhere and those for which we have a low level 
of confidence in the likelihood of climatic suitability or no data at all, were included 
in the Uncertainty List. This list also includes species not in the wild that are invasive 
elsewhere rather than Spain, species that are not climatic suitable or species in which 
the level of confidence in the likelihood of climatic suitability is very low.

In contrast, the Data deficient list includes species not in the wild, with no data on 
status elsewhere and on climate suitability.
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Climatic suitability

The climate in Spain is a mosaic of three main climates: Oceanic in the NW, Mediter-
ranean continental in the centre and Mediterranean maritime in the E and S of the 
country including semi-arid areas (Ninyerola et al. 2005). Furthermore, Spain is a 
mountainous country, in which elevations over 1500 m a.s.l. are common and the 
highest peak rises to 3480 m a.s.l. Mountainous areas impose sharp topographical-
climatic gradients where these three climatic types gradually change to a Mountain 
climate, characterised by cold, strong winds and abundant rainfall or snowfall. We 
know from previous regional analyses that the establishment of non-native species is 
enhanced in mesic conditions (i.e. intermediate temperature and moisture levels), such 
as those close to coastal areas (Gassó et al. 2009, González-Moreno et al. 2014).

Precipitation was not considered as a criterion for climatic suitability because Spain 
has a wide rainfall range. Since our analysis is not spatially explicit, at the regional scale, 
there are suitable conditions for non-native species to establish and spread (González-
Moreno et al. 2014). According to AEMET (2016), the town with the highest rainfall 
is Vigo (NW Spain), with an average of 1790 mm per year. The climatic station regis-
tering the lowest amount is Almería (SE Spain), with an average of 200 mm per year. 
Therefore, due to this wide range of rainfall in our study area, we did not consider 
tolerance to drought or waterlogging as climatic classification criteria for the risk of 
invasion at the country scale.

To follow the precautionary principle, our criteria on temperature suitability were 
based on the highest absolute minimum and the highest mean of the minimum in the 
coldest month. This implies that there are many territories in Spain that, having lower 

Figure 1. Flow diagram of horizon-scanning of commercial ornamental non-native plant species in 
Spain and their classification into respective lists. Colour codes correspond to those in Table 1.
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minimum temperatures than the threshold chosen, will be less susceptible to invasion 
by the species of concern. In this way, we minimise the false negatives that may arise. 
Thus, we considered a plant to have climatic suitability to survive in Spain if it met two 
temperature criteria: (1) it can tolerate temperatures below the highest historical abso-
lute minimum temperature in Spain, which was 0.2 °C in Almería (9 February 1935); 
and (2) it can tolerate temperatures below the highest mean minimum temperature in 
the coldest month in Spain, which in Tarifa is January at 10.8 °C (mean recorded from 
data between 1981 to 2010) (AEMET 2016). The air temperature tolerance for each 
species was consulted in the CABI Invasive Species Compendium (2018). 

The level of confidence in the likelihood of climatic suitability was based on the 
quality of information available. A high level of confidence was assigned if both air 
temperature values were available; a medium level of confidence was assigned if only 
one of the temperature values was available but there was information on the species 
being naturalised or not elsewhere with similar climatic conditions to those in Spain 
(i.e. Mediterranean or temperate climate); and a low level of confidence was assigned 
if only one of the temperature values was available or if the species was naturalised or 
not elsewhere with similar climatic conditions to those in Spain.

Impact assessment

There are different ways to rate impacts in risk assessments. Some are based on their 
significance and intensity, some on the number of impacts (see table 3 in Vilà et al. 
2019). To quantify the intensity of impacts requires a throughout screening of all the 
scientific literature, an aim that was above our man-power capacity. As we had many 
species to assess and our approach is by Horizon-scanning, we identified a broad range 
of potential impact types, including socioeconomic impacts. For each invasive or po-
tentially invasive species, we assigned binary scores (yes/no) to the 11 potential impact 
mechanisms on the environment, following Blackburn et al. (2014): competition, 
hybridisation, disease transmission, parasitism, poisoning, toxicity and allelopathy, 
biofouling, interaction with other invasive non-native species, nutrient cycling, physi-
cal modification of the habitat, natural succession and disruption to food webs. We 
also included potential impacts on four socioeconomic aspects: human health (such 
as allergenic pollen), infrastructures, agriculture and forestry and other sectors (e.g. 
livestock, domestic animals). The vast majority of the data concerning impacts was 
retrieved from the CABI Invasive Species Compendium (2018). For cases in which the 
CABI compendium did not provide sufficient information, the Global Invasive Spe-
cies Database (Invasive Species Specialist Group 2015) was consulted. Information on 
pollen allergenicity was found in the Allergome database (Mari et al. 2009).

We compared the numeric results of potential environmental (0–11) and socioeco-
nomic (0–4) impacts between the different invasion status groups of non-native species 
(i.e. not in the wild, casual, naturalised and invasive). We used R software to perform 
a multiple comparison using Tukey’s range test, fitted in the generalised linear model 
(glm) by quasi-Poisson regression. 
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We consider median values for both environmental and socioeconomic impacts 
as the threshold for the classification between species with a high and low number of 
impacts. Species with environmental or socioeconomic impacts at or above the thresh-
olds were included in the Attention List, while species with both environmental and 
socioeconomic impacts below the threshold formed the Watch List.

Societal interest analysis of Attention List species

Google is currently the most popular information search engine (Purcell et al. 
2012) and it is quite useful for forecasting consumption and commerce (Vosen and 
Schmidt 2011). Google Trends (http://trends.google.es) has turned out to be a valu-
able tool to measure the level of interest of internet users on topics, species, events, 
questions etc., based on keywords and thus it has already been applied for this pur-
pose in other research (Vosen and Schmidt 2011, Burivalova et al. 2018). Google 
Trends provides monthly data in a defined temporal range of regional trends of five 
keywords at a time, always relative to the highest value which is set to 100. We used 
Google Trends to analyse the level of interest of Spanish users in the Attention List 
species. We are aware that a species ranking high in interest does not necessarily 
mean that users are more interested in purchasing them. The reasons behind the 
searches for these species are not known, but they indicate how popular the species 
are in society in general.

To standardise those relative values, we used the R pack “gtrendsR” v. 1.4.2. We 
first made a systematic examination of the scientific names of every species listed in the 
Attention List in the temporal range from January 2004 to December 2016 to identify 
the species with the highest trend value. We used the scientific names to standardise 
our search; some species consulted do not have vernacular names in Spanish and some 
others may have different names. As the Google Trends tool allows entering 5 keywords 
at a time, we carried out a first examination forming one initial group of five species to 
analyse and taking the highest value species in this first group. Then, we compared this 
highest ranked species with the next four species and again selected the species with the 
highest value in this new group. Systematically repeating this algorithm with the rest 
of the species allowed us to identify the species with the highest trend value, Robinia 
pseudoacacia. The highest value for this species is set equal to 100 and this was assigned 
as our control species. Then, in a second systematic consultation of Google Trends, 
we obtained the trend data for the rest of the species by comparing each one with the 
control, in order to standardise the values.

For each species, we obtained a standard trend value (STV) as the highest value 
of the monthly trend in the complete temporal range of each species, relative to the 
optimal value of 100 of the control species. After that, we also performed a systematic 
consultation of Google Trends for the species in the Green List and the Priority List. 

We compared differences in STV of the Attention List species across the different 
invasion status groups of species within the list (i.e. not in the wild, casual, naturalised 
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and invasive). We used R software to perform a multiple comparison using Tukey’s 
range test, fitted in the generalised linear model (glm) by quasi-Poisson regression. We 
also compared the STV of the species in the Priority list and the Green list, in order to 
check whether the STV index correlates with invasion itself.

Invasion risk assessment of Attention List species

We used an adaptation of the invasion risk assessment (WRA) protocol (Pheloung et 
al. 1999) for Spain (Gassó et al. 2010) in order to rank the species in the Attention list. 
The WRA scores range from –14 (benign species) to 29 (maximum risk). Three levels 
of invasion risk were considered: rejected, species likely to be high risk (score > 6); ac-
cepted, species with a low score (< 1); and species that need further evaluation, those 
with intermediate scores (1–6).

We compared the scores of the WRA of the Attention List species across the 
different invasion status groups of species within the list (i.e. not in the wild, casual, 
naturalised and invasive). We used R software to perform a multiple comparison 
using Tukey’s range test, fitted in the generalised linear model (glm) by quasi-Pois-
son regression.

Prioritisation of Attention List species

We calculated a Priority Index for each species in the Attention list based on impact 
assessment, WRA score and STV according to the following equation:

100 100 100 / 4
11 4 29

i i i
i i

E S WRAPI STV× × × = + + +  
where: PIi = Priority Index for species i; Ei = number of environmental impacts for 
species i; Si = number of socioeconomic impacts for species i; WRAi = Weed Risk As-
sessment score for species i; STVi = Standard Trend Value for species i.

The impact factors were relative to the 11 environmental and 4 socioeconomic 
impacts which represent the maximum possible impacts in the assessment. The WRA-
factor was relative to 29, which is the maximum possible value in the WRA protocol. 
The STV is already represented as a percentage and thus no conversion is needed.

Within each invasion status group, we listed species in decreasing order of their 
Priority Index and highlighted those with a Priority Index at or above the median.

Data resources

The data underpinning the analysis, reported in this paper, are deposited in the Ze-
nodo repository at https://doi.org/10.5281/zenodo.3367257 (Bayon and Vilà 2019).
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Results

Of the 914 taxa identified to species, 199 were native to Spain and 15 were archaeo-
phytes. Of the 700 remaining non-native species, we did not find sufficient informa-
tion on invasion status, climatic suitability or invasiveness elsewhere for 430 species 
(Data deficient list; Appendix 4) in the consulted databases (Invasive Species Specialist 
Group 2015; CABI 2018). For the remaining 270 non-native species, 71 taxa were not 
in the wild, 99 were casual, 70 naturalised and 30 invasive in Spain. Of the invasive 
species in Spain, eight are regulated by the Spanish Catalogue of Non-native Invasive 
Species (BOE 2013) and one of them, Pennisetum setaceum, is also regulated by the List 
of Invasive Alien Species of Union Concern (2016, 2017). 

Nineteen species not in the wild, 30 casual and 24 naturalised species are climati-
cally suitable and invasive elsewhere and thus considered potential invaders. These spe-
cies, in addition to the 22 already invasive non-regulated species, were assessed for 
impact (Table 1). 

Impact Assessment

We assessed the potential impact of the above-mentioned 19 not in the wild, 30 casual, 
24 naturalised and 22 invasive species that are climatically suitable and invasive else-
where. The global median value for environmental impacts was three and the median 
for socioeconomic impacts was one. Therefore, species with impacts at or above these 
values were included in the Attention List. This included eleven not in the wild (58%), 
22 casual (73%), 20 naturalised (83%) and 15 invasive species (68%). We did not 
find significant differences in the number of environmental or socioeconomic impacts 
across any pair of species status groups (Fig. 2).

Within each invasion status, the species with the highest number of environmental 
impacts included the invasive Robinia pseudoacacia (7), Agave sisalana (6) and Elae-
agnus angustifolia (6); the naturalised Ficus pumila (7), Ficus rubiginosa (6), Lupinus 
polyphyllus (6) and Sansevieria trifasciata (6); the casual Wisteria sinensis (8) and Grevil-
lea robusta (7); and the not in the wild Nymphaea odorata (7).

Species with the highest number of socioeconomic impacts were the invasive Rob-
inia pseudoacacia (3), Acacia longifolia (3), Eucalyptus globulus (3) and Lantana camara 
(3); the naturalised Lupinus polyphyllus (3), Rhus typhina (3) and Tagetes minuta (3); the 
casual Miscanthus sinensis (3), Portulaca oleracea (3) and Sesbania punicea (3); and the 
not in the wild Allamanda cathartica (3).  

Species listing

The 270 non-native species with available data were classified into the following five lists:
The Priority List contains eight regulated invasive species that were still commer-

cially available in nurseries (Table 2).
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Figure 2. Environmental (a) and socioeconomic (b) impacts of invasive and potentially invasive orna-
mental plant species. P-values for Tukey’s range tests for environmental impacts: not in the wild – casual: 
p = 0.833; not in the wild – naturalised: p = 0.498; not in the wild – invasive: p = 0.926; casual – natural-
ised: p = 0.904; casual – invasive: p = 0.997; naturalised – invasive: p = 0.845. P-values for Tukey’s range 
tests for socioeconomic impacts: not in the wild – casual: p = 0.790; not in the wild – naturalised: p = 0.526; 
not in the wild – invasive: p = 0.916; casual – naturalised: p = 0.947; casual – invasive: p = 0.994; natural-
ised – invasive: p = 0.875. Dashed red line represents the global median of impacts and the threshold for 
species in the Attention List (at and above the line, Table 3) and Watch List (below the line, Appendix 2)
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Table 1. Classification of commercial ornamental plant taxa in Spain according to their invasion status 
and climatic suitability. Colour codes correspond to those in Fig 1: Priority List (red, Table 2), Impact 
Risk Analysis (orange), Green List (green, Table 4) and Uncertainty List (grey, Appendix 3).

N Climatic 
suitable

Not 
Climatic 
suitable

Low confidence 
in likelihood 
on climatic 
suitability

Not enough 
information 

about climatic 
suitability

Invasive 
elsewhere

Not 
invasive 

elsewhere

Total taxa in nurseries 1036
Taxa excluded 122
Total species listed 914
Native 199
Archeophyte 15
Non-native (non-archeophyte) 700
Invasive – Regulated 8
Invasive – Not Regulated 22
Naturalised 70 24 46
Casual 100 36 2 4 58
Casual – Climatic Suitable 30 6
Casual – Not Climatic Suitable 1 1

Not in the wild 71 34 10 27
Not in the wild – Climatic Suitable 19 15
Not in the wild – Not Climatic Suitable 4 6

Data deficient 430

Table 2. Priority List. Includes invasive species regulated by the Spanish Catalogue of Non-native Inva-
sive Species (BOE 2013) or the List of Invasive Alien Species of Union Concern (European Commission 
2016, 2017). Native distribution: Afr: Africa; As: Asia (Temperate); Aus: Australia; NAm: North America; 
SAm: South and Central America.

Species Family Native distribution Regulated in Spain Regulated in EU
Acacia dealbata Fabaceae Aus Yes No
Agave americana Agavaceae SAm Yes No
Ailanthus altissima Simarubaceae As Yes No
Buddleja davidii Scrophulariaceae As Yes No
Cortaderia selloana Poaceae SAm Yes No
Opuntia ficus-indica Cactaceae NAm Yes No
Pennisetum setaceum Poaceae Afr Yes Yes
Tradescantia fluminensis Commelinaceae SAm Yes No

The Attention List (Table 3) is composed of 68 species, including 11 not in the 
wild, 22 casual, 20 naturalised and 15 invasive.

The Watch List contains 27 species: eight not in the wild, eight casual, four natu-
ralised and seven invasive, but below the threshold for environmental and socioeco-
nomic impacts (Appendix 2).

The Green List is represented by only seven species: one casual and six not in the 
wild taxa that are not climatically suitable nor invasive elsewhere (Table 4). Finally, 
the Uncertainty List was formed by 161 species, in which: 46 are not in the wild (27 
with low confidence on climatic suitability, 15 not invasive elsewhere but climatically 
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Table 3. Attention List. Includes all invasive and potentially invasive species with ≥ 3 environmental or ≥ 
1 socio-economic potential impacts, classified as: a) not in the wild, b) casual, c) naturalised and d) invasive 
species, presented in decreasing Priority Index order. Native distribution: Afr: Africa; As: Asia (Temperate); 
AT: Asia (Tropical); Aus: Australia; Eur: Europe; NAm: North America; Pac: Pacific; SAm: South and Cen-
tral America. Weed Risk Assessment (WRA): scores 1–6 indicate that the species needs further evaluation; 
scores > 6 indicate that the species is rejected. STV: Standard Trend Value (0-100). Priority Index is calcu-
lated following the equation: Priority index = ((100×Ei) / 11 + (100×Si) / 4 + (100×WRA) / 29 +STV) / 4 
where: Ei = environmental impacts; Si = socioeconomic impacts. * Species with Priority Index ≥ 35 have 
been highlighted with an asterisk.

Family Native 
distribution

Impacts WRA Trends Prior. 
IndexEnvironment Socio-

economics
Score Evaluation STV Evaluation

a) Species not in the wild

Cinnamomum 
camphora*

Lauraceae As 4 2 17 Reject 35 Less Interesting 45

Cotoneaster 
horizontalis*

Rosaceae As, AT 3 1 26 Reject 37 Less Interesting 45

Physalis angulata* Solanaceae NAm, SAm, 
Pac

4 2 22 Reject 0 Not Interesting 41

Allamanda 
cathartica*

Apocynaceae SAm 4 3 11 Reject 0 Not Interesting 37

Nymphaea odorata* Nymphaeaceae NAm 7 2 9 Reject 0 Not Interesting 36

Leptospermum 
scoparium*

Myrtaceae Aus 3 1 13 Reject 43 Less Interesting 35

Cornus sericea Cornaceae NAm 4 1 22 Reject 0 Not Interesting 34

Berberis thunbergii Berberidaceae As 4 1 12 Reject 27 Less Interesting 32

Alocasia 
macrorrhizos

Araceae AT 4 0 13 Reject 0 Not Interesting 20

Euonymus fortunei Celastraceae As 4 0 7 Reject 0 Not Interesting 15

Archontophoenix 
cunninghamiana

Arecaceae Aus 4 0 4 Evaluating 0 Not Interesting 13

b) Casual species

Portulaca oleracea* Portulacaceae Afr, EUr 4 3 15 Reject 54 Interesting 54

Cestrum 
nocturnum*

Solanaceae SAm 4 2 9 Reject 80 Very Interesting 49

Wisteria sinensis* Fabaceae As 8 2 9 Reject 43 Less Interesting 49

Kalanchoe 
daigremontiana*

Crassulaceae Afr 5 1 22 Reject 37 Less Interesting 46

Pinus radiata* Pinaceae NAm 3 2 12 Reject 60 Interesting 45

Nandina 
domestica*

Berberidaceae As, AT 5 2 9 Reject 43 Less Interesting 42

Casuarina 
equisetifolia*

Casuarinaceae Aus 5 2 7 Reject 45 Less Interesting 41

Miscanthus 
sinensis*

Poaceae AT 6 3 9 Reject 0 Not Interesting 40

Paulownia 
tomentosa*

Paulowniaceae As, AT 4 1 19 Reject 27 Less Interesting 38

Zantedeschia 
aethiopica*

Araceae Afr 0 1 15 Reject 70 Interesting 37

Physalis peruviana* Solanaceae SAm 5 2 8 Reject 22 Not Interesting 36

Grevillea robusta* Proteaceae Aus 7 1 2 Evaluating 45 Less Interesting 35

Sesbania punicea* Fabaceae SAm 2 3 13 Reject 0 Not Interesting 35

Gypsophila 
paniculata

Caryophyllaceae As, Eur 6 1 6 Evaluating 17 Not Interesting 29

Eugenia uniflora Myrtaceae SAm 5 0 18 Reject 0 Not Interesting 27
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Family Native 
distribution

Impacts WRA Trends Prior. 
IndexEnvironment Socio-

economics
Score Evaluation STV Evaluation

Spiraea japonica Rosaceae As, AT 4 0 11 Reject 28 Less Interesting 26

Tecoma stans Bignoniaceae NAm, SAm 4 1 11 Reject 0 Not Interesting 25

Prunus serotina Rosaceae NAm 6 0 12 Reject 0 Not Interesting 24

Morus nigra Moraceae As 3 0 4 Evaluating 45 Less Interesting 22

Eucalyptus 
sideroxylon

Myrtaceae Aus 3 0 14 Reject 0 Not Interesting 19

Yucca aloifolia Agavaceae NAm 3 1 4 Evaluating 0 Not Interesting 17

Cereus uruguayanus Cactaceae SAm 3 0 3 Evaluating 0 Not Interesting 9

c) Naturalised species

Lupinus 
polyphyllus*

Fabaceae NAm 6 3 27 Reject 0 Not Interesting 56

Canna indica* Cannaceae SAm 8 1 24 Reject 35 Less Interesting 54

Rhus typhina* Anacardiaceae NAm 5 4 15 Reject 0 Not Interesting 49

Phragmites 
australis*

Poaceae NAm 2 2 27 Reject 35 Less Interesting 49

Tagetes minuta* Asteraceae NAm 4 3 22 Reject 0 Not Interesting 47

Imperata 
cylindrica*

Poaceae AT 7 1 24 Reject 0 Not Interesting 43

Ficus pumila* Moraceae AT 3 3 5 Evaluating 35 Less Interesting 39

Phoenix 
canariensis*

Arecaceae Afr 4 1 6 Evaluating 71 Interesting 38

Melia azedarach* Meliaceae AT, Aus 4 0 12 Reject 71 Interesting 37

Psidium 
cattleianum*

Myrtaceae SAm 6 1 20 Reject 0 Not Interesting 37

Albizia julibrissin Fabaceae As 3 0 14 Reject 62 Interesting 34

Ficus rubiginosa Moraceae Aus 6 1 7 Reject 26 Less Interesting 32

Broussonetia 
papyrifera

Moraceae As 5 2 2 Evaluating 27 Less Interesting 32

Ziziphus jujuva Rhamnaceae As, AT, Aus 5 1 17 Reject 0 Not Interesting 32

Pennisetum 
villosum

Poaceae Afr 3 0 25 Reject 0 Not Interesting 28

Sansevieria 
trifasciata

Asparagaceae Afr 4 0 12 Reject 35 Less Interesting 28

Bacopa monnieri Plantaginaceae NAm, SAm, 
As, Eur

2 1 16 Reject 10 Not Interesting 27

Adiantum 
raddianum

Pteridaceae SAm 3 1 13 Reject 7 Not Interesting 26

Atriplex 
semibaccata

Amaranthaceae Aus 3 0 15 Reject 0 Not Interesting 20

Annona cherimola Annonaceae SAm 1 1 0 Accepted 0 Not Interesting 9

d) Invasive species

Robinia 
pseudoacacia*

Fabaceae NAm 7 3 15 Reject 100 Very Interesting 73

Lantana camara* Verbenaceae SAm 5 3 25 Reject 67 Interesting 68

Eucalyptus 
globulus*

Myrtaceae Aus 4 3 21 Reject 35 Less Interesting 55

Acacia longifolia* Fabaceae Aus 4 3 23 Reject 0 Not Interesting 48

Acacia saligna* Fabaceae Aus 5 1 22 Reject 23 Not Interesting 42

Leucaena 
leucocephala*

Fabaceae NAm 5 0 21 Reject 35 Less Interesting 38

Elaeagnus 
angustifolia*

Elaeagnaceae As 6 0 21 Reject 19 Not Interesting 36

Lonicera japonica* Caprifoliaceae As, AT 3 1 14 Reject 39 Less Interesting 35
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Family Native 
distribution

Impacts WRA Trends Prior. 
IndexEnvironment Socio-

economics
Score Evaluation STV Evaluation

Agave sisalana* Agavaceae SAm 6 2 10 Reject 0 Not Interesting 35

Psidium guajava Myrtaceae NAm 4 1 19 Reject 0 Not Interesting 32

Gleditsia 
triacanthos

Fabaceae NAm 4 0 10 Reject 41 Less Interesting 28

Phormium tenax Xanthorrhoeaceae Pac 3 0 10 Reject 35 Less Interesting 24

Bidens aurea Asteraceae NAm 1 2 5 Evaluating 18 Not Interesting 24

Stenotaphrum 
secundatum

Poaceae Afr 5 0 13 Reject 0 Not Interesting 23

Pasiflora caerulea Passifloraceae SAm 3 0 6 Evaluating 0 Not Interesting 12

suitable, four not climatically suitable but invasive elsewhere), 69 are casual (4 
with low confidence on climatic suitability, 58 with no available information on 
climatic suitability, six not invasive elsewhere but climatically suitable and one not 
climatically suitable but invasive elsewhere) and 46 are naturalised not invasive 
elsewhere (Appendix 3).

Societal interest analysis of Attention List species

In the Google Trends systematic examination of the 68 Attention List species, maxi-
mum trend values were observed for Robinia pseudoacacia – March 2004 – and there-
fore we used this record as our control species. 

Within the Attention list, the most noteworthy species (higher STV) included: the 
invasive Robinia pseudoacacia (100) and Lantana camara (67); the naturalised Phoenix 
canariensis (71) and Melia azedarach (71); the casual Cestrum nocturnum (80) and Zant-
edeschia aethiopica (70); and, far from the previous groups, the not in the wild Lepto-
spermum scoparium (43). Complete results of the STV analysis are shown in Table 3. 
There were no significant differences in STV between any pair of invasion status groups 
of species (Fig. 3). Similarly, there were no differences between the species in the Priority 
list and the Green List (p=0.967).

Table 4. Green List. Includes non-native non-invasive species with very low invasion potential. Native 
distribution: As: Asia (Temperate); AT: Asia (Tropical); SAm: South and Central America. Status in Spain: 
N: Not in the wild, C: Casual.

Species Family Native distribution Status in Spain
Averrhoa carambola Oxalidaceae AT N
Celosia argentea Amaranthaceae AT N
Ficus benjamina Moraceae AT N
Mangifera indica Anacardiaceae As – AT N
Nelumbo nucifera Nelumbonaceae AT N
Pogostemon helferi Lamiaceae AT N
Senna corymbosa Fabaceae SAm C
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Figure 3. Society interest in ornamental non-native plant species classified by their invasion status. 
STV: Standard Trend Value. P-values for Tukey’s range tests: not in the wild – casual: p = 0.373; not in 
the wild – naturalised: p = 0.783; not in the wild – invasive: p = 0.436; casual – naturalised: p = 0.794; 
casual – invasive: p = 1; naturalised – invasive: p = 0.860.

Invasion risk assessment of Attention List species

In the WRA, all species in the Attention List were rejected, except for 11 that required 
further evaluation and only one, Annona cherimola, that was accepted (Table 3).

Within each invasion status, the highest WRA scores were for the invasive Lantana 
camara (25), Acacia longifolia (23), Acacia saligna (22), Elaeagnus angustifolia (21), Eu-
calyptus globulus (21) and Leucana leucocephala (21); the naturalised Phragmites austra-
lis (27), Lupinus polyphyllus (27), Pennistum villosum (25), Canna indica (24) and Im-
perata cylindrica (24); the casual Kalanchoe daigremontiana (22), Pawlownia tomentosa 
(19) and Eugenia uniflora (18); and the not in the wild Cotoneaster horizontalis (26), 
Cornus sericea (22) and Physalis angulata (22). For every invasion status, the species re-
quiring further evaluation accounted for less than 25%. There were no significant dif-
ferences in WRA scores between any pair of invasion status groups of species (Fig. 4).

Prioritisation of Attention List species

The median value of Priority Indices was 35. Species with a Priority Index ≥ 35 are 
highlighted in Table 3. Within each invasion status, the highest Priority Indices in 
invasive species were found for Robinia pseudoacacia (73), Lantana camara (68) and 
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Eucalyptus globulus (55); in naturalised species Lupinus polyphyllus (56) and Canna 
indica (54); in casual species Portulaca oleracea (54), Cestrum nocturnum (49) and 
Wisteria sinensis (49); and in not in the wild species Cinnamimum camphora (45) and 
Cotoneaster horizontalis (45). There were no significant differences between any pair of 
invasion status groups of species (Fig. 5).

Discussion

Nurseries and the commercial introduction of non-native plant species are the main 
deliberate pathways for plant invasions (Van Kleunen et al. 2018). Some of the most 
harmful invasive plant species in the wild are non-native species introduced for com-
mercial purposes (Hulme 2007). In Spain, non-native plants represent the vast major-
ity of species sold by nurseries (77%) and 30 of these species have been reported as 
invasive in the peninsular territory of Spain. The regulation of non-native invasive 
plant species is necessary. However, nurseries often do not fully comply with commer-
cial restrictions (Wirth et al. 2004; Cronin et al. 2017; Touza et al. 2014). Besides the 
Spanish (BOE 2013) and European (European Commission 2016, 2017) regulations 
on non-native invasive species and similar to what happens in other countries, there are 
eight regulated species that, although being regulated, were still commercially available 

Figure 4. Weed risk assessment (WRA) score in ornamental non-native plant species classified by their 
invasion status in Spain. P-values for Tukey’s range tests: not in the wild – casual: p = 0.392; not in the 
wild – naturalised: p = 0.983; not in the wild – invasive: p = 0.951; casual – naturalised: p = 0.101; 
casual – invasive: p = 0.086; naturalised – invasive: p = 0.997.
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in the country at the time of this study (Appendix 1), as indicated in the Priority List. 
One of them, Pennisetum setaceum, was also been included under European regulation, 
although this inclusion is more recent than the study of the nurseries for this study. 
Therefore, there is a pressing need to enforce the current legislation, as well as to raise 
public awareness to prohibit the trade of these species.

Furthermore, because the deliberate transport, commerce and planting of non-
native plant species can be controlled, all the invasive and potentially invasive species 
compiled into the Attention List could be considered for regulation, following the 
advice of the European Parliament and Council (2014). While some of these species 
have been introduced to provide an immediate economic benefit, such as Eucalyptus 
globulus and other species of the same genus (Touza et al. 2014), their impacts on the 
environment, as well as on some human activities besides the forestry sector, suggest 
that their regulation should be considered. In addition, the costs derived from the 
control of invasive species can be quite significant (Pimentel et al. 2005) and are not 
compensated for by their economic benefits. 

The levels of potential impacts of species in the Attention List are independent of 
their invasion status in Spain. That is, current non-invasive species have the potential 
to cause as many impacts as invasive species. This result supports previous empiri-
cal studies indicating that invasiveness does not always translate to impacts (Ricciardi 

Figure 5. Priority Index in ornamental non-native plant species classified by their invasion status in 
Spain. P-values for Tukey’s range tests: not in the wild – casual: p = 0.981; not in the wild – natural-
ised: p = 0.860; not in the wild – invasive: p = 0.633; casual – naturalised: p = 0.958; casual – invasive: 
p = 0.748; naturalised – invasive: p = 0.953. Dashed red line represents the global median of Priority Index 
(=38). Species at or above this line should be considered in prioritisation, as shown in table 3.
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and Cohen 2007). Despite the fact that some of these species were introduced a long 
time ago and are already invasive, such as Ailanthus altissima introduced into Spain 
in 1818 or Acacia dealbata in 1824 (Sanz Elorza et al. 2004), others have possibly 
been introduced recently as ornamental plants and thus have not had enough time for 
establishment and dispersal (Pemberton and Liu 2009). As a precautionary measure 
to avoid their impacts, there is a need to prevent the introduction of any non-native 
species listed in the Attention List and to conduct a complete risk assessment to study 
the possibility of their being regulated.

As the threshold number of environmental and socioeconomic impacts required 
for a species to be included or not in the Attention List is based on median values, it 
may exclude some species that have high risks of invasion despite a low number of 
impact types or species with still unknown impacts. In fact, the Watch List contains 
species that are well known to be invasive elsewhere, such as Acer negundo or Eriobotrya 
japonica, which cause few, but important, impacts. More detailed research on the po-
tential type of impacts of the species in the Watch List, as well as conducting a WRA 
for these species, would allow for more adequate prioritisation of these species that are 
of major concern after those in the Priority and Attention Lists.

We are confident that the potential invasion of Attention List species is robust 
given the positive results of the WRA, in which only one of the 68 species listed was 
classified as accepted (i.e. low invasion risk). The proportion of species rejected by the 
WRA was very high and similar in all status groups of species, with a likely low incor-
poration of false positives (Andreu and Vilà 2010). Furthermore, our WRA analysis 
warns that species which are not in the wild, still have the potential to become invasive, 
reaching scores as high as those of already naturalised or invasive plants. 

Likewise, with our analysis on the STV, we cannot infer causality between societal 
interest and increased commerce. In fact, the STV is not a good predictor of invasion 
status; the absence of differences between STV of the species in the Priority list and 
the Green list shows that the STV is not related with invasion. Nevertheless, greater 
interest, as reflected in Google statistics, can still be an indicator of increased consump-
tion and trade (Vosen and Schmidt 2011) and greater interest might promote greater 
propagule pressure and greater potential to become established (Dehnen-Schmutz et 
al. 2007a; Johnston et al. 2009; Blackburn et al. 2013; García-Díaz et al. 2015). Thus, 
we think that the STV continues to have value, not as a predictor of invasion, but as a 
factor to be considered during prioritisation of the species within each invasion group.

Our approach is similar to previous Horizon-scanning analyses for non-native spe-
cies (Roy et al. 2014, Roy et al. 2019) with the differences being that, in our study 
case, all the species are already in the region of analysis and the scoring is based on 
more parameters than just their potential to establish and cause impacts. We provide 
a Priority Index that includes the risk of invasion, the level of potential impacts and 
the popularity of the species. Therefore, it offers an integrative score that may be of 
interest to environmental administrations and management services as a valuable tool 
to support decision-making. The homogeneity in the Priority Index across the inva-
sion status groups of species confirms that the potential for invasion and the impact 
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risks are independent of the actual invasion status of the species (Roberts et al. 2011; 
Gassó et al. 2010). Therefore, this index may even be useful for identifying current 
non-invasive species that, even if not in the wild, are potentially invasive. Indeed, our 
species Prioritisation List has already been used to identify species with the potential to 
be invasive in Gibraltar, an overseas territory of the United Kingdom which buys all its 
ornamental plants from neighbouring Spain according to the UKOTs Horizon Scan-
ning and Biosecurity Workshop that took place on 21–24 January 2019 (K. Bensusan, 
pers. Com).

We also generated an Uncertainty List composed of species that probably do not 
represent an immediate invasion risk. For fifty-six percent of the species listed, we lack 
sufficient confidence in the likelihood of climatic suitability (or we have no informa-
tion about it). Even if the species in the Uncertainty List do not become established in 
Spain due to their climatic requirements, or they are not invasive elsewhere, we need to 
be aware that these two criteria can change over time. For example, a particular climate 
change scenario could cause climatically unsuitable species to become suitable in the 
future (Mainka and Howard 2010).

Unfortunately, we could not find information on the status, invasive potential and 
climatic suitability of 61% of the non-native species sold in nurseries. There is a wor-
rying possibility that the Data Deficient List includes some potentially invasive species 
that are not considered in the two major databases consulted (CABI Datasheets 2018; 
Invasive Species Specialist Group 2015). Additional research, as well as consultation of 
the primary literature, is needed to allow reclassifying species from the Data Deficient 
List, a task that would require the expertise of a larger team of scientists (Roy et al. 2019; 
González-Moreno et al. 2019). The immediate task would be to use the new available 
GLONAF database to identify invasive species elsewhere (van Kleunen et al. 2019).

Finally, we provide a Green List of non-native species with very low invasion poten-
tial. Promoting preferences for non-invasive species in horticulture can be a valuable en-
deavour in order to make regulations easier to comply with (Gagliardi and Brand 2007). 
Involving the horticultural industry in the dissemination of plant invasion risks and in 
the development of regulations has been shown to be effective (Humair et al. 2014). 
This Green List can be a starting point for the establishment of voluntary codes of con-
duct amongst nursery owners (Reichard 2004; Gagliardi and Brand 2007; Robinson et 
al. 2017). However, it is prudent not to forget that propagule pressure is an important 
factor determining invasion (Lockwood et al. 2005; 2009; Johnston et al. 2009).

If species in the Green List are planted frequently, in large quantities and in many 
locations, this scenario can be changed. For this reason, the Green List presented here 
is short and tentative; further and more in-depth research is needed on the Uncertainty 
List so as to possibly enlarge this Green List. Planting native species will always be the 
preferable alternative.

The present research is preliminary in nature and the authors are aware of the clear 
limitations of the conclusions. However, we consider it can be a very useful and com-
plete tool to establish priorities in long lists of species for which not much information 
is available and it represents a good starting point for more thorough and detailed risk 
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analyses that allow the improvement and implementation of new and more efficient 
forms of regulation of invasive species.

Based on our prioritization list analysis, we provide the following recommenda-
tions: 1) there is a need to reinforce the current legislation and implement systems that 
guarantee its compliance regarding the species of the Priority List; 2) invasive species 
in the Attention List should be considered for regulation; 3) established, casual and 
not in the wild species in the Attention List, especially those with higher Priority Index 
values, should be included in a monitoring programme to prevent future invasions; 4) 
species in the Watch List should be included in an early warning programme if they 
are not yet in the wild and monitored if they are already established in a few localities; 
5) species in the Uncertainty List require further evaluation in order to be reclassified 
into Attention, Watch or Green Lists; finally 6) species in Data Deficient List require 
further information on their status, invasive potential or climatic suitability in order to 
be reclassified into Attention, Watch or Green lists.

This research also reveals the limited responsibility and awareness by some com-
mercial nurseries regarding the sale of invasive species. A better monitoring and track-
ing system for the species for sale and more rigorous inspections in nurseries are very 
necessary (Touza et al. 2014). Citizen awareness through the dissemination of knowl-
edge about invasive non-native species, as well as citizen science projects working with 
gardeners, can be useful tools to reduce their demand and consumption as suggested 
in other studies (Reichard 2004; Gagliardi and Brand 2007; Robinson et al. 2017; 
Dehnen-Schmutz and Conroy 2018). Having a national registry of ornamental plant 
species available for sale and the requirement of a risk analysis for the introduction of 
new species in it, is also a recommendation to be considered.
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Appendix 1

Table A1. Nurseries. The list of taxa was compiled through the systematic consultation of Spanish nurs-
ery catalogs which provide information on plants for sale. As shown in the graph below, the number of 
taxa did not increase after the 15th catalog was consulted. Our database included a total of 1036 taxa from 
21 nurseries. Notice that these nurseries are distributed across all biogeographic regions of mainland Spain.

Nursery Source Access date Province Num. taxa
1 Viveros Plantamus https://plantamus.com 11/12/15 A Coruña 286
2 Viveros Sanchez http://viverossanchez.com 01/04/16 Guadalajara 638
3 Viveros Maiplant http://www.maiplant.com 02/23/16 Alicante 66
4 Alberola Viveros http://www.alberolaviveros.com 02/23/16 Valencia 510
5 Viveros Bargues http://www.viverosbargues.com 02/24/16 Valencia 97
6 Viveros Rucat http://www.viverosrucat.es 01/26/16 Madrid 189
7 Viveros Veron http://viverosveron.com 01/26/16 Zaragoza 92
8 Garden Center Campo Grande http://www.campogrande.es 01/31/16 Valladolid 214
9 Plantas del Sueve http://www.delsueve.com 02/01/16 Asturias 217
10 Viveros Urkiondo http://www.urkiondo.com 02/09/16 Guipuzkoa 174
11 Viveros Barra http://viverosbarra.es 05/01/16 Leon 410
12 Viveros Coplant http://www.coplant.es 05/20/16 Pontevedra 137
13 Viveros Borrazas http://www.viverosborrazas.com 06/11/16 A Coruña 231
14 Viveros Zuaime http://www.viveroszuaime.es 06/14/16 Granada 238
15 Viveros Sevilla http://www.viverossevilla.com 06/16/16 Sevilla 180
16 Viveros Ferca http://viverosferca.com 07/28/16 Ciudad Real 162
17 Viveros Ibañez http://www.viverosibanez.es 09/20/16 Zaragoza 171
18 Viveros Corma http://www.corma.es 09/30/16 Barcelona 383
19 Viveros Canós http://viveroscanos.com 09/30/16 Badajoz 132
20 Viveros Perica http://viverosperica.com 10/03/16 La Rioja 195
21 Viveros Ametza http://www.viverosametza.com 10/03/16 Navarra 147

asdasd
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Table A2. Watch list. The Watch List includes invasive and potentially invasive species with potential 
impacts below median; classified as: a) not in the wild, b) casual, c) naturalized and d) invasive species. 
Native distribution: Afr: Africa; As: Asia (Temperate); AT: Asia (Tropical); Aus: Australia; NAm: North 
America; SAm: South and Center America. 

Family Native distribution Impacts
Environment Socioeconomics

a) Species not in the wild
Berberis darwinii Berberidaceae SAm 2 0
Euonymus alata Celastraceae As 2 0
Ficus elastica Moraceae As 2 0
Fraxinus americana Oleaceae NAm 0 0
Gunnera manicata Gunneraceae SAm 2 0
Pyrus calleryana Rosaceae As, AT 0 0
Thevetia peruviana Apocynaceae NAm, SAm 0 0
Zelkova serrata Ulmaceae As, AT 0 0
b) Casual species
Ageratum houstonianum Asteraceae SAm 0 0
Aloe vera Liliaceae Afr 0 0
Corymbia citriodora Myrtaceae Aus 0 0
Erigeron karvinskianus Asteraceae SAm 0 0
Lagerstroemia indica Lythraceae As, AT 2 0
Salix babylonica Salicaceae As 0 0
Salvia microphylla Lamiaceae NAm 1 0
Trachycarpus fortunei Arecaceae As 1 0
c) Naturalized species
Alpinia zerumbet Zigimberaceae AT 2 0
Berberis aquifolium Berberidaceae NAm 1 0
Parthenocissus quinquefolia Vitaceae NAm 0 0
Passiflora edulis Passifloraceae SAm 2 0
d) Invasive species
Acer negundo Aceraceae NAm 1 0
Cyperus alternifolius Cyperaceae Afr 0 0
Eriobotrya japonica Rosaceae As 0 0
Eucalyptus camaldulensis Myrtaceae Aus 1 0
Oenothera biennis Onagraceae NAm 1 0
Pelargonium capitatum Geraniaceae Afr 2 0
Tropaeolum majus Tropaeolaceae SAm 0 0
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Table A3. Uncertainty list. The Uncertainty List includes non-invasive and potentially non-invasive 
species which lack sufficient information, or those that do not meet the requirements to be included in 
the Green List; classified as: a) not in the wild, b) casual, and c) naturalized species. Native distribution: 
Afr: Africa; As: Asia (Temperate); AT: Asia (Tropical); Aus: Australia; Eur: Europe; NAm: North America; 
Pac: Pacific; SAm: South and Center America. Invasive elsewhere and climate suitability: Y: yes; N: no; 
Confidence in the likelihood of climatic suitability: H: high; M: med.

Family Native 
distribution

Invasive 
elsewhere

Climate 
suitability

Confidence

a) Species not in the wild
Agave vivipara Agavaceae SAm Y Y L
Anubias barteri Araceae Afr N N L
Anubias hastifolia Araceae Afr Y N L
Anubias heterophylla Araceae Afr Y N L
Bacopa caroliniana Plantaginaceae NAm N Y L
Bismarckia nobilis Arecaceae Afr N N L
Blyxa japonica Hydrocharitaceae NAm N Y H
Brahea armata Arecaceae NAm N Y L
Brahea edulis Arecaceae NAm N Y L
Butia capitata Arecaceae SAm N Y L
Cabomba furcata Cabombaceae SAm N Y L
Campanula portenschlagiana Campanulaceae Eur N Y H
Carex buchananii Cyperaceae Aus N Y L
Chamaedorea seifrizii Arecaceae NAm N Y L
Clematis montana Ranunculaceae As N Y M
Cordyline australis Asparagaceae Aus N Y L
Corymbia ficifolia Myrtaceae Aus N Y L
Cotinus coggygria Anacardiaceae As N Y H
Cryptostegia madagascariensis Apocynaceae Afr Y N H
Cycas revoluta Cycadaceae As N Y L
Delonix regia Fabaceae Afr Y N H
Euphorbia lactea Euphorbiaceae SAm Y N M
Ficus lyrata Moraceae Afr N Y M
Ficus microcarpa Moraceae Aus Y Y L
Freesia alba Iridaceae Afr N Y M
Fuchsia magellanica Onagraceae SAm Y N M
Gardenia jasminoides Rubiaceae As, AT N Y M
Gaultheria mucronata Ericaceae SAm N Y L
Gaura lindheimeri Onagraceae NAm N Y M
Geum coccineum Rosaceae Eur N Y M
Glossostigma elatinoides Phrymaceae Aus N Y H
Lilaeopsis brasiliensis Apiaceae SAm N Y L
Liriope muscari Liliaceae As, NAm N Y L
Livistona chinensis Arecaceae As Y N L
Lonicera pileata Caprifoliaceae As N Y L
Loropetalum chinense Hamamelidaceae As N Y M
Mayaca fluviatilis Mayacaceae SAm N Y L
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Family Native 
distribution

Invasive 
elsewhere

Climate 
suitability

Confidence

Myoporum tetrandrum Scrophulariaceae Aus N Y L
Ophiopogon japonicus Asparagaceae As N Y H
Opuntia microdasys Cactaceae NAm N Y H
Perovskia atriplicifolia Lamiaceae As N Y M
Pittosporum tenuifolium Pittosporaceae Pac N Y L
Pogostemon stellatus Lamiaceae AT, Aus N N L
Rotala wallichii Lythraceae As N Y L
Serenoa repens Arecaceae NAm N Y L
Vaccinium corymbosum Ericaceae NAm N Y M
b) Casual species
Acacia baileyana Fabaceae Aus N NA NA
Acer campestre Sapindaceae Afr, Eur N NA NA
Aloe arborescens Liliaceae Afr N NA NA
Aloe maculata Liliaceae Afr N Y H
Aloysia citrodora Verbenaceae SAm N Y H
Anthriscus cerefolium Apiaceae Eur N NA NA
Artemisia dracunculus Asteraceae As, Eur, NAm N NA NA
Brachychiton populneus Malvaceae Aus N NA NA
Caesalpinia gilliesii Fabaceae SAm N NA NA
Callistemon citrinus Myrtaceae Aus N NA NA
Calocedrus decurrens Cupressaceae NAm N NA NA
Campsis radicans Bignoniaceae NAm N NA NA
Catalpa bignonioides Bignoniaceae NAm N NA NA
Catharanthus roseus Apocynaceae Afr N NA NA
Cedrus deodara Pinaceae As N NA NA
Cedrus libani Pinaceae Eur N NA NA
Cercis siliquastrum Fabaceae Eur N NA NA
Coffea arabica Rubiaceae Afr N NA NA
Crassula ovata Crassulaceae Afr N Y M
Cupressus arizonica Cupressaceae NAm N NA NA
Cupressus macrocarpa Cupressaceae NAm N NA NA
Cydonia oblonga Rosaceae Eur N NA NA
Diospyros kaki Ebenaceae As N NA NA
Eucalyptus gunnii Myrtaceae Aus N NA NA
Euonymus japonicus Celastraceae As N NA NA
Euphorbia candelabrum Euphorbiaceae Afr N NA NA
Helianthus annuus Asteraceae NAm N NA NA
Hibiscus rosa-sinensis Malvaceae As N NA NA
Hibiscus syriacus Malvaceae As N NA NA
Hyacinthus orientalis Asparagaceae Afr, AT N NA NA
Jacaranda mimosifolia Bignoniaceae SAm N NA NA
Jasminum nudiflorum Oleaceae As N NA NA
Jasminum officinale Oleaceae As N Y H
Juglans nigra Juglandaceae NAm N NA NA
Koelreuteria paniculata Sapindaceae As N NA NA
Lagunaria patersonii Malvaceae Aus N NA NA
Larix decidua Pinaceae Eur N NA NA
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Family Native 
distribution

Invasive 
elsewhere

Climate 
suitability

Confidence

Lepidium sativum Brassicaceae Afr N NA NA
Ligustrum ovalifolium Oleaceae As N NA NA
Lobelia erinus Campanulaceae Afr N NA NA
Lycium barbarum Solanaceae As N NA NA
Malus domestica Rosaceae As N NA NA
Mimosa pudica Fabaceae SAm Y Y L
Monstera deliciosa Araceae SAm N NA NA
Origanum majorana Lamiaceae As, Eur N NA NA
Phytolacca dioica Phytolaccaceae SAm N NA NA
Pinus canariensis Pinaceae Afr N NA NA
Pinus strobus Pinaceae NAm N NA NA
Pistacia vera Anacardiaceae As, Eur N NA NA
Pittosporum tobira Pittosporaceae As N NA NA
Plumbago auriculata Plumbaginaceae Afr N NA NA
Populus simonii Salicaceae As N NA NA
Prunus armeniaca Rosaceae NAm N NA NA
Prunus domestica Rosaceae Eur N NA NA
Pseudotsuga menziesii Pinaceae NAm N NA NA
Ruta graveolens Rutaceae Eur N NA NA
Salvia splendens Lamiaceae SAm Y N M
Sedum sexangulare Crassulaceae Eur N Y H
Sedum spurium Crassulaceae Eur N NA NA
Solanum pseudocapsicum Solanaceae SAm N NA NA
Spathodea campanulata Bignoniaceae SAm Y N L
Syringa vulgaris Oleaceae Eur N NA NA
Tagetes erecta Asteraceae NAm N Y M
Tagetes patula Asteraceae SAm N NA NA
Thunbergia alata Acanthaceae Afr Y N L
Tipuana tipu Fabaceae SAm N NA NA
Ulmus pumila Ulmaceae As, AT Y Y L
Washingtonia filifera Arecaceae NAm N NA NA
Zinnia elegans Asteraceae SAm N NA NA
c) Naturalized species
Actinidia chinensis Actinidiaceae As N
Aeonium arboreum Crassulaceae Afr N
Aesculus hippocastanum Sapindaceae Eur N
Alnus cordata Betulaceae Eur N
Ammannia coccinea Lythraceae NAm N
Anethum graveolens Apiaceae Afr N
Anthurium scherzerianum Anthuriaceae As-Eur N
Aptenia cordifolia Aizoaceae Afr N
Aquilegia vulgaris Ranunculaceae As, Eur N
Austrocylindropuntia cylindrica Cactaceae SAm N
Bougainvillea glabra Nyctaginaceae SAm N
Cedrus atlantica Pinaceae Afr N
Cerastium tomentosum Caryophyllaceae Eur N
Chamaecyparis lawsoniana Cupressaceae NAm N
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Family Native 
distribution

Invasive 
elsewhere

Climate 
suitability

Confidence

Chamaedorea elegans Arecaceae NAm N
Crataegus azarolus Rosaceae Afr, As, Eur N
Cuminum cyminum Apiaceae Eur N
Cupressus sempervirens Cupressaceae Eur N
Erysimum odoratum Brassicaceae Eur N
Euphorbia milli Euphorbiaceae Afr N
Hydrangea macrophylla Hydrangeaceae As N
Hydrocotyle verticilata Araliaceae NAm N
Hypericum calycinum Hypericaceae Eur N
Impatiens walleriana Balsaminaceae Afr N
Laburnum anagyroides Fabaceae Eur N
Lonicera nitida Caprifoliaceae AS N
Mespilus germanica Rosaceae As, Eur N
Parthenocissus tricuspidata Vitaceae As, AT N
Pelargonium graveolens Geraniaceae Afr N
Pelargonium peltatum Geraniaceae Afr N
Petroselinum crispum Apiaceae Eur N
Phoenix dactylifera Arecaceae As N
Physocarpus opulifolius Rosaceae NAm N
Picea abies Pinaceae Eur N
Picea omorika Pinaceae Eur N
Prunus cerasifera Rosaceae Eur N
Prunus laurocerasus Rosaceae As N
Pyrostegia venusta Bignoniaceae SAm N
Quercus rubra Fagaceae NAm N
Salix viminalis Salicaceae Eur N
Sequoiadendron giganteum Cupressaceae NAm N
Styphnolobium japonicum Fabaceae As N
Tamarix parviflora Tamaricaceae Afr N
Vitis vinifera Vitaceae Eur N
Washingtonia robusta Arecaceae NAm N
Yucca gloriosa Agavaceae NAm N
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Table A4. Data deficient list. The Data Deficient List includes species for which we did not have suf-
ficient data for analysis. Native distribution: Afr: Africa; As: Asia (Temperate); AT: Asia (Tropical); Aus: 
Australia; Eur: Europe; NAm: North America; Pac: Pacific; SAm: South and Center America.

Species with deficient data Family Native distribution
Abelia chinensis Caprifoliaceae As
Abelia floribunda Caprifoliaceae Nam
Abies concolor Pinaceae NAm
Abies koreana Pinaceae As
Abies nordmanniana Pinaceae As, Eur
Abies procera Pinaceae NAm
Acacia floribunda Fabaceae Aus
Acacia pendula Fabaceae Aus
Acca sellowiana Myrtaceae SAm
Acer palmatum Sapindaceae As
Acer rubrum Sapindaceae NAm
Acer saccharinum Sapindaceae NAm
Acorus gramineus Acoraceae AT, AS
Actinidia arguta Actinidiaceae As
Actinidia deliciosa Actinidiaceae As
Adenium obesum Apocynaceae Afr
Aechmea fasciata Bromeliaceae SAm
Agapanthus africanus Amaryllidaceae Afr
Agave attenuata Agavaceae SAm
Agave bracteosa Agavaceae NAm
Agave filifera Agavaceae SAm
Agave guiengola Agavaceae SAm
Agave horrida Agavaceae SAm
Agave lechuguilla Agavaceae SAm
Agave macroacantha Agavaceae SAm
Agave salmiana Agavaceae SAm
Agave victoriae-reginae Agavaceae SAm
Agave xylonacantha Agavaceae SAm
Allagoptera arenaria Arecaceae SAm
Allium schoenoprasum Amaryllidaceae NAm
Alocasia wentii Araceae Aus
Aloe marlothii Liliaceae Afr
Aloe variegata Xanthorrhoeaceae Afr
Alpinia caerulea Zigimberaceae Aus
Alternanthera peruensis Amaranthaceae SAm
Alternanthera reinekii Amaranthaceae SAm
Alternanthera rosaeivolia Amaranthaceae SAm
Anacardium occidentale Anacardiaceae SAm
Andromeda polifolia Ericaceae Eur, As, NAm
Anemanthele lessoniana Poaceae Aus
Anemone blanda Ranunculaceae Eur
Anisodontea capensis Malvaceae Afr
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Species with deficient data Family Native distribution
Aphelandra squarrosa Acanthaceae SAm
Arabis alpina Brassicaceae AT
Araucaria araucana Araucariaceae SAm
Araucaria heterophylla Araucariaceae Aus
Archontophoenix alexandrae Arecaceae Aus
Archontophoenix purpurea Arecaceae Aus
Arctotis fastuosa Asteraceae Afr
Arenga engleri Arecaceae AT
Argyranthemum frutescens Asteraceae Afr
Arrojadoa rhodantha Cactaceae SAm
Asparagus setaceus Asparagaceae Afr
Aspidistra elatior Asparagaceae AT
Athyrium nipponicum Athyriaceae As
Aucuba japonica Garryaceae As
Balantium antarcticum Dicksoniaceae Aus
Banksia integrifolia Proteaceae Aus
Bauhinia purpurea Fabaceae SAm
Beaucarnea recurvata Asparagaceae SAm
Begonia cucullata Begoniaceae AT
Begonia rex Begoniaceae AT
Berberis julianae Berberidaceae As
Berberis microphylla Berberidaceae SAm
Bergenia cordifolia Saxifragaceae As
Beschorneria yuccoides Agavaceae NAm
Betula papyrifera Betulaceae NAm
Betula utilis Betulaceae As
Boronia crenulata Rutaceae Aus
Boswellia carterii Burseraceae Afr
Brachychiton acerifolius Malvaceae Aus
Brachychiton bidwillii Malvaceae Aus
Brachychiton discolor Malvaceae Aus
Brachychiton rupestris Malvaceae Aus
Brachyscome multifida Asteraceae Aus
Brasiliopuntia brasiliensis Cactaceae SAm
Bulbine frutescens Liliaceae Afr
Butia eriospatha Arecaceae SAm
Butia yatai Arecaceae SAm
Buxus microphylla Buxaceae As
Callistemon viminalis Myrtaceae Aus
Callistephus chinensis Asteraceae As
Callitropsis nootkatensis Cupressaceae NAm
Calothamnus quadrifidus Myrtaceae Aus
Camellia japonica Theaceae As
Camellia sasanqua Theaceae As
Campanula carpatica Campanulaceae Eur
Campanula isophylla Campanulaceae Eur
Carex comans Cyperaceae Aus
Carica papaya Caricaceae SAm
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Species with deficient data Family Native distribution
Carissa macrocarpa Apocynaceae Afr
Carya illinoinensis Juglandaceae NAm
Caryota maxima Arecaceae Eur
Caryota mitis Arecaceae AT
Caryota urens Arecaceae AT
Casimiroa edulis Rutaceae SAm
Catalpa bungei Bignoniaceae As
Ceanothus integerrimus Rhamnaceae NAm
Ceiba speciosa Malvaceae SAm
Celtis occidentalis Cannabaceae NAm
Cephalocereus senilis Cactaceae NAm
Cercidiphyllum japonicum Cercidiphyllaceae As
Cereus jamacaru Cactaceae SAm
Ceropegia woodii Apocynaceae Afr
Chaenomeles japonica Rosaceae As
Chamaecyparis obtusa Cupressaceae As
Chamaecyparis pisifera Cupressaceae As
Chamaecyparis thyoides Cupressaceae NAm
Chambeyronia macrocarpa Arecaceae Aus
Chamelaucium uncinatum Myrtaceae Aus
Chlorophytum comosum Agavaceae Afr
Choisya ternata Rutaceae NAm
Citronella mucronata Cardiopteridaceae SAm
Citrus limetta Rutaceae As
Citrus medica Rutaceae AT
Citrus reticulata Rutaceae As
Cleistocactus strausii Cactaceae SAm
Cleyera japonica Pentaphylacaceae As
Cocos nucifera Arecaceae Afr, AT, SAm, Pac
Codiaeum variegatum Euphorbiaceae AT
Convolvulus cneorum Convolvulacea Eur, Afr
Copernicia alba Arecaceae SAm
Cordyline fruticosa Asparagaceae AT
Cordyline indivisa Asparagaceae Aus
Coreopsis grandiflora Asteraceae NAm
Cornus controversa Cornaceae As
Cornus forida Cornaceae NAm
Cornus kousa Cornaceae As
Corylus colurna Betulaceae As, Eur
Corylus maxima Betulaceae Eur
Cotoneaster coriaceus Rosaceae AT
Cotoneaster dammeri Rosaceae As
Cotoneaster salicifolius Rosaceae As
Crassula sarcocaulis Crassulaceae Afr
Crotalaria capensis Fabaceae Afr
Cryptocoryne albida Araceae AT
Cryptocoryne parva Araceae AT
Cryptocoryne pygmaea Araceae AT
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Species with deficient data Family Native distribution
Cryptocoryne tonkinensis Araceae AT
Cryptocoryne walkeri Araceae AT
Cryptocoryne wendtii Araceae AT
Cryptomeria japonica Cupressaceae As
Cuphea hyssopifolia Lythraceae NAm
Cussonia spicata Araliaceae Afr
Cycas circinalis Cycadaceae AT
Cyclamen persicum Primulaceae Eur
Cyperus papyrus Cyperaceae Afr
Dasylirion lucidum Asparagaceae NAm
Dasylirion serratifolium Asparagaceae NAm
Delosperma congestum Aizoaceae Afr
Dianthus chinensis Caryophyllaceae As
Dieffenbachia seguine Araceae SAm
Dionaea muscipula Droseraceae NAm
Dioon edule Zamiaceae NAm
Dombeya tiliacea Malvaceae Afr
Dracaena braunii Asparagaceae Afr
Dracaena draco Asparagaceae Afr
Dracaena fragans Asparagaceae Afr
Dracaena reflexa Asparagaceae Afr
Drosanthemum speciosum Aizoaceae Afr
Dypsis decaryi Arecaceae Afr
Dypsis decipiens Arecaceae Afr
Dypsis lutescens Arecaceae Afr
Ecchinodorus tenellus Alismataceae NAm
Echinocactus grusonii Cactaceae NAm
Echinocereus nivosus Cactaceae NAm
Echinodorus ozelot Alismataceae NAm
Echinodorus paniculatus Alismataceae NAm
Echinodorus parviflora Alismataceae NAm
Echinodorus tenellus Alismataceae NAm
Echinopsis eyriesii Cactaceae SAm
Echinopsis huascha Cactaceae SAm
Echinopsis macrogona Cactaceae SAm
Egeria najas Hydrocharitaceae SAm
Ensete ventricosum Musaceae Afr
Epipremnum aureum Araceae AT
Erythrina caffra Fabaceae Afr
Erythrina crista-galli Fabaceae SAm
Erythrina falcata Fabaceae SAm
Escallonia macrantha Escalloniaceae SAm
Espostoa guentheri Cactaceae SAm
Espostoa lanata Cactaceae SAm
Eucalyptus coccifera Myrtaceae Aus
Eucalyptus nitens Myrtaceae Aus
Eucalyptus parvifolia Myrtaceae Aus
Eugenia brasiliensis Myrtaceae SAm
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Euphorbia abyssinica Euphorbiaceae Afr
Euphorbia avasmontana Euphorbiaceae SAm
Euphorbia baioensis Euphorbiaceae Afr
Euphorbia ingens Euphorbiaceae Afr
Euphorbia martinae Euphorbiaceae Afr
Euphorbia pseudocactus Euphorbiaceae Afr
Euphorbia pulcherrima Euphorbiaceae SAm
Euphorbia trigona Euphorbiaceae Afr
Euryops chrysanthemoides Asteraceae Afr
Euryops pectinatus Asteraceae Afr
Exacum affine Gentianaceae Afr
Fatsia japonica Araliaceae As
Felicia amelloides Asteraceae Afr
Ferocactus emoryi Cactaceae NAm
Ferocactus glaucescens Cactaceae NAm
Ferocactus gracilis Cactaceae NAm
Ferocactus pilosus Cactaceae NAm
Ficus macrophylla Moraceae Aus
Firmiana simplex Malvaceae As, AT
Fissidens fontanus Flissidentaceae NAm
Fontinalis antipyretica Fontanilaceae NAm
Fortunella japonica Rutaceae As
Gazania splendens Asteraceae Afr
Gelsemium sempervirens Gelsemiaceae NAm
Genista lydia Fabaceae Eur
Ginkgo biloba Ginkgoaceae As
Grevillea juniperina Proteaceae Aus
Grevillea lanigera Proteaceae Aus
Griselinia littoralis Griseliniaceae Aus
Hamamelis virginiana Hammamelidaceae NAm
Handroanthus chrysanthus Bignoniaceae SAm
Hardenbergia comptoniana Fabaceae Aus
Haworthia fasciata Xanthorrhoeaceae Afr
Hebe diosmifolia Plantaginaceae Aus
Hebe odora Plantaginaceae Aus
Hebe topiaria Plantaginaceae Aus
Hedera algeriensis Araliaceae Afr
Hedera canariensis Araliaceae Afr
Hottonia inflata Primulaceae NAm
Howea forsteriana Arecaceae Pac
Hoya carnosa Asclepiadaceae AT, Aus
Hydrangea paniculata Hydrangeaceae As
Hydrocotyle tripartita Araliaceae Aus
Impatiens hawkeri Balsaminaceae Aus
Jasminum grandiflorum Oleaceae Afr, AT
Jasminum meznyi Oleaceae As
Jubaea chilensis Arecaceae SAm
Juniperus chinensis Cupressaceae As
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Species with deficient data Family Native distribution
Juniperus horizontalis  Cupressaceae NAm
Juniperus scopulorum Cupressaceae NAm
Juniperus squamata Cupressaceae As
Justicia brandegeeana Acanthaceae SAm
Kalanchoe beharensis Crassulaceae Afr
Kalanchoe blossfeldiana Crassulaceae Afr
Kerria japonica Rosaceae As
Koelreuteria bipinnata Sapindaceae As
Lampranthus spectabilis Aizoaceae Afr
Leucanthemum  paludosum Asteraceae Eur
Leucothoe fontanesiana Ericaceae NAm
Licuala grandis Arecaceae Aus
Ligustrum japonicum Oleaceae As
Liquidambar styraciflua Hammamelidaceae NAm
Liriodendron tulipifera Magnoliaceae NAm
Litchi chinensis Sapindaceae AT
Livistona australis Arecaceae Aus
Lobelia cardinalis Campanulaceae NAm
Lomariopsis lineata Lomaropsidaceae AT, Aus
Lophophora williamsii Cactaceae NAm
Macrozamia communis Cicadaceae Aus
Magnolia denudata Magnoliaceae As
Magnolia grandiflora Magnoliaceae NAm
Magnolia stelllata Magnoliaceae As
Malpighia emarginata Malpighiaceae SAm
Malus floribunda Rosaceae As
Mammillaria geminispina Cactaceae NAm
Mammillaria magnifica Cactaceae NAm
Mammillaria rhodantha Cactaceae NAm
Melaleuca ericifolia Myrtaceae Aus
Melaleuca linearis Myrtaceae Aus
Melocactus neryi Cactaceae SAm
Melocactus zehntneri Cactaceae SAm
Mentha crispata Lamiaceae Cosm
Metasequoia glyptostroboides Taxodiaceae As
Metrosideros excelsa Myrtaceae Aus
Micranthemum callitrichoides Scrophulariaceae SAm
Micranthemum micranthemoides Scrophulariaceae NAm
Micromeria fructicosa Lamiaceae Eur
Microsorum pteropus Polypodiaceae AT
Morus australis Moraceae AT
Musa acuminata Musaceae AT, Aus
Musa basjoo Musaceae As
Myriophyllum mattogrossense Haloragidaceae SAm
Myrtillocactus geometrizans Cactaceae NAm
Nannorrhops ritchieana Arecaceae As
Nasella tenuissima Poaceae SAm
Nemesia strumosa Scrophulariaceae Afr
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Nertera granadensis Rubiaceae SAm, Pac
Nolina longifolia Asparagaceae NAm
Nyssa sylvatica Cornaceae NAm
Opuntia macrocentra Cactaceae NAm
Opuntia pubescens Cactaceae SAm
Oreocereus celsianus Cactaceae SAm
Oreocereus doelzianus Cactaceae SAm
Oreocereus leucotrichus Cactaceae SAm
Osmanthus heterophyllus Oleaceae As
Ostrya carpinifolia Betulaceae Eur
Pachira aquatica Bombacaceae SAm
Pachycereus marginatus Cactaceae NAm
Pachycereus pecten-aboriginum Cactaceae NAm
Pachycereus pringlei Cactaceae NAm
Pachypodium lamerei Apocynaceae Afr
Pachysandra terminalis Buxaceae As
Pandanus utilis Pandanaceae Afr
Pandorea jasminoides Bignoniaceae Aus
Panicum virgatum Poaceae NAm
Parajubaea cocoides Arecaceae SAm
Parajubaea torrallyi Arecaceae SAm
Parrotia persica Hamamelidaceae Eur
Passiflora incarnata Passifloraceae SAm
Passiflora manicata Passifloraceae SAm
Pelargonium grandiflorum Geraniaceae Afr
Pellia epiphylla Pelliaceae As, Eur, NAm, Afr
Pennisetum alopecuroides Poaceae As, AT, Aus
Pennisetum messiacum Poaceae Afr
Pennisetum orientale Poaceae Afr, AT
Pentas lanceolata Rubiaceae Afr
Pereskiopsis rotundifolia Cactaceae NAm
Persea americana Lauraceae SAm
Phanera variegata Fabaceae AT
Philodendron bipinnatifidum Araceae SAm
Philodendron tuxtla Araceae SAm
Phlox subulata Polemoniaceae NAm
Phoenix reclinata Arecaceae Afr
Phoenix roebelenii Arecaceae As, AT
Phoenix theophrasti Arecaceae Eur
Phyllostrachys aurea Poaceae As
Picea glauca Pinaceae NAm
Picea koraiensis Pinaceae As
Picea pungens Pinaceae NAm
Pieris japonica Ericaceae As, AT
Pilosocereus leucocephalus Cactaceae NAm
Pilosocereus pachycladus Cactaceae SAm
Pinus brutia Pinaceae Eur
Pinus mugo Pinaceae SAm
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Pinus palustris Pinaceae NAm
Pistacia atlantica Anacardiaceae Afr
Pistacía chinensis Anacardiaceae As
Platanus orientalis Platanaceae Eur
Plectranthus verticillatus Lamiaceae Afr
Plumeria alba Apocynaceae SAm
Plumeria rubra Apocynaceae SAm
Polaskia chichipe Cactaceae NAm
Polaskia chula Cactaceae NAm
Polianthes tuberosa Amaryllidaceae SAm
Polygala myrtifolia Polygalaceae Afr
Portulaca umbraticola Portulacaceae NAm
Primula obconica Primulaceae As
Pritchardia hillebrandii Arecaceae Pac
Prunus serrulata Rosaceae As
Prunus subhirtella Rosaceae As
Pseudophoenix sargentii Arecaceae NAm
Pterocarya fraxinifolia Juglandaceae Eur
Puya chilensis Bromeliaceae SAm
Pyrus pyrifolia Rosaceae As
Quercus palustris Fagaceae NAm
Radermachera sinica Bignoniaceae AT
Ranunculus asiaticus Ranunculaceae Eur, Afr
Ravenala madagascariensis Strelitziaceae Afr
Ravenea rivularis Arecaceae Afr
Rhapidophyllum hystrix Arecaceae NAm
Rhapis excelsa Arecaceae As
Rhododendron arboreum Ericaceae AT
Rhododendron molle Ericaceae As
Ribes nigrum Grossulariaceae Eur
Ribes sanguineum Grossulariaceae NAm
Rotala rotundifolia Lythraceae AT
Roystonea regia Arecaceae NAm
Rubus spectabilis Rosaceae NAm
Russelia equisetiformis Scrophulariaceae NAm
Sabal mexicana Arecaceae NAm
Sabal minor Arecaceae NAm
Sabal palmetto Arecaceae NAm
Salix integra Salicaceae As
Salix matsudana Salicaceae As
Sansevieria perrottii Asparagaceae Afr
Schefflera arboricola Araliaceae AT
Scindapsus pictus Araceae AT
Sedum spectabile Crassulaceae As
Selaginella lepidophylla Selaginellaceae NAm
Sequoia sempervirens Cupressaceae NAm
Skimmia japonica Rutaceae As
Sorbus intermedia Rosaceae Eur
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Sorbus torminalis Rosaceae Eur, Afr
Staurogyne repens Acanthaceae SAm
Stenocarpus sinuatus Proteaceae Aus
Stephanotis floribunda Apocynaceae Afr
Stetsonia coryne Cactaceae SAm
Stevia rebaudiana Asteraceae SAm
Strelitzia nicolai Stelitziaceae Afr
Strelitzia reginae Stelitziaceae Afr
Syagrus romanzoffiana Arecaceae SAm
Syagrus yungasensis Arecaceae SAm
Symphoricarpos orbiculatus Caprifoliaceae NAm
Taxiphyllum alternans Hypnaceae AT
Taxiphyllum barbieri Hypnaceae AT
Taxodium distichum Taxodiaceae NAm
Tetraclinis articulata Cupressaceae Afr
Thuja occidentalis Cupressaceae NAm
Thuja plicata Cupressaceae NAm
Thymus citriodorus Lamiaceae Cosm
Tilia americana Malvaceae NAm
Tilia tormentosa Malvaceae Eur
Tillandsia flabellata Bromeliaceae SAm
Trachelospermum jasminoides Apocynaceae As, AT
Trachycarpus martianus Arecaceae As
Trithrinax campestris Arecaceae SAm
Ugni molinae Myrtaceae SAm
Utricularia graminifolia Lentibulariaceae AT
Vaccinum macrocarpon Ericaceae NAm
Vallisneria americana Hydrocharitaceae NAm
Vallisneria caulescens Hydrocharitaceae Aus
Veitchia joannis Arecaceae Aus
Vesicularia dubyana Hypnaceae AT
Vesicularia montagnei Hypnaceae AT
Viburnum davidii Adoxaceae As
Viburnum plicatum Adoxaceae As
Viburnum sargentii Adoxaceae As
Vriesea splendens Bromeliaceae SAm
Weigela florida Diervillaceae As
Wodyetia bifurcata Arecaceae Aus
Xerochrysium bracteatum Asteraceae Aus
Yucca elephantipes Agavaceae SAm
Yucca filamentosa Agavaceae NAm
Yucca filifera Agavaceae NAm
Yucca glauca Agavaceae NAm
Yucca rostrata Agavaceae NAm
Zamia furfuracea Zamiaceae NAm
Zamioculcas zamiifolia Araceae Afr
Zelkova carpinifolia Ulmaceae Eur
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Abstract
Ornamental plants are an important component of urban floras and a significant source of alien plant 
invasions to the surrounding landscapes. We studied ornamental flora across 174 settlements in the Czech 
Republic, Central Europe. The aims of the study were to (i) identify clusters of sites that are defined as 
distinctive groups of ornamental taxa reflecting environmental or socioeconomic factors and (ii) apply 
the classification approach which is traditionally used for spontaneous vegetation in order to evaluate 
the potential of different settlement types to act as source sites of invasive species. The inventories were 
classified in a similar manner that is generally applied to spontaneous vegetation using the COCKTAIL 
method. Diagnostic taxa were classified in a repeatable manner into 17 species groups, forming five dis-
tinctive clusters with ~70% of sites attributed to one cluster. The species pools of the clusters differed in 
their representation of species with native or alien status and different life forms. The following clusters 
were distinguished, based on the prevailing type of settlement: (1) old villas neighbourhoods of towns, (2) 
upland settlements, (3) modern neighbourhoods, (4) old rustic settlements and (5) modern rustic settle-
ments. Similar to spontaneous vegetation, the classification of ornamental flora reflects both basic natural 
gradients (i.e. altitude) and man-made factors (i.e. the preferences for certain plants and associated man-
agement practices). Alien taxa associated with modern neighbourhoods are characterised by a relatively 
higher invasion potential than those from, for example, old rustic settlements. This is especially true for 
woody species which can spread in ruderal habitats as a result of urban sprawl. Our results showed that the 
classification method, commonly used to analyse vegetation data, can also be applied to ornamental flora.
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Introduction

The recent increase in the knowledge of alien floras in countries worldwide (e.g. Pyšek et 
al. 2012, 2017; van Kleunen et al. 2015), as well as in the theory of biological invasions 
(e.g. Catford et al. 2009; Blackburn et al. 2011; Kueffer et al. 2013; Enders et al. 2019) 
has drawn the attention of researchers, amongst other topics, towards the ecological con-
sequences of ornamental introductions (e.g. Thompson et al. 2003; Gaston et al. 2005, 
2007; Smith et al. 2006; Loram et al. 2008a; van Heezik et al. 2013; Hulme et al. 2018; 
van Kleunen et al. 2018). Several studies integrate ecological data with socioeconomic 
aspects in ethnobotanical research, addressing the utilisation of plants by traditional so-
cieties (Vogl et al. 2004; Loram et al. 2008b; Davoren et al. 2016; Palliwoda et al. 2017), 
people's plants preferences (Kendal et al. 2012b) or with landscape design (Groening 
and Wolschke-Bulmahn 1989; Redman et al. 2004). However, the acquisition, cultiva-
tion, escape and formation of invading populations of ornamental aliens is a gradual 
process that is rarely studied in its entirety (but see Kowarik 2005; Daehler 2008; Cook 
et al. 2012; Kowarik and Pyšek 2012; Mayer et al. 2017; van Kleunen et al. 2018).

Ornamental plants represent an important component in the urban space 
(Chocholoušková and Pyšek 2003; Kowarik 2005; Botham et al. 2009; Pyšek and 
Chytrý 2014; Pergl et al. 2016b), as well as a significant source of invasive species as a 
result of escapes from private or public gardens (Reichard and White 2001; Dehnen-
Schmutz et al. 2007; Hanspach et al. 2008; Hulme 2011; Pyšek et al. 2011; Gregor 
et al. 2012). Many taxa initially escape and spread in spatially restricted areas in the 
surroundings of gardens and then spread and colonise more distant vegetation. Such 
naturalisation foci may appear as a result of the combined effects of local popularity 
of a given taxon, regardless of its invasion status (Humair et al. 2014), suitable natural 
and cultural conditions (Marco et al. 2010), abundant propagation in cultivation and 
easy semi-spontaneous establishment in gardens. For example, many ornamental taxa 
become naturalised or even invasive in peri-urban belts or along motorways (Yang et al. 
2015). This implies that (i) most naturalised ornamentals come from populations that 
are already pre-adapted to the local conditions (Mack 2000; Pyšek et al. 2011), (ii) the 
naturalised taxa are not distributed evenly across various natural and cultural gradients, 
but they are concentrated in specific conditions which are generally favourable for 
many escaping taxa and (iii) where there is a suitable set of introduction pathways and 
dispersal vectors (von der Lippe and Kowarik 2007; Wilson et al. 2009).

The horticulture industry is a major pathway for introductions of alien plants world-
wide (Hulme et al. 2018; van Kleunen et al. 2018). It was shown that species introduced 
intentionally are more likely to have negative impact than those introduced uninten-
tionally (Pergl et al. 2017) – many naturalised ornamentals have negative impacts on 
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native biodiversity (Vilà et al. 2010; Pyšek et al. 2012) or hybridise with native species 
(Klonner et al. 2017). However, it has also been shown that alien species introduced 
unintentionally can be successfull invaders and also have high impact (Pyšek et al. 2011; 
Rumlerová et al. 2016). These factors may become significant in the era of changing cli-
mate (Klonner et al. 2017; Haeuser et al. 2018). Although the majority of alien species, 
grown as garden ornamentals, can only survive when planted under intensive manage-
ment, a considerable number escape without human assistance and establish outside 
gardens (Pergl et al. 2016a; Dullinger et al. 2017; Mayer et al. 2017). In a previous study, 
we recorded 1,834 ornamental taxa in cultivated areas of 174 settlements in the Czech 
Republic, central Europe, of which 23% are known to escape from the cultivation (Pergl 
et al. 2016b). In the alien flora of the Czech Republic, 56% of the taxa have been recruit-
ed from escaping ornamental plants (Pyšek et al. 2012). Similarly, amongst 78 species 
cited in the Black List of alien species in the Czech Republic (i.e. national list of noxious 
weeds and pests), 51 species are planted as ornamentals and this includes some of the 
most invasive species such as Heracleum mantegazzianum or Reynoutria (syn. Fallopia) 
spp. (Pergl et al. 2016a). Detailed information on the origin, behaviour and secondary 
spread of the species at a site and in its neighbourhood can be obtained by questioning 
the local growers and horticulturalists and this knowledge can be useful in assessing the 
future risks of invasions (Kowarik 2005; Dehnen-Schmutz and Conroy 2018). 

As shown by Lososová et al. (2012) and Štajerová et al. (2017), the composition 
of urban floras is determined by the availability of habitats and their spatial distribu-
tion, as well as by climate. Similarly, habitat heterogeneity influences the composition 
of ornamental flora in settlements. Moreover, the composition of ornamental flora 
reflects natural gradients in environmental conditions as well as the complex interplay 
of cultural and socioeconomic factors (e.g. Sukopp 2002; Loram et al. 2008a, b; Ken-
dal et al. 2012a; Cubino et al. 2014, 2016; Lowenstein and Minor 2016). Reasons for 
planting are various and often remain hidden. Garden flora is dominated by rare and 
transient species that are surviving due to human care and are weakened by interspe-
cific competition (Pergl et al. 2016b). The trade-off in research approaches between 
small-scale surveys of individual gardens covering restricted regions (e.g. Thompson 
et al. 2003) on one side and large scale studies on the other (e.g. Pergl et al. 2016a), 
shows that at the scale of individual gardens, some species appear to be rare (they occur 
at low abundances), but their local frequencies are rather high. Previous studies suggest 
that sampling whole settlements compared to inventories of individual gardens over-
estimates the proportion of rare species in the total flora, but this can be sufficiently 
compensated when accounting for the measures of abundance (Thompson et al. 2003; 
Smith et al. 2006; Acar et al. 2007; Pergl et al. 2016b).

Bearing this complexity in mind, we tested whether some repetitive ornamental 
species assemblages occur in human settlements. The main aim of the study is to iden-
tify clusters of sites that are defined as distinctive groups of ornamental taxa reflecting 
environmental or socioeconomic diversity by applying a modern vegetation classifica-
tion approach and to assess the composition of ornamental flora at different settlement 
types in relation to aliens, therefore acting as source sites for the invasive species.
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Methods

Study sites and recorded data

We used our previous research data on the ornamental flora in the Czech Republic 
(Pergl et al. 2016b). The ornamental flora was recorded at 174 urban localities (further 
referred to as ‘sites’) covering the main gradients of environmental (see Chytrý 2012) 
and socioeconomic conditions on the urban-rural gradient. Our study included re-
cords from ~ 3% of municipalities in the Czech Republic. The site sampling contained 
villages, towns, cities, garden allotments, cemeteries, areas of dispersed farmhouse set-
tlement and new suburban residential areas. For relatively small villages of up to ~2000 
inhabitants, the village was considered as a single site, whereas in towns and cities, 
several sites of similar urban character were included in this study. At each site, the 
ornamental flora was recorded in private gardens, as well as in public areas, with at 
least five gardens per site studied in detail. Sampling was based on the ability to enter 
private gardens and other gardens were surveyed from behind the fence (see Pergl et 
al. 2016b). Data were collected between June and August 2011–2013 by 11 botanists, 
most of them having met before fieldwork to adjust the methodology. At each site, 
we recorded both alien and native plants cultivated as ornamentals in private gardens 
and public spaces, except for spring geophytes and conifers that were excluded because 
this involved repeated visits to the sites to record both spring and summer aspects. 
To reduce the potential bias in sampling effort and different taxonomic expertise of 
involved botanists, an approach of aggregated taxa for complex taxon groups was used 
and the rarely recorded species were excluded from the analysis (see below). For each 
taxon at each site, the local population size (hereafter referred to as ‘abundance’) was 
estimated by using an ordinal scale, ranging from species present in a single garden (i.e. 
low abundance), species present in more than one garden but less than 30% of gardens 
(i.e. medium abundance), to commonly occurring taxa, recorded in more than 30% of 
gardens (i.e. high abundance). The final taxon × site matrix consisted of 35,725 records 
for 1,514 aggregated taxa (after taxonomic standardisation; see Pergl et al. 2016b, Supl. 
material 1 for a detailed description and data and Fig. 1 for data distribution).

Alien status was assigned to each taxon based on Pyšek et al. (2012). Definition 
of invasion status follows Richardson et al. (2000) and Blackburn et al. (2011). Per-
sistence was classified as persistent (i.e. core) or transient part of the flora (MacArthur 
1960; Magurran and Henderson 2003; Coyle et al. 2013). The categorisation is ex-
plained in detail in Pergl et al. (2016b) and was based on the taxon status, cultivation 
requirements and abundance. Data on species naturalisation status and abundance 
were taken from Pyšek et al. (2012). Native taxa (taxonomy taken from Danihelka 
et al. 2012) and all naturalised alien taxa with high abundance or scattered casual 
aliens were classified as core taxa. Frost-sensitive cultivated plants and casual aliens 
that vanished or were known from a single occurrence were classified as transient (see 
Supl. material 1 for further details on the sampling methods). If the aggregated taxon 
contained an alien taxon, then it was considered as alien in the analysis.
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Classification of sites using the COCKTAIL method

We examined the compositional variation of ornamental flora in sites using the su-
pervised classification of the COCKTAIL method (Bruelheide 2000). The method is 
based on statistical measures of fidelity (i.e. the species concentration in a classifica-
tion unit). Further, observed species frequencies within a classification unit (i.e. site) 
are compared with the frequencies expected under random distribution and this con-
trolled procedure creates groups of species (Chytrý et al. 2002). The supervised clas-
sification is partially influenced by the observer by setting initial conditions of analysis 
(i.e. initial species with the highest fidelity values entering the process, see details be-
low). The COCKTAIL method uses presence/absence data and is therefore appropriate 
for datasets with varying species abundances.

As a fidelity measure, we used the phi coefficient (Chytrý et al. 2002) that range from 
–1 to 1. The phi value of 1 is for taxa occurring in all sites of a cluster and are absent else-
where. The phi coefficient of association describes the correlation between two categorical 
factors in a 2 × 2 contingency table (Sokal and Rohlf 1995). A positive value of phi means 
that there is a positive correlation between a species and an existing species group. An ad-
vantage of the phi coefficient is its independence from the size of data; however, it depends 
on the relative cluster size. Therefore, we standardised the phi values to equate to the cluster 
size, according to Tichý and Chytrý (2006). Only taxa with both significant concentration 
in particular clusters (using Fisher’s exact test and the significance level of p < 0.01) and a 
phi coefficient of ≥ 0.30 were considered as diagnostic. Fisher’s test excludes some rare taxa 
that could become diagnostic by chance and is considered as a correction for the calcula-
tion of statistical significance for fidelity measures. The threshold value was selected subjec-
tively in order to obtain a reasonable number of diagnostic species and is also comparable 
to other studies (see for example, Jarolímek and Šibík 2008 or Chytrý 2009). See Table 1 
for the composition of assemblages and selected diagnostic taxa in all clusters.

First, we started the clustering algorithm with initial diagnostic species. In most cas-
es, however, the same species group is obtained irrespective of which species of the group 
is chosen to start the algorithm (Bruelheide 1995). Second, further species were added 
to the species group if their association to one or more species in the group exceeded a 
certain fidelity threshold (see above for details). The expected and observed cumulative 
distribution functions for sites were calculated using interspecific association between the 
selected species and other species in the dataset. Only groups that formed three or more 
sites were used for further analyses. We used the logical operator “AND” in our COCK-
TAIL definitions of classification units, when linking the plant assemblages in the JUICE 
7.0 programme using a standardised process (Tichý 2002). Details on the COCKTAIL 
algorithm, defining the species groups, interspecific associations and group aggregation 
are described step by step at http://www.sci.muni.cz/botany/juice/mang.htm.

To describe gradients in environmental, social and economic traits, we used data from the 
Czech Statistical Office (www.cuzk.cz) and the Czech Hydrometeorological Institute (www.
chmi.cz) shown in Table 2. The list of characteristics for individual sites with architectonical 
structure, socioeconomic and environmental factors can be found in Suppl. material 2.
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Table 1. Lists of diagnostic taxa composed of 17 COCKTAIL species groups (i.e. five clusters). The num-
bers of sites selected by a species group are presented in brackets. Planted species (in bold), casual aliens 
(*), naturalised incl. invasive aliens (#).

Cluster Diagnostic taxa
1 – Old villas neighbourhoods of towns
Asarum europaeum group (53): Asarum europaeum; Hepatica 
nobilis; Impatiens balsamina

Acaena spp., Antennaria dioica, Aquilegia flabellata*, Asarum europaeum, 
Asplenium trichomanes, Athyrium nipponicum, Carex muricata agg., 

Cymbalaria muralis*, Daphne arbuscula, Datura stramonium*, Erica cinerea, 
Euphorbia milii, E. pulcherrima, Hacquetia epipactis, Heuchera sanguinea, 
Impatiens balsamina*, Lilium martagon, Lysimachia nummularia, Matteuccia 

struthiopteris#, Parnassia palustris, Phyllitis scolopendrium, Robinia pseudacacia#, 
Rosa ×centifolia* et R. damascena*, Sarracenia sp.* et hybr., Sedum hispanicum#, 

Verbascum thapsus

Pseudofumaria lutea group (85): Asarum europaeum; Dryas 
octopetala; Lysimachia nummularia; Pseudofumaria lutea
Rhododendron group (170): Ligustrum vulgare; Rhododendron 
spp., Yucca filamentosa

2 – Upland settlements
Salix euxina group (28): Glebionis segetum; Papaver croceum; 
Salix euxina

Achillea ptarmica, Allium senescens, Arisaema spp., Artemisia abrotanum, 
Begonia aff. ×tuberhybrida, Callistephus chinensis*, Carex elata, Cymbalaria 

pallida*, Dianthus barbatus#, Digitalis purpurea#, Dryopteris carthusiana, 
Geranium ibericum et G. platypetalum et G. ×magnificum, Glebionis 

segetum*, Hebe small-leaved spp. et hybr., Helianthus ×laetiflorus#, 
Heuchera cylindrica, Hordeum jubatum#, Iris pseudacorus, Jovibarba 

globifera, Kalanchoe blossfeldiana, Lilium bulbiferum, Magnolia kobus, 
Mauranthemum paludosum, Miscanthus floridulus* et M. ×giganteus*, 
Oxalis corniculata#, Papaver croceum*, Plectranthus forsteri, Primula 

denticulata, Pseudolysimachion spicatum, Salix euxina, Sedum anacampseros, 
S. forsterianum*, Sempervivum sp.* et hybr., Staphylea pinnata, Symphyotrichum 

dumosum*, S. novae-angliae*, Tradescantia ×andersoniana*

Aubrieta group (134): Aubrieta deltoidea; Gentiana acaulis et 
G. clusii, Saxifraga sect. Euaizoonia
Athyrium filix-femina group (113): Athyrium filix-femina; 
Helianthus ×laetiflorus; Sedum anacampseros

3 – Modern neighbourhoods
Acer palmata group (131): Acer sect. Palmata; Campsis 
grandiflora; C. radicans et C. ×tagliabuana; Magnolia aff. 
×soulangeana; Salix matsudana cv. Tortuosa et S. ×sepulcralis 
cv. Erythroflexuosa

Acer platanoides, A. sect. Palmata, Ailanthus altissima#, Aristolochia 
macrophylla, Asparagus densiflorus, Bambusoideae tall small-leaved 

taxa, Campsis grandiflora et C. radicans et C. ×tagliabuana, Caryopteris 
×clandonensis, Catalpa bignonioides*, Cortaderia selloana, Hamamelis 

spp., Heuchera aff. americana, Hydrangea serrata, Jasminum nudiflorum, 
Koelreuteria paniculata*, Laburnum anagyroides# et L. ×watereri#, Lathyrus 
vernus, Lonicera aff. sempervirens, Magnolia aff. ×soulangiana, Nepeta 

racemosa* et M. ×faassenii*, Pennisetum alopecuroides*, Perovskia abrotanoides 
et P. atriplicifolia, Populus nigra, Prunus cerasifera# et P. ×cistena#, Pyracantha 
coccinea#, Santolina chamaecyparissus*, Silene uniflora, Spiraea aff. ×cinerea, 

Syringa ×prestoniae, Tradescantia pallida, Ulmus aff. minor, Viburnum 
rhytidophyllum* et V. ×pragense*, V. tinus

Pennisetum alopecuroides group (118): Hydrangea arborescens; 
Pennisetum alopecuroides; Pyracantha coccinea
Perovskia spp. group (71): Perovskia abrotanoides et P. 
atriplicifolia; Caryopteris ×clandonensis; Jasminum nudiflorum, 
Santolina chamaecyparissus

4 – Old rustic settlements
Calendula officinalis group (162): Calendula officinalis; 
Callistephus chinensis; Echinacea purpurea; Tagetes erecta

Aconitum aff. napellus, Agrimonia aff. eupatoria, Anethum graveolens*, Asclepias 
tuberosa, Bassia scoparia#, Cleome hassleriana, Coreopsis basalis, C. rosea, 

Cosmos bipinnatus*, C. sulphureus, Cyclamen persicum, Dracaena sp., 
Eupatorium purpureum, Iris ensata, Leucanthemopsis alpina, Levisticum 

officinale*, Ligularia stenocephala, Limonium sinuatum, Lonicera 
fragrantissima et L. ×purpusii, Malope trifida*, Malus spp.*, Mentha longifolia, 

Mentha ×verticillata, Mimulus aurantiacus, Myrtus communis, Nigella 
damascena*, Pentas lanceolata, Polemonium caeruleum, Primula japonica, 
Rhodanthe chlorocephala, Sidalcea malviflora, Silene banksia, Skimmia 
japonica, Syringa ×chinensis, Thladiantha dubia*, Vaccinium corymbosum*, 

Veronica virginica, Viburnum farreri et V. ×bodnatense 

Mahonia aquifolium group (166): Alcea rosea; Antirrhinum 
majus; Asparagus officinalis; Campanula persicifolia; Mahonia 
aquifolium
Agrimonia aff. eupatoria group (84): Agrimonia aff. eupatoria; 
Allium schoenoprasum; Anethum graveolens; Levisticum 
officinale; Rheum rhabarbarum, Vaccinium corymbosum
Nigella damascena group (67): Nigella damascena; Lavatera 
trimestris; Limonium sinuatum

5 – Modern rustic settlements
Rudbeckia laciniata group (144): Cosmos bipinnatus; 
Delphinium ×cultorum; Heliopsis helianthoides; Rudbeckia 
laciniata; Salvia officinalis

Androsace sarmentosa* et A. sempervivoides*, Anemone sylvestris, Anthemis 
tinctoria, Antirrhinum majus*, Atriplex hortensis*, Campanula glomerata, Canna 

indica, Commelina communis#, Consolida ajacis#, Coreopsis grandiflora et 
C. lanceolata, Delphinium ×cultorum, Eupatorium cannabinum, Euphorbia 

marginata*, Euryops spp., Festuca gautieri, Festuca glauca, Gaura lindheimeri 
et hybr., Geranium dalmaticum et G. ×cantabrigiense, Glebionis coronaria, 

Humulus lupulus, Chasmanthium latifolium, Inula ensifolia, Ipomoea 
purpurea*, Iris pumila, Linum austriacum, Lunaria annua#, Malva sylvestris, 

Nicandra physalodes*, Oenothera missouriensis*, Opuntia spp., Portulaca 
grandiflora* et hybr., Prunus tenella, Pseudolysimachion incanum, Rudbeckia 
laciniata#, Ruta graveolens#, Santolina chamaecyparissus, Satureja hortensis, 

Sedum sarmentosum#, Sempervivum arachnoideum, Silene schafta, Stipa 
tenuissima, Streptocarpus saxorum, Tanacetum densum et T. haradjanii, 
Teucrium chamaedrys, Typha minima, Veronica austriaca et V. caespitosa et V. 

prostrata, Veronica cf. armena et V. pectinata

Commelina communis group (81): Portulaca grandiflora et 
hybr.; Euphorbia marginata; Commelina communis
Anemone sylvestris group (87): Anemone sylvestris; Festuca 
gautieri; Pseudolysimachion incanum; Veronica austriaca et V. 
caespitosa
Centaurea dealbata group (115): Centaurea dealbata; Erigeron 
speciosus; Prunus tenella
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Table 2. Basic environmental variables (mean ± SD) characterising each cluster type. The data were 
obtained from the Czech Hydrometeorological Institute.

Cluster no., name and no. of cases Altitude (m a.s.l.) Annual mean temperature (°C) Annual precipitation (mm/year)
1. old villas neighbourhoods of towns (N = 14) 358 ± 103 8.4 ± 1.1 724 ± 171
2. upland settlements (N = 11) 612 ± 224 6.8 ± 1.2 901 ± 149
3. modern neighbourhoods (N = 28) 312 ± 114 8.9 ± 0.9 610 ± 115
4. old rustic settlements (N = 26) 395 ± 86 8.3 ± 0.7 683 ± 102
5. modern rustic settlements (N = 40) 318 ± 112 8.7 ± 0.9 633 ± 139
6. unclassified sites (N = 55) 398 ± 181 8.1 ± 4.2 710 ± 508

Three statistical tests were performed to assess the differences between the clus-
ters: proportion of alien taxa and proportion of transient and core taxa. Statistical dif-
ferences between the clusters were tested using arc-transformed values, ANOVA and 
multiple comparisons by Tukey’s test in R 3.2.1 for Windows (https://cran.r-project.
org/bin/windows/base/old/3.2.1). Basic statistics on urban types were performed in 
STATISTICA 12 (www.statsoft.com) presented in Suppl. material 3.

Results

Assemblages of the ornamental flora

Using the COCKTAIL method, we defined 17 plant assemblages (i.e. species groups) 
across all sites. Based on the 17 plant species groups, five clusters were defined from 
the 119 sites using a logical operator, similar to classifying vegetation units. No rea-
sonable pattern was found in the remaining cluster, which includes 55 sites (i.e. 32% 
of all sampled sites). This cluster was characterised as an unspecific ornamental flora, 
since no potential subgroup was sufficiently pronounced in its composition, habitat 
demands and cultural indication.

Clusters derived from lists of diagnostic taxa

The clusters were named according to the prevailing type of settlement: (1) old villas 
neighbourhoods of towns, (2) upland settlements, (3) modern neighbourhoods, (4) 
old rustic settlements and (5) modern rustic settlements. The taxa, reported below, 
represent examples of typical taxa (see Fig. 1 for the distribution of sites attributed to 
each cluster in the study area).

Cluster 1 – old villas neighbourhoods of towns (N = 14)

This cluster is characterised by (i) woodland understorey taxa, often growing semi-
spontaneously in the shadow of trees and includes both native (e.g. Asarum europaeum, 



Petr Petřík et al.  /  NeoBiota 52: 87–109 (2019)94

Convallaria majalis) and alien species (e.g. Helleborus spp., Matteuccia struthiopteris); 
(ii) nutrient-demanding taxa domesticated on stone walls or in rockeries (Asplenium 
trichomanes, Cymbalaria muralis, Pseudofumaria lutea and Sedum spurium); (iii) indoor 
plants kept in the garden over the summer (Erica cinerea and Euphorbia milii) and (iv) 
ornamental shrubs (Rhododendron spp. and Rosa ×centifolia). These gardens were created 
around large villas built in wealthy residential areas between ~ 1870–1940. Their com-
mon style of an English garden is linked with the dominance of shrubs and trees along 
with lawns. Later, the need for easy and cheap upkeep of spacious gardens resulted in a 
selection of long-lived, undemanding and low-maintenance taxa (such as trees), persist-
ing through clonal reproduction (such as shrubs) or even forming stable generative pop-
ulations. Yet, these gardens harbour the lowest number of aliens amongst all the clusters.

Cluster 2 – upland settlements (N = 11)

This cluster is rich in taxa tolerating cold climates and less fertile soils and demanding 
higher air moisture (e.g. Primula denticulata, Papaver croceum, Begonia aff. ×tuberhy-
brida, Athyrium filix-femina). Extensive rockeries, rich in taxa from genera such as Saxi-
fraga, Sedum and Sempervivum, are specific to these sites. Many of these uncompetitive 
and stress-tolerant taxa are of alpine or boreal origin and their local cultivation is ena-
bled by nutrient poor soils, which are only rarely colonised by fast-growing competitive 
weeds, such as Elymus repens or tall annuals. Many alien taxa found in gardens maintain 
stable self-sowing or clonal populations (e.g. Achillea ptarmica, Dianthus barbatus). On 
the other hand, some taxa, which had been traditionally associated with this cluster 
(e.g. Calystegia pulchra, Myrrhis odorata, Aconogonon polystachyum), are infrequently 
planted in recent times. In dispersed mountain settlements, ruderal and semi-natural 
habitats bordering on gardens, these especially often comprise resistant and hardy herbs 
such as Helianthus ×laetiflorus, Hemerocallis spp. or taxa invading surrounding natural 
vegetation, such as Digitalis purpurea, Lupinus polyphyllus and Telekia speciosa.

Cluster 3 – modern neighbourhoods (N = 28)

This cluster includes many woody taxa which constitute ~70% of the local diagnostic 
taxa. Shrubs and trees are popular owing to their representative appearance and low 
maintenance. They include taxa with evergreen leaves (e.g. Pyracantha coccinea and many 
conifers), cultivars with columnar (Populus nigra) or tortuose habitus (Corylus avellana, 
Salix matsudana), coloured branches (Cornus alba) and variegated (Salix integra cv. Haru-
ko-Nishiki) or dark leaves (Prunus cerasifera cv. Pisardii). Lianas (Aristolochia macrophylla, 
Campsis radicans, Wistaria sinensis), tall grasses (Bambusoideae family, Cortaderia spp., 
Pennisetum spp.) and virgate low shrubs and semi-shrubs (Caryopteris ×clandonensis, Co-
toneaster spp., Jasminum nudiflorum, Perovskia spp.) are also very popular. On the contra-



Composition patterns of ornamental flora 95

ry, ornamental annuals, dependent on sowing and weeding, are entirely absent amongst 
the diagnostic taxa of this cluster. Gardens are typical of modern detached houses.

Cluster 4 – old rustic settlements (N = 26)

Joint cultivation of ornamental and utility plants in hoed beds characterise this cluster. 
Crops such as Levisticum officinale and Rheum rhabarbarum partly hold an ornamental 
function. Anethum graveolens is often combined with roses to grow under their protec-
tion. Some native taxa (e.g. Agrimonia eupatoria, Rosa canina and Sambucus nigra) often 
establish spontaneously and are tolerated both for ornamental and practical purposes. 
Hoeing, sowing and weeding are suitable management practices for cultivation of an-
nuals (i.e. Cosmos bipinnatus, Nigella damascena or Tagetes spp.) or geophytes which are 
easily replanted (e.g. Aconitum napellus). Carnations (Dianthus spp.) along the edges 
of garden beds are another widely shared tradition. Amongst trees, taxa planted for 
fruits entirely prevail over ornamental trees. Low numbers of ornamental taxa and their 
arrays follow local tradition since the 19th century (e.g. Polemonium caeruleum, Alcea 

Figure 1. Map of sample sites in the Czech Republic. Phytogeographic regions, reflecting the climatic con-
ditions, are indicated by three shades of grey. Thermophyticum includes warm areas with a thermophilous 
flora and vegetation. Mesophyticum harbours flora and vegetation typical of the central European temper-
ate zone. Oreophyticum is a cold region with mountain flora and vegetation corresponding to forests of the 
boreal zone, with smaller areas above the timberline similar to habitats in the arctic zone (see Kaplan 2012).
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rosea and Phlox paniculata). However, cultivation of, for example, Syringa ×chinensis 
and Vaccinium corymbosum is of modern origin.

Cluster 5 – modern rustic settlements (N = 40)

This cluster shares many taxa with cluster 3, but it has its own group of diagnostic taxa, 
such as (i) lianas (Humulus lupulus, Ipomoea purpurea), covering garden fences; (ii) taxa 
of rockeries, often robust and drought-resistant chamaephytes (genera Iberis, Opun-
tia, Oenothera missouriensis, Ruta graveolens, many taxa from the Lamiaceae family); 
(iii) self-spreading native taxa of dry grasslands (Iris pumila, Anemone sylvestris, Linum 
austriacum, Prunus tenella); (iv) annual self-sowing alien taxa (Euphorbia marginata, 
Portulaca grandiflora, Commelina communis, Consolida ajacis); and (v) tall nutrient-de-
manding perennials (Canna indica, Rudbeckia laciniata). These gardens usually border 
recently-built family houses.

Alien, core and transient taxa

The clusters significantly differed in the proportion of alien taxa, ranging from 73% (up-
land settlements) to 93% (unclassified cluster; Fig. 2). The highest number of aliens oc-
curred in modern neighbourhoods and in old rustic settlements (Fig. 2). The multiple com-
parisons analysis revealed that the old villas neighbourhoods of towns comprise fewer aliens 
compared to other sites. There were no significant differences amongst the other groups. 

The proportion of the transient taxa was not statistically different amongst the 
individual clusters. The lowest mean proportion of transient taxa was 29.7%. In addi-
tion, the clusters differed in the proportion of alien core (persistent) taxa (Fig. 3), with 
the highest proportion in the unclassified cluster (22.5%) and the lowest (7.1%) in 
modern neighbourhoods. The analysis showed a generally low number of taxa amongst 
the core aliens, indicating a higher probability of new introductions in the future.

Discussion

Classification of the ornamental flora

We based the categorisation of the ornamental flora on our field experience and used 
a formalised statistical approach to demonstrate that our assumptions about the as-
semblages of garden plant species can be expressed in a way that is usually applied to 
vegetation studies (see statistical forming of sociological species groups by Chytrý 2009 
or Chytrý 2012 for a review). The COCKTAIL method allows for the transferability 
of species groups across scales, by combining grid-based distribution and vegetation 
data (Petřík and Bruelheide 2006). Although the method was not originally designed 
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Figure 2. Differences in the percentages (i.e. median, 25th and 75th percentile and min/max values) of 
aliens amongst all ornamental taxa within clusters of the classified settlement types and within the unclas-
sified cluster. Same letters above the boxes indicate insignificant differences between clusters (ANOVA F 
= 5.35, df (5, 168), p < 0.001).

to study natural vegetation, our study is the first to apply COCKTAIL to artificial, 
non-spontaneous species groups. In most vegetation compendia, human-influenced 
vegetation is classified based on simple dominance; however, we used the COCKTAIL 
method to classify the traditionally recognised phytosociological units of various hier-
archy (but see Fratarcangeli et al. 2019, who applied the concept of fidelity in the same 
way as in our study, but on spontaneous vegetation).

Cubino et al. (2014) and Kendal et al. (2012a) compared cultivated floras across 
urban and rural settlements and found that social factors (i.e. human behaviour) are 
more important than climate and environmental conditions in determining the dis-
tributions of floras. While both studies explored the diversity of ornamental floras in 
relation to socioeconomic aspects, only Cubino et al. (2016) interpreted plant com-
munities with regard to urban characteristics. These authors found that the differences 
between the composition of natural vegetation and artificial plant assemblages could 
be related to permanent residencies of local inhabitants vs. temporal residencies occu-
pied by tourists. In another study by the same authors, Cubino et al. (2017) separated 
ornamental gardens from irrigated lawns and vegetable gardens. This distinction could 
not be tested using our dataset, as the structure of our data is totally different from 



Petr Petřík et al.  /  NeoBiota 52: 87–109 (2019)98

Pe
rc

en
ta

ge
 o

f a
lie

n 
co

re
 s

pe
ci

es

(1) o
ld villa

s 

neighbourh
oods

of to
wns

(5) m
odern

 ru
sti

c

 se
ttl

ements

(4) o
ld ru

sti
c

 se
ttl

ements

(3) m
odern

 

neighbourh
oods

(2) u
pland

 se
ttl

ements

(6) u
ncla

ssi
�ed

 sit
es

10
15

20

ab
abc

a

bc ab c

Figure 3. Differences in the percentages (i.e. median, 25th and 75th percentile and min/max values) of 
core alien ornamental taxa (i.e. frost-resistant cultivated plants that persisted for a long time after aban-
donment or taxa that occur at many sites) within clusters of classified settlement types and within the un-
classified cluster. Same letters above the boxes indicate insignificant differences between clusters (ANOVA 
F = 5.69, df (5, 168), p < 0.001).

the coastal ones. In addition, the sampling method and scale (questionnaire and home 
gardens), used by the cited authors, was sufficient to assess the socioeconomic char-
acteristics which remained unknown to us, as we used data for the urban space only.

The concept of transient and core species, used in the analyses, shows the differ-
ences between established species, both naturalised aliens and native, and casual alien 
species. Both groups represent different levels of risk in the future. The core species 
have been present for a long time and many of them have the potential to spread after 
a lag phase; however, the transient taxa represent a larger pool of species waiting for 
opportunities to invade (Pergl et al. 2016b, Haeuser et al. 2018, van Kleunen et al. 
2018). Additionally, potential time lags by core species may play a significant role after 
their long time of residence.

Ornamental flora and urban types

The information on the structure of settlements was not collected systematically. There-
fore, we cannot provide percentage cover accounted for by individual clusters; however, 
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such information is clearly visible in the remote sensing images. Preliminary delimitation 
of individual clusters was therefore based on the structure of recorded sites that were cho-
sen to cover relatively homogenous areas in the villages or in towns and cities. The clusters 
thus represent the structure of buildings and were mainly defined by expert knowledge.

We interpreted each cluster in terms of urban typology and environmental gradi-
ents (see Table 2). Our interpretation was based on the correspondence between the 
species composition of sites and their environmental, social and economic character-
istics (Zerbe et al. 2003). Moreover, we carried out some preliminary analysis on the 
socioeconomic status of the sites, using the data from the Czech Statistical Office and 
this confirmed that our groups best describe the urban types that were delimited ac-
cording to our field experience (see Suppl. material 2).

During our field assessment, we also evaluated some distinctive urban structures 
(see Suppl. material 2 and Suppl. material 3). Old villas neighbourhoods of towns are 
dominated by spacious gardens, surrounding wealthy houses (e.g. villas), built by the 
upper social classes between 1890 and 1930 (see Blažek 1998). These neighbourhoods 
are situated at different altitudes. Most upland settlements are situated in towns, villag-
es or dispersed farmhouse settlements with a harsher climate (see Table 2). Upland set-
tlements were mostly established by the former German population, which constituted 
an important, locally dominant ethnic minority prior to World War II. In the second 
half of the 20th century, many houses and gardens were renovated and new homes were 
built. The expansion of modern neighbourhoods dates back to the 1990s and occurred 
mainly in peri-urban lowlands with a mild climate. These neighbourhoods form a dis-
tinct urban type with a very specific composition of ornamental flora with the highest 
representations of specialists in gardening (see Suppl. material 2).

A modern style of garden design brought new practices, such as the use of bark 
chips or gravel (i.e. mulch). The activities of landscape architects and commercial gar-
dening companies brought further radical changes to the local species composition. 
Old rustic settlements are characterised by cottage gardens in villages or peripheral 
parts of towns comprising a large number of farmhouses. Traditional rustic architec-
ture is often replaced by modern single-family houses. However, the structure, com-
position and management of their gardens adheres to traditional habits (e.g. hoed 
patches, common cultivation of annuals, mixed plantations of ornamentals together 
with vegetables and a conservative selection of species). Some cemeteries were included 
because of the presence of folkish ornamental plants. Most sites are situated in lower 
altitudes. Modern and old rustic settlements share the same tradition of garden designs 
and gardening methods, except for the use of modern tools. Local fertile soils (often in 
lowland chernozem areas) and a warm climate allow for the development of species-
rich and floriferous front gardens. Their structure is evidenced, for example, by luxuri-
ant combinations of species, ranging from ornamental vines covering walls, unfenced 
gardens serving a semi-public function to narrow accessorial patches and lining pave-
ments outside garden fences. Local emphasis on the representative role of these gardens 
is obvious. Most sites are villages or small towns with a significant proportion of new 
or renovated detached houses with front gardens and public green belts.
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During our fieldwork, we identified other potentially important structures, besides 
the urban and rural structures listed above. Amongst others, these structures include 
cemeteries, public allotments, cottage colonies and crofts or gardens. We included 
public spaces such as cemeteries if these grounds were encountered during our urban 
district surveys. Therefore, these structures were included in all clusters but did not 
form an individual cluster. It was impossible to distinguish between private gardens 
and green public spaces in many cases, for example, green spaces in front of private 
houses. Surprisingly, none of these structures was differentiated as a unique cluster or 
species group. This may be due to their small size, floristic variability (i.e. cemeteries) 
or rather unspecific composition (i.e. allotments). However, it could also be that pri-
vate gardens are over-represented in comparison to other “urban types” such as cem-
eteries, garden allotments or public parks.

Ornamental flora in various urban types as a source of plant invasions

The observed patterns suggest possible shifts in regional species pools which may 
correspond to the recent global shifts (van Kleunen et al. 2018). The detailed knowl-
edge of these species pools is crucial for predicting future plant invasions. The inva-
sion potential of species from private gardens differs according to the type of set-
tlement. For example, a typical feature of old park-like gardens in towns (i.e. old 
villas neighbourhoods of towns) and gardens in upland settlements is the cultivation 
and successive domestication of ornamentals in semi-natural conditions. Plants in 
less-maintained parts of gardens or in semi-public spaces have been confronted with 
natural conditions for a long time, but also supported by episodic weeding or water-
ing. Human assistance seems to be the best approach to promote naturalisation of 
new aliens (Mack 2000; Pyšek et al. 2011). Many shrubs (e.g. Symphoricarpus albus 
or Cotoneaster spp.) and tall herbs (Rudbeckia laciniata, Reynoutria spp., Telekia spe-
ciosa) can spread in these habitats for decades and establish invasive populations (e.g. 
Mandák et al. 2004). Other taxa are rarely cultivated, but form vigorous popula-
tions locally (e.g. Heleborus foetidus, Celastrus orbiculatus, Cicerbita macrophylla and 
Veronica gentianoides; see e.g. Červinka and Sádlo 2000). Many taxa spread within 
rockeries, but only few of these escape to natural rocky habitats (e.g. Sedum spp., 
Alyssum murale) or meadows (e.g. Papaver nudicaule, Dianthus barbatus). Some taxa 
may pose a threat to the native flora due to genetic erosion of the native taxa (e.g. 
Hieracium aurantiacum in its non-native areas, Viola cornuta, Cerastium tomentosum 
and cultivars of Sedum album, see Krahulcová et al. 1996) or appear as garden waste 
(e.g. Cosmos spp.).

Gardens in modern neighbourhoods and modern rustic settlements are very rich 
in taxa which were not present before the 1990s. Many of these escape, especially into 
novel habitats via interlocking concrete pavements or beds mulched with pebbles. For 
example, locally escaping populations of Linaria purpurea, Pennisetum alopecuroides, 
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Perovskia hybr. and Thymophylla tenuiloba have been observed during the surveys. In 
addition, these habitats also support the escape of some species that were traditionally 
cultivated but never escaped in the past, such as Lavandula angustifolia.

Many escaping aliens are already classified as invasive (Dehnen-Schmutz 2011), 
some of which are being eradicated or restricted to ornamental plantations, while oth-
ers are still intentionally planted in the wild, such as Rhus hirta or Symphoricarpos 
albus (Pergl et al. 2016b). Our data allow us to comment on the invasion potential of 
rare taxa with small populations. Their local but copious spontaneous spread indicates 
that they may become invasive in the future (Dullinger et al. 2017). The high num-
ber of ornamental trees and shrubs planted in modern neighbourhoods potentially 
lead to invasions into the surrounding landscapes (Křivánek et al. 2006; Gregor et 
al. 2012; Aronson et al. 2015), especially near forests or shrubby vegetation (see e.g. 
Dobravolskaitė and Gudžinskas 2011). Abandoned private gardens in villas and resi-
dences in city centres represent a less serious threat, due to the lack of suitable habitats 
in the surroundings. Many alien taxa will overcome the climatic barrier in the future, 
as demonstrated with the ornamental flora of a small German city, where 45 garden-
plant taxa are not yet naturalised but likely to become naturalised in the future (Mayer 
et al. 2017). The ability to naturalise is not directly linked with negative impacts; how-
ever, such studies can be used for horizon scanning (Roy et al. 2014) and for the early 
identification of potentially problematic taxa (Tanner et al. 2017; Roy et al. 2018). 
Consequently, the frequency of planting in different urban types, combined with the 
trait analysis of individual species and their ability to escape, can provide direct prior-
itisation schemes in the future (Kutlvašr et al. 2018).

Conclusions

In this study, we classified human-made assemblages of ornamental taxa. The results 
show that human-made assemblages of ornamental taxa can be classified using this 
method, which has been conceived for natural vegetation, formed by basic ecological 
gradients.

The detected variation of ornamentals mainly follows (i) altitude, associated 
with climatic or soil gradients and (ii) differences in local traditions, given by the 
socioeconomic drivers and cultural history. Similar compositional patterns can be 
expected in other countries, although particular clusters may differ substantially in 
their delimitation.

In view of the results, new neighbourhoods represent the greatest potential 
threat for future invasions. These gardens are species-rich, particularly in woody al-
iens and many of their taxa have been rarely cultivated or even absent until recently. 
Furthermore, these neighbourhoods are often constructed in peri-urban belts in 
which the abundance of newly disturbed habitats is suitable for new local escapees 
and invasions.
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