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Species introductions are a major concern for ecosystem functioning, socio-economy 
and human well-being (Vilà et al. 2010; Lockwood et al. 2013; Diagne et al. 2021; 
Zenni et al. 2021). However, despite measures for prevention and control, a large 
number of non-native species have been identified in the last decades worldwide in 
both aquatic and terrestrial environments (IPBES 2019; Lowe et al. 2000; Guo et al. 
2021). Although preventing introductions has proved to be the most effective manage-
ment strategy (Wittenberg and Cock 2001; Pergl et al. 2016), extant non-native spe-
cies are still expanding their distributional range and new non-native species are being 
recorded (Seebens et al. 2017). Non-native species introduced into new environments 
may represent a serious ecological and economical threat, especially if they spread rap-
idly in a new region and thus become invasive (Ricciardi et al. 2021; Cuthbert et al. 
2021). Further, geographical areas that act as biodiversity hotspots with a high level 
of endemism are especially threatened by invasive species (Ribeiro and Leunda 2012). 
Hence, the identification of those non-native species that are likely to become invasive 
may be of crucial importance for the development of prevention measures, which can 
be achieved by risk screening studies (Adams and Lee 2012).
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In the risk analysis process applied to non-native species (as defined in Copp et al. 
2005), the first step is risk identification (a.k.a. risk screening), the second step is risk 
assessment, and the third step is risk management and communication (Canter 1993; 
UK Defra 2003). The risk screening of non-native species aims to identify which non-
native species are likely to be invasive in a given risk assessment area, and the follow-up 
risk assessment for the highest risk species involves detailed examination of the likeli-
hood and magnitude of risks of: (i) introduction (entry); (ii) establishment (of one or 
more self-sustaining populations); (iii) dispersal (more widely within the risk assess-
ment area, i.e. so-called secondary spread or introductions); and (iv) impacts (to native 
biodiversity, ecosystem function and services, and the introduction and transmission 
of diseases) (see Vilizzi et al. 2022). Identification of potentially invasive species facili-
tates the development of policy and management procedures with regard to a specified 
risk assessment area to prevent and/or mitigate the impacts of biological invasions 
(Copp et al. 2016a).

Electronic decision-support tools for non-native species risk screening are becom-
ing an essential component of government strategies to tackle non-native species in-
vasions. The recent availability of user-friendly and widely deployable multilingual 
electronic tools (e.g. Copp et al. 2016b, 2021; Vilizzi et al. 2021) can facilitate early 
detection of potential threats, hence provide useful information to assist environ-
mental managers and policy-makers in making decisions for the appropriate manage-
ment and conservation of ecosystems. To this end, the Weed Risk Assessment (WRA: 
Pheloung et al. 1999) developed for terrestrial plants and later adapted to screening 
aquatic plants (Gordon et al. 2008) is a widely used decision-support tool. The WRA 
template inspired the ‘-ISK’ (Invasiveness Screening Kit) family of decision-support 
tools developed for aquatic organisms (Copp et al. 2005; Copp 2013; Vilizzi et al. 
2019), which were recently combined into the taxon-generic Aquatic Species Inva-
siveness Screening Kit (AS-ISK) to screen freshwater, brackish and marine aquatic 
organisms under current and future climatic conditions (Copp et al. 2016b, 2021; 
Vilizzi et al. 2021).

Despite the existence of the above-mentioned decision-support tools and a large 
number of published applications worldwide (e.g. Gordon et al. 2008; Vilizzi et al. 
2019, 2021), there remain several knowledge gaps in the risk screening of non-native 
species with relevance to the following topics: (i) the relative dearth of information on 
the invasiveness of non-native aquatic species in taxonomic groups other than fishes 
and aquatic invertebrates; (ii) the paucity of risk screening studies focusing on biodi-
versity hotspots and/or tropical areas; (iii) the requirement for updated information 
on species invasiveness within a dynamic risk screening and comparative perspective; 
and (iv) the need for a taxon-generic decision-support toolkit for screening terrestrial 
animals and related applications.

All papers in this Special Issue were designed to address at least one of the research 
topics mentioned above so as to fill current knowledge gaps and provide novel infor-
mation in the risk screening of freshwater and terrestrial non-native species.
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Invasiveness of non-native aquatic plants and pathogens

The use of inconsistent and ambiguous terminology about invasive non-native species, 
together with the lack of focus on their potential impacts, limit understanding of their 
biology and role in the invaded ecosystems (Verbrugge et al. 2021). Insufficient under-
standing also causes a lack of public awareness and a consequent shortage of dedicated 
studies. Fachinello et al. (2022) emphasised this point by applying a scientometric 
approach to analyse academic documents on non-native plant species in Brazil pub-
lished between 2002 and 2021. The authors found that only 13% of the 398 examined 
publications provided a clear definition of ‘invasive species’. Of these publications, 
only 23.8% reported some type of damage caused by the invasive species and only 5% 
addressed economic or social damage. The authors also showed that only 17% of the 
publications proposed a method for control and/or mitigation of biological invasions 
and encouraged the use of further scientometric studies to guide future efforts to sup-
port more objective measures for management and decision-making.

There is still a lack of literature and relevant research on the distribution of non-
native aquatic plants in some areas, despite their posing a serious threat to native macro-
phyte community composition by disrupting natural flow dynamics, depleting oxygen 
and altering food web structure and soil properties. To fill this knowledge gap and with 
the aim to help prioritisation measures for the proper management of non-native aquatic 
plants under projected climate conditions, Piria et al. (2022) identified and screened 
10 extant and 14 aquatic plant species from a horizon scanning for their risk to become 
invasive in the Pannonian and Mediterranean regions of Croatia. The authors classified 
90% and 60% of the extant aquatic plant species as carrying a high risk for the Pannoni-
an and Mediterranean regions, respectively, under current and future climate conditions. 
Further, 42% of the species from a horizon scanning were classified as high-risk under 
current climatic conditions, but increased to 78% under a scenario of global warming.

Although most risk analyses in invasion biology have focused on the invasive-
ness of non-native species, some (dominant) native species can also pose a high risk 
of becoming invasive, especially under current global change. Yazlık and Ambarlı 
(2022) used an adaptation to Turkey’s geographical and climatic conditions of the 
WRA decision-support tool to evaluate the risk of invasiveness of ten plant species 
(five non-native and five native) all known to be invasive in several parts of the world. 
Based on the resulting risk scores, all non-native species were classified as invasive and 
all native species as ‘expanding’ for Turkey. The outcomes of the study suggested that 
species can carry several risk-related traits resulting in high-risk scores irrespective of their 
origin. The authors also emphasised the importance of including dominant species with 
high environmental and socio-economic impacts in their habitats as part of priority lists 
for the implementation of management measures, hence irrespective of the species’ origin 
(i.e. native or non-native).

Introductions of non-native species can drive disease emergence by extending the 
geographical range of associated parasites and pathogens (Foster et al. 2021), although 
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limited research on this topic is available to date. The aquatic ornamental industry is one 
of the main introduction pathways for freshwater fish invasions, which can also act as a 
driver of disease emergence from associated parasites and pathogens by extending their 
geographical range (Chan et al. 2019). The increase in temperatures projected under 
future climate change scenarios is likely to increase the probability of survival and es-
tablishment of some commonly traded tropical and subtropical non-native ornamental 
fish species, even in geographical areas such as Northern Europe, which is currently not 
(yet) climatically suitable for their survival. Guilder et al. (2022) screened 24 of the 233 
ornamental aquatic species (fishes and invertebrates) identified as traded in the UK for 
potential parasites and pathogens and reported a total of 155 of them of which the ma-
jority were platyhelminths, viruses and bacteria. Some potential parasites and pathogens 
currently absent from UK waters and with zoonotic potential were also identified, and 
their presence was highlighted in the context of understanding potential impacts in ad-
dition to the provision of evidence to inform risk assessment and mitigation approaches.

Biodiversity hotspots

Biological invasions are considered to be one of the most important threats to global 
biodiversity (Jeschke et al. 2022), particularly in biodiversity hotspots where non-na-
tive species may cause extensive damage to native species and ecosystems (Magalhães 
and Jacobi 2013). Preserving biodiversity and maintaining ecosystem function is of 
utmost importance not only in geographically large ecosystems but also in vulnerable 
biodiversity hotspots, which often host a large number of rare and/or endemic spe-
cies. The South Caucasus represents one such biodiversity hotspot that includes the 
countries of Armenia, Azerbaijan and Georgia. Mumladze et al. (2022) screened 32 
non-native extant and fish species from a horizon scanning for their risk of invasiveness 
under current and projected climate conditions in this risk assessment area. The num-
ber of very high-risk species increased from four (12.5%) under our current climate to 
12 (37.5%) under projected climate conditions.

The Balkan Peninsula is also considered an important area for freshwater biodiver-
sity due to the high number of endemic species (Hewitt 2011; Ćaleta et al. 2019). This 
region is particularly important for the high diversity of salmonid species that are being 
threatened by the introduction of non-native salmonids (Škraba Jurlina et al. 2020) 
and for which little is known about their potential risk of invasiveness, especially un-
der predicted climate change conditions. Marić et al. (2022) screened 13 extant and 
four non-native salmonid species from a horizon scanning for their risk of becoming 
invasive in the Danube and Adriatic basins of four Balkan countries. Six (35%) of the 
screened species were ranked as high-risk under current climate conditions, although 
they decreased to three (17%) under projected conditions of global warming. Species 
ranked as medium-risk under current conditions were also medium-risk under future 
climate projections, although the relative risk score decreased. The authors concluded 
that global warming would influence salmonids and that only species with a wider 
temperature tolerance such as rainbow trout Oncorhynchus mykiss will likely prevail.
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Comparative perspectives

One of the most important challenges in research (including risk screening studies) 
conducted simultaneously or repeated by several researchers to obtain reliable and re-
producible results is to achieve the maximum possible compliance. A major challenge 
in risk assessment studies is to collect information on the overall severity and extent 
of consistency in responses, and empirical information on the factors influencing con-
sistency across assessors is still not fully available. Bernardo-Madrid et al. (2022) 
quantified and compared the consistency in the scores of questions for impact assess-
ment protocols with inter-rater reliability metrics. The authors provided an overview 
of impact assessment consistency and the factors altering it by evaluating 1,742 im-
pact assessments of 60 terrestrials, freshwater and marine vertebrates, invertebrates and 
plants conducted using seven protocols applied in Europe. The authors reported that 
the great majority of assessments (67%) showed high consistency and only a small 
minority (13%) low consistency. Consistency of responses did not depend on species’ 
identity or the amount of information on their impacts, but partly on the impact type 
evaluated and the protocol used.

Stable isotope analysis is commonly used to reconstruct species’ feeding ecology 
and their trophic interactions within communities. Therefore, stable isotope analysis 
has been considered a sensitive and powerful tool to reveal competition and predation 
processes in food webs and used to quantify the ecological effects of non-native species 
(Sagouis et al. 2015). Balzani and Haubrock (2022) proposed the implementation of 
stable isotope analysis as an approach for assessment schemes to increase the accuracy 
in predicting invader impacts as well as the success of reintroductions and assisted mi-
grations. The authors reviewed and discussed possibilities and limitations of using this 
method and suggested promising and useful applications for scientists and managers.

Development of a screening toolkit for terrestrial animals

Despite the availability of decision support tools for terrestrial animals, they are often 
in spreadsheet format which can make their usage time-consuming, if not counter-
intuitive, to the end user. However, still there is no user-friendly, dialog-driven elec-
tronic decision-support tool, such as AS-ISK screening toolkit, available for terrestrial 
animals. Kopecký et al. (2019) remedied the lack of a dedicated screening tool using 
the AS-ISK as a ‘surrogate’ to screen terrestrial reptiles which highlighted need for its 
development. In this special issue, Vilizzi et al. (2022) described the development of a 
multilingual decision-support tool for screening terrestrial animals, namely the Terres-
trial Animal Species Invasiveness Screening Kit (TAS-ISK). Based on the programming 
architecture of the AS-ISK and the questionnaire template common to the WRA-type 
toolkits, the TAS-ISK consists of 55 questions of which 49 deal with the species’ bio-
geographical/historical traits and biological/ecological interactions and six are aimed 
to predicting the potential influence of climate change on the risks of introduction, 
establishment, dispersal and impact of the screened species. The authors also reported 
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the results of nine trial screenings for each representative species in the main taxonomic 
groups of terrestrial animals supported by the toolkit: mammals, birds, reptiles, am-
phibians, annelids, insects, molluscs, nematodes, and platyhelminths.

Conclusions

Although the current research findings may not solve all identified shortcomings related 
to research in the risk screening of non-native species, all papers in this Special Issue have 
contributed to fill at least partially the existing gaps. The content of the Special Issue has 
helped to emphasise the importance not only of using appropriate nomenclature but also 
of a comprehensive approach to understanding the threat posed by non-native species 
and to multi-author risk screening studies. Alarming data have arisen on how many non-
native species of aquatic plants could pose a threat to local communities, especially under 
projected conditions of global warming. These data are even more worrying considering 
the high potential invasiveness emerged also for some native plant species. At the same 
time, projected conditions of global warming may mitigate the invasiveness risk of some 
non-native species such as some salmonids that are not tolerant to high temperature fluc-
tuations. The accidental spread of aquatic potential parasites and pathogens is also of con-
cern and especially with regard to the fate of biodiversity hotspots. Finally, the proposal 
of novel approaches for assessment schemes based on different techniques such as stable 
isotope analysis together with the availability of the newly developed TAS-ISK decision-
support tool for the risk screening of terrestrial animals, is expected to assist researchers 
and stakeholders and increase accuracy in predicting the impacts of biological invasions.
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Abstract
Despite biological invasions being widely recognised as an important driver of environmental change, lack 
of consensus regarding the definition of invasive alien species (IAS) and vagueness around the demonstra-
tion of their impacts limits knowledge and research in this field. In this study, a scientometric approach 
was used to analyse academic documents published between 2002 and 2021 in three databases with refer-
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logical invasions. The absence of clear terminology and the lack of focus on impacts limits understanding 
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Introduction

The fundamental property associated with biological invasions is the capacity of some 
invasive alien species (IAS) to expand and become established outside their native range 
(Richardson et al. 2000; Valéry et al. 2008). However, there are other important proper-
ties of biological invasions that are associated with the term ‘impact’ (Mack et al. 2000; 
Simberloff et al. 2005; Pyšek et al. 2012). This is because IAS can have detrimental 
effects not only on ecosystem function and services and on human well-being (Simber-
loff and Rejmánek 2011; Paini et al. 2016; Costa et al. 2019; Martinez‐Cillero et al. 
2019), but also on the economies of the invaded areas (Diagne et al. 2020; Zenni et al. 
2021). However, despite wide (and implicit) acceptance in literature, controversy re-
mains over the association between IAS and their negative impacts (Ricciardi and Ryan 
2018; Sagoff 2018). Indeed, some studies have recently questioned this tenet suggest-
ing that several factors, including lack of empirical evidence, set-up of poorly-executed 
experiments and over-emphasis of isolated cases, may bias proper understanding of the 
impacts of biological invasions (Davis and Chew 2017; Sagoff 2020). Additionally, 
other studies have questioned the science behind biological invasions and provided sci-
entific evidence in support of this contention (Ricciardi and Ryan 2017; Boltovskoy et 
al. 2018). Furthermore, the absence of terminological consensus is another factor that 
has resulted in questioning the impacts of biological invasions (Simberloff 2012).

One of the key definitions of biological invasions was presented by Richardson 
et al. (2000), who introduced the concepts of introduction of IAS to the recipient 
area and their subsequent establishment by reproduction and expansion. However, the 
same authors emphasised that the definition of biological invasion should not be ap-
plied to species that cause environmental or economic impacts, but should be based ex-
clusively on ecological and biogeographic criteria (Richardson et al. 2011). In contrast, 
Richardson and Pyšek (2012) stated that the most prominent invasive plant species 
were those that reached the highest abundance and had substantial impacts, thereby 
resulting in high costs to society. More recently, Pyšek et al. (2020) reiterated their 
definition of biological invasion (i.e. introduction, establishment and dispersion of an 
alien species), but also suggested that several negative impacts are associated with bio-
logical invasions. The same authors added that, according to the International Union 
for Conservation of Nature, only those alien species that have negative impacts should 
be classified as invasive. On the other hand, most studies that have either directly or 
indirectly addressed the topic of biological invasions have not presented a clear defini-
tion of ‘invasiveness’ and many of them have cited previously-published studies for 
evidence of the invasiveness of the species under study (Pereyra 2016).

The presence of IAS of plants in natural areas has been reported from different 
regions of the world and, in many cases, the consequences of biological invasions have 
been devastating (Justo et al. 2019). Ornamental use is recognised as the main route 
for the introduction of alien and potentially invasive plants to new regions (Hulme et 
al. 2017; Mayer et al. 2017). In recent years, the mechanisms behind the invasiveness 
of plant species in the recipient environment have been widely addressed by studies on 
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plant invasions (Fridley 2010; Van Kleunen et al. 2010; Wang et al. 2020). However, 
there are still several gaps in knowledge about the status of invasive plant establishment 
in natural areas (Hulme 2018), their impacts (Foxcroft et al. 2019) and related meas-
ures for control (Weidlich et al. 2020) and these gaps are even more evident in tropical 
biomes (Ackerman et al. 2017; Pinto et al. 2020; Xavier et al. 2021).

Using a scientometric approach (Parra et al. 2019), academic articles published in 
the last 20 years were analysed in this study to understand the main trends and gaps in 
research on IAS of plants in Brazil. The specific objectives were to: (i) analyse the main 
methodologies used in the field of biological invasions; (ii) evaluate whether there is a 
clear and objective definition of IAS; (iii) identify the type of impact caused by IAS; 
and (iv) investigate methods for management and/or control of biological invasions.

Methods

Scientometrics is a new branch of science that measures and quantifies scientific progress 
via bibliometric indicators (Parra et al. 2019). Scientometric analysis seeks to observe 
trends and patterns in scientific production with predictive, prognostic and/or strategic 
approaches (Ivancheva 2008; Rizzi et al. 2014; Mills and Rahal 2019; Xie et al. 2020). 
In the context of biological invasions, this represents an important tool in the analysis 
of conservation issues in mega-diverse natural areas such as Brazilian biomes (Frehse et 
al. 2016). Scientometric studies play a leading role in surveying the state of the art of 
scientific literature (Santos et al. 2021), developing explanatory ecological models (Bar-
bosa et al. 2012), forecasting the impacts of invasions in poorly-studied biomes (Pinto 
et al. 2020) and optimising resources and directing new research (Fonseca et al. 2021).

Following a scientometric approach, a survey of scientific literature was conduct-
ed in this study according to the PRISMA statement (Moher et al. 2009) by using 
two global databases and one regional database that have accessible online platforms, 
namely: Web of Science (WoS: www.webofknowledge.com), Scopus (www.scopus.
com) and SciELO (Scientific Electronic Library Online: https://www.scielo.br/). In 
each database, search criteria were applied to all available fields (i.e. Title, Abstract, 
Keywords and other fields depending on the database) and only academic articles 
(hereafter, ‘publications’) published in the last 20 years (i.e. 2002–2021) were selected. 
The combinations of terms used to search the databases are shown in Table 1.

Both English and Portuguese terms were used in order to retrieve more results. 
The base of the words was retained and “*” was used as a wildcard to expand the search 
(Table 1). All collected references were compared to check for redundancies between 
the results of the three databases. After removing duplicate references, all remaining 
publications were evaluated using the following three inclusion criteria:

• Study carried out in Brazil;
• Study addressing invasive alien plants;
• Study not addressing agribusiness and/or monoculture.
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The title and abstract of each publication were then evaluated and publications 
were divided into three groups:

1. Within the scope of the present study, i.e. whose title and/or abstract met the 
inclusion criteria;

2. Potentially within the scope of the present study, i.e. whose title and abstract 
partially met the inclusion criteria;

3. Not within the scope of the present study, i.e. whose title and abstract did not 
meet any of the inclusion criteria.

The body of the text was reviewed to explore the adequacy of the inclusion 
criteria for publications that were potentially within the scope of the present study 
(Group 2). As a result, all publications in Group 2 were reclassified (hence, redis-
tributed) between Groups 1 or 3, as applicable. Publications in Group 3 were then 
excluded from the database and those in Group 1 were categorised according to the 
attributes listed in Table 2. In this step, the abstract of each publication was ana-
lysed. If the attribute information in the abstract was insufficient, then the entire 
publication was analysed.

Results

In total, 7,587 publications were retrieved from the three database searches. After ap-
plying the inclusion criteria, 578 publications were selected of which 348 were from 
Group 1 and 230 from Group 2. After reclassifying the publications in Group 2, 398 
publications were obtained (i.e. final sample size), which were used in the scientomet-
ric analysis.

A growth trend was observed in the number of publications from 2002 to 
2021. In 2002, there was only one publication, whereas there were 35 in 2021 

Table 1. Combination of terms used to retrieve publications from the Web of Science, Scopus and Sci-
ELO online databases.

Topic Term Combination
Biological 
terminology

Biological invasion

 (“Bio*invasion*”, “Invader*”, “Daninha”, “Exotic*”, “Alien”, “Non-native”, 
“Não nativa”, “Non-indigenous”, and “Weed”) AND (Impact*, Ecosystemic*, 

OR Economic*, OR Socio*) AND (Plant OR Vegetal) AND (Brasil OR Brazil)

Weed
Exotic

Non-native
Non-indigenous
Vegetable/Plant

Impact caused Ecosystem
Economic

Social
Impact

Location Brazil
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and none in 2007 (Fig. 1A). In total, 36 publications (≈ 10% of the sample) were 
retrieved that provided some definition of IAS. Amongst these, four publications 
provided no references for the definition of IAS and 45.7% of those published in 
2021 provided a definition (Fig. 1B). Regarding the category of the study, 342 
publications (81.4% of the total) addressed the ecology of IAS, 42 (10.5%) pro-
vided species lists, 21 (5.2%) consisted of scientometric studies and 11 (2.7%) 
included studies on perception and ethnobiology. Between 2002 and 2005, only 
publications on the ecology of IAS were found. The first species list was recorded 
in 2006, the first scientometric approach in 2008 and the first study on perception 
in 2012 (Fig. 1C). Overall, 235 (59.2%) of the studies relied on in situ methodolo-
gies, 115 (28.8%) in vitro and 21 (10.3%) in silico, with an additional nine studies 
using both in vitro and in situ methodologies and with seven (1.8%) publications 
providing no information about the methodology. The first publication that used 
an in silico methodology was in 2008 (Fig. 1D). In total, 95 (23.6%) publications 
reported some negative influence caused by plant invasion. Of these, 90 (94.7%) 
addressed ecological impact, whereas economic impact, ecological and economic 
impact and ecological and social impact were reported by 4.2%, 1.0% and 1.0% of 
the publications, respectively (note that no studies addressed only social impact). 
The first record of a publication that addressed economic impact was from 2017 
and of one that addressed social impact from 2018 (Fig. 1E). Of the 398 publica-
tions analysed, only 69 mentioned measures for the management of IAS, repre-
senting 17.3% of the studies considered (Fig. 1F).

Table 2. Scientometric attributes used in the data collection.

Attribute Meaning Category
Year Publication date 2002–2021
Definition Referenced definition of invasive 

alien species (IAS)
1. Definition not provide
2. Definition provided

Category Main methodology used 1. List of species: field or bibliographic survey of alien species that 
occur in an area.
2. Ecology: study explored the biological attributes of the alien 
species and/or their relationship with the environment
3. Perception and ethnobiology: study explored the social perception 
of biological invasion
4. Scientometrics: statistically analysed publications/studies on plant 
invasions

Approach Research environment 1. In vitro
2. In situ
3. In silico (i.e. an experiment performed on computer)

Impact The study addressed the (negative) 
impact caused by the species’ 

invasion

0. Did not address impact
1. Ecological (ecosystem damage)
2. Economic (financial loss)
3. Social

Control The study tested or proposed some 
method for managing the invasion

1. Yes
2. No
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Figure 1. Charts showing the trend in publications (academic articles) on invasive alien species (IAS) of 
plants in Brazil from 2002 to 2021 as retrieved from the Web of Science, Scopus and SciELO databases 
(see Table 2) A number of publications retrieved per year B proportion of publications providing a defini-
tion of IAS C proportion of categories of publications D proportion of methodological approaches (i.e. 
study environment) E proportion of publications that addressed some type of impact F proportion of 
publications presenting measures of management.

Discussion

The methodology adopted in the present study for identifying academic articles by 
evaluating both title and abstract and, in case of doubt, using the body of the text, has 
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been used in recent environmental scientometric studies (Moral-Muñoz et al. 2020; 
Pinto et al. 2020; Fonseca et al. 2021). Considering the time range and methodology 
used, the number of academic documents analysed in the present study has provided 
a representative sample in this field of research compared to previous similar studies. 
Thus, Dias et al. (2013) reviewed all articles published in scientific journals (databases 
not specified) that used the terms “invasive exotic species” or “biological invasion” in 
“Brazil” before 2012, obtaining 124 publications. Frehse et al. (2016) used WoS to 
identify studies on biological invasions in Brazil published until 2014, resulting in 354 
publications. Romero (2020) searched for publications on plant IAS in Latin Ameri-
can countries between 1945 and 2019, obtaining 373 publications for Brazil.

In the last 20 years, the number of academic articles that have addressed IAS of plants 
has grown substantially, highlighting the importance of the topic in plant conservation 
(Paclibar and Tadiosa 2019). The present results indicate that research in Brazil has fo-
cused on basic aspects of invasions (> 81% of the publications surveyed), such as biological 
knowledge of the invasive plants and their ecological relationships with the invaded area. 
Thus, despite growing knowledge on the number of alien plant species in Brazil (Frehse et 
al. 2016), there is a lack of research on their establishment, dispersion or impacts (Pinto et 
al. 2020). Consequently, in situ approaches are used because this method provides more 
accurate perspectives on the behaviour of IAS of plants (Barbet-Massin et al. 2018).

The way in which plant invasions have been studied has also changed. In the last 
six years, a slight increase in the number of in silico studies has been observed. This ap-
proach has been used in studies that focus on scientometrics and invasive species. How-
ever, the small number of surveys and scientometric studies associated with the limited 
use of the in silico approach indicates a lack of studies on plant invasion management 
(Zenni et al. 2016) and on the investigation of tropical environments. These approaches 
are critical for supporting conservation planning in tropical areas (Barbosa et al. 2012). 
Furthermore, there are gaps in the prediction of the number of alien species (Seebens et 
al. 2020). Given the need to understand the state of the art of the science of biological 
invasions and to advance research on the management of IAS, an increase is predicted 
in the number of publications using the in silico approach in the coming years.

Despite explaining biological invasion through invasion attributes (i.e. phenotypic 
plasticity, allelopathic compounds, invasiveness and invasibility), almost 87% of Brazilian 
studies presented no clear definition of biological invasion. However, these observations 
are not restricted to articles from Brazil. Indeed, Pereyra (2016) stated that, between 2011 
and 2012, only 13% of academic articles provided a definition of ‘invasive species’ in the 
main international scientific journals. Moreover, the lack of consensus on terminology 
creates doubts regarding the meaning of biological invasion, including when to consider a 
given situation as an invasion (Moro et al. 2012; Simberloff 2012). Often, terms such as 
‘invasive’ and ‘invader’, which may sound more attractive than ‘exotic’ or ‘introduced’, are 
used out of correct context (Pereyra 2016). This makes accurate communication of biolog-
ical invasions difficult, produces mixed results and provides scope for the use of the term 
‘invader’ without a definition or ecological verification. Furthermore, owing to the lack 
of consensus about terminology within the scientific community and the ecological com-
plexity surrounding biological invasions, society is less aware of this global threat when 
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compared to most other threats that cause biodiversity loss (i.e. agricultural expansion, 
climate change, hunting: Courchamp et al. 2017). For this reason, it is recommended that 
future studies should focus on providing a definition of biological invasion in a clear and 
objective way, i.e. based on scientifically validated literature and/or ecological evidence.

In the present study, only 23.8% of the publications retrieved addressed an impact, 
which demonstrates a lack of Brazilian studies exploring the consequences of biological 
invasion. Most studies addressing impacts from IAS in Brazil have focused on losses in 
agricultural production (Adelino et al. 2021). The lack of relevant data on the impacts 
of IAS in natural areas creates barriers to effective management (Diagne et al. 2020) 
and this is especially important given that ‘demonstrating’ rather than ‘assuming’ inva-
siveness/impact is a crucial aspect in the risk analysis of IAS (Vilizzi et al. 2022).

Of the publications that addressed impact(s), only 5% (1% of the total) reported 
economic impacts caused by invasive species. Recently, Adelino et al. (2021) reported 
losses of USD 105.53 billion attributed to the biological invasion by only 16 species in 
Brazil. However, if the current number of invasive species in the country is considered, 
then the real economic loss due to such invasions might be much higher than pub-
lished figures. One of the consequences of this lack of studies on the economic impacts 
of invasions includes low investment in the management of IAS (Zenni et al. 2021). 
Only 17.3% of the studies retrieved suggested control alternatives for IAS. Hence, 
despite the increase in the number of studies on the biological and ecological aspects 
of IAS of plants in Brazil, several gaps remain in the study of the management of these 
invasions. Lack of awareness about the importance of this topic, difficulties associated 
with the planning, coordination and organisation of competent public bodies and an 
inherent lack of research aimed at the control of IAS in developing countries (Wei-
dlich et al. 2020) are major challenges for the management of IAS of plants in Brazil. 
Therefore, future research in this country should also consider the impacts of IAS of 
plants with a view to controlling them. Finally, in silico studies or studies evaluating 
IAS metadata in Brazil would allow the identification of trends or behaviour of invasive 
species in tropical environments and the identification of those with greater impact.

In conclusion, despite the growing body of scientific literature regarding IAS of 
plants in Brazil, the lack of data on the impact of IAS and the lack of consensus on the 
definition of invasion limit current understanding of the topic. This has direct implica-
tions for the recognition of its importance in natural areas and indirect implications on 
the understanding of the consequences of biological invasions for society. Consequently, 
for successful management actions against IAS, this lack of consensus represents an even 
worse impediment. Additionally, only few scientific documents have addressed or men-
tioned IAS control or management. For this reason, scientometric studies should be 
conducted to understand more comprehensively IAS in Brazil so as to provide guide-
lines for future research. Overall, it is recommended that future studies on IAS of plants 
should: (i) clarify and establish a consensus on the definition of biological invasion; (ii) 
understand the negative effects of such invasions using diverse methodologies (i.e. in situ, 
in vitro and in silico methods); and (iii) identify objective measures for the mitigation and 
control of the threat posed by biological invasions on biodiversity and ecosystem services.
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Abstract
Non-native aquatic plants are amongst the major threats to freshwater biodiversity and climate change is 
expected to facilitate their further spread and invasiveness. To date, in Croatia, no complete list of non-
native extant and horizon aquatic plants has been compiled nor has a risk screening been performed. 
To address this knowledge gap, 10 extant and 14 horizon aquatic plant species were screened for their 
risk of invasiveness in the Pannonian and Mediterranean regions of Croatia under current and predicted 
(future) climate conditions. Overall, 90% and 60% of the extant species were classified as high risk for the 
Pannonian and Mediterranean regions, respectively, under both climate scenarios. Of the horizon species, 
42% were classified as high risk under current conditions and, under climate change, this proportion 
increased to 78%. The ‘top invasive’ species (i.e. scored as very high risk) under both climate conditions 
and for both regions were extant Elodea nuttallii and horizon Lemna aequinoctialis. The horizon Hygrophila 
polysperma was very high risk for the Mediterranean Region under current climate conditions and for 
both regions under projected climate conditions. Azolla filiculoides, Elodea canadensis, Egeria densa and 
Utricularia gibba were also classified as high risk under current climate conditions and, after accounting 
for climate change, they became of very high risk in both regions. Further, Gymnocoronis spilanthoides and 
Lemna minuta were found to pose a very high risk under climate change only for the Pannonian Region. 
It is anticipated that the outcomes of this study will contribute to knowledge of the invasiveness of aquatic 
plants in different climatic regions and enable prioritisation measures for their control/eradication.
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Introduction

Invasive non-native species pose globally one of the most serious environmental threats 
due to their adverse impacts on the environment (Blackburn et al. 2014; Essl et al. 2019; 
Rendeková et al. 2019) and the resulting multiple socio-economic implications (Lovell 
et al. 2006; Bacher et al. 2018). Freshwater ecosystems are especially vulnerable to the 
introduction of invasive non-native species, which occurs via several pathways and vectors 
linked to a large variety of human activities (Banha and Anastácio 2015; Coughlan et al. 
2017; Rodriguez-Merino et al. 2018). In the case of non-native aquatic plants, the main 
introduction vectors include ship fouling, hitchhiking, fish stocking, floods and other nat-
ural events, host and vector organisms, the ornamental trade and aquarium waste releases 
(e.g. Leung et al. 2006; Pollux et al. 2006; Dehnen-Schmutz and Touza 2008; Hussner 
et al. 2010; Reynolds et al. 2015). Once established, non-native aquatic plants may al-
ter habitat condition and ecosystem function (Rodriguez-Merino et al. 2018), as well as 
food-web structure (Villamagna and Murphy 2010), increase the risk of flooding events 
by impeding river flow (Thouvenot et al. 2013), induce oxygen depletion (Caraco et al. 
2006), disrupt ecosystem properties such as soil cover, nutrient cycling, fire regimes and 
hydrology (Weidlich et al. 2020) and change macroinvertebrate and fish species richness 
and abundance (Strayer 2010). In addition, non-native aquatic plants mainly reproduce 
and spread by vegetative propagation (Eckert et al. 2016; Crane et al. 2019), which fa-
cilitates their transportation by water currents to new water bodies (Hussner et al. 2017).

In the last 100 years, the number and abundance of non-native aquatic plants has 
considerably increased worldwide (Hussner et al. 2010). This increase has been mainly 
caused by enhanced trading, higher water turbidity by eutrophication/re-oligotroph-
ication and by climatic factors mostly related to temperature increase (Hussner et al. 
2010; Rodríguez-Merino et al. 2018). Yet, the increased threat posed by new introduc-
tions of non-native aquatic plants may still be prevented, or at least mitigated, using 
horizon scanning as an early-warning tool, which helps to identify (potentially) inva-
sive non-native species that are not yet established within some geographical area often 
of high conservation value (Copp et al. 2007; Amanatidou et al. 2012; Roy et al. 2015).

In Croatia, the first comprehensive list of aquatic plants, including many rare and 
threatened species, together with information on their historical and recent distribution, 
was recently produced from herbarium museum sheets and includes 76 species, of 
which three are non-native, namely Azolla filiculoides, Egeria densa and Elodea canadensis 
(Zeko et al. 2020). Elodea canadensis had already been introduced to Croatia in the 19th 
century, specifically 60 years before its first official record in 1954, whereas its congener 
Elodea nuttallii was first recorded in 2006 in the drainage channels of the Kopački 
Rit Nature Park in the Pannonian Region (Black Sea Basin) of Croatia (Kočić et al. 
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2014; Nikolić 2022). Elodea nuttallii is included in the Invasive Alien Species List of 
European Union concern (EU 2014) together with Myriophyllum heterophyllum, which 
was discovered in 2000 on Krk Island in the Mediterranean Region (Adriatic Sea Basin) 
of Croatia and with Ludwigia peploides, which was found in 2018 in the Pannonian 
Region (Jasprica et al. 2017; Buzjak and Sedlar 2018). Finally, Najas graminea also was 
discovered recently in the Mediterranean Region (Glasnović et al. 2015).

In addition to the above, extensive monitoring research on non-native species, in-
cluding aquatic plants, has been conducted in recent years in Croatia (Kutleša et al. 
2021). Based on this monitoring programme, 20 aquatic and semi-aquatic non-native 
plant species have been documented in the Pannonian Region, whereas the Mediterrane-
an Region remains unexplored. As a result, to date no complete list of non-native aquatic 
plants has been compiled for Croatia nor a risk screening for their invasiveness in the 
country has been performed. To address this knowledge gap, the aims of this study were: 
(i) to identify extant non-native aquatic plant species in Croatia and perform a horizon 
scanning to find which species might enter Croatia in the future from neighbouring 
countries; and (ii) to evaluate the risk of invasiveness of the identified extant and horizon 
species under both current and predicted (future) climate conditions in the Pannonian 
and Mediterranean regions of Croatia, which belong to two different climate zones. It is 
anticipated that the outcomes of this study will support the prioritisation of future man-
agement measures for introduced non-native aquatic plants in Croatia and will help in 
the identification of the highest-risk species likely to invade Croatian aquatic ecosystems 
in the near future with the aim to establish rapid control/eradication measures.

Materials and methods

Study area

Croatia is biogeographically divided into the lowland Pannonian Region, the Medi-
terranean Region (along the Adriatic coast and in its immediate hinterland) and the 
highland Alpine area (in the elevated Lika and Gorski Kotar). Hydrologically, the Pan-
nonian Region (a.k.a. Pannonian Plain or Hungarian Lowland) includes the Danube 
River Basin, which is dominated by the large rivers Danube, Drava and Sava, and the 
karst Mediterranean region, which includes the Adriatic Sea Basin with its immediate 
and confined basins (Potočki et al. 2021). The karst rivers of the immediate river basins 
of the Mediterranean Region have direct confluence into the Adriatic Sea, whereas 
confined basins represent the highland region with karst rivers (mostly intermittent) 
without direct confluence to the Adriatic Sea (Fig. 1A). The rivers of the Mediterra-
nean Region are short and isolated and often flow through deep canyons, where they 
create waterfalls and lakes (cf. lentic expansions). These rivers have a seasonal hydro-
logical regime with abundance of water in autumn and spring, but with some of them 
drying out completely in summer (Bonacci and Andrić 2008; Bonacci and Roje‐Bo-
nacci 2012; Bonacci et al. 2014).
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Croatia has mostly a temperate rainy climate with average monthly temperature 
higher than –3 °C and lower than 18 °C in the coldest month. In the Pannonian Re-
gion, the warmest month of the year has an average temperature lower than 22 °C, 
whereas in the Mediterranean Region, it is higher than 22 °C and more than four 
months in a year have a monthly average temperature higher than 10 °C (Zaninović 
et al. 2008). According to the Köppen–Geiger climate classification system (Peel et al. 
2007), in the Pannonian Region, the Cfb climate type (warm-temperate, fully humid, 
warm summer) prevails, whereas at higher altitudes, this is true of the Df climate 
type (boreal humid). In the Mediterranean Region, the Cfa (warm-temperate, fully 
humid, hot summer) and Cfb climate types prevail in the North, whereas the islands 
and coastal areas of the middle and southern Adriatic Sea are characterised by the Csa 
(warm-temperate with dry and hot summer) and Csb (warm-temperate with dry and 
warm summer) climate types. Finally, the inland area and nearby shores are mostly 
Cfa, changing further from the coast into Cfb and Df at the highest altitudes (Fig. 1B).

Risk screening

In total, 24 non-native aquatic plant species were selected for risk screening of their 
potential invasiveness in the Pannonian and Mediterranean regions of Croatia – hereafter, 
also referred to as the ‘risk assessment areas’. The scientific names, authority and more 
frequently used common names for the screened species are listed in Table 1 and plant 
nomenclature follows The Plant List (http://www.theplantlist.org/), World Flora Online 

Figure 1. A map of the Pannonian and Mediterranean regions of Croatia representing the two risk 
assessment areas for the screening of non-native aquatic plants (see Table I) B geographical distribu-
tion of the climate types in Croatia (according to the Köppen-Geiger climate classification system): 
Csa = warm-temperate with dry and hot summer; Csb = warm-temperate with dry and warm summer; 
Cfa = warm-temperate, fully humid, hot summer; Cfb = warm-temperate, fully humid, warm summer; 
Df = boreal humid.
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Table 1. Extant and horizon non-native aquatic plant species screened for their potential risk of invasive-
ness in the Pannonian and Mediterranean regions of Croatia. For each species, the Region of establish-
ment (M = Mediterranean; P = Pannonian) is provided together with the a priori categorisation outcome 
into Non-invasive and Invasive (after Vilizzi et al. 2022). GISD = Global Invasive Species Database (www.
iucngisd.org); CABI = Centre for Agriculture and Bioscience International Invasive Species Compendium 
(www.cabi.org/ISC); IESNA = the Invasive and Exotic Species of North America list (www.invasive.org); 
Gscholar = Google Scholar literature search (whenever applicable). N = no impact/threat; Y = impact/
threat; ‘–’ = absent; n.e. = not evaluated (but present in database); n.a. = not applicable.

Species name A priori categorisation
Common name Region GISD CABI IESNA GScholar Outcome

Extant
Azolla cristata Kaulf. – P – Y – n.a. Invasive
Azolla filiculoides Lam. Pacific 

mosquitofern
P – Y – n.a. Invasive

Egeria densa Planch. Brazilian 
waterweed

M Y Y Y n.a. Invasive

Elodea canadensis Michx. Canadian 
waterweed

P Y Y – n.a. Invasive

Elodea nuttallii (Planch.) 
H.St John

western waterweed P – Y – n.a. Invasive

Ludwigia peploides (Kunth) 
P.H.Raven

floating primrose-
willow

P – Y – n.a. Invasive

Myriophyllum heterophyllum 
Michx.

twoleaf 
watermilfoil

M Y Y Y n.a. Invasive

Najas graminea Delile ricefield 
waternymph

M – n.e. – N Non-invasive

Nymphaea candida C.Presl – M – n.e. – N Non-invasive
Pistia stratiotes L. water lettuce P Y Y – n.a. Invasive

Horizon
Cabomba caroliniana A.Gray Carolina fanwort – Y Y – n.a. Invasive
Gymnocoronis spilanthoides 
(D.Don ex Hook. & Arn.) DC.

Senegal tea plant – Y Y – n.a. Invasive

Hygrophila polysperma (Roxb.) 
T.Anderson

Indian 
swampweed

– Y Y – n.a. Invasive

Lemna aequinoctialis Welw. lesser duckweed – – N – N Non-invasive
Lemna minuta Kunth least duckweed – – Y – n.a. Invasive
Lemna turionifera Landolt turion duckweed – – – – N Non-invasive
Najas guadalupensis (Spreng.) 
Magnus

southern 
waternymph

– – n.e. – N Non-invasive

Nelumbo nucifera Gaertn. sacred lotus – – n.e. – N Non-invasive
Nymphaea lotus L. white Egyptian 

lotus
– – N – N Non-invasive

Rotala macrandra Koehne – – – N – N Non-invasive
Rotala rotundifolia (Buch.-
Ham. ex Roxb.) Koehne

dwarf rotala – – – Y n.a. Invasive

Sagittaria subulata (L.) 
Buchenau

awl-leaf arrowhead – – – – N Non-invasive

Utricularia gibba L. humped 
bladderwort

– Y N – n.a. Invasive

Vallisneria australis 
S.W.L.Jacobs & Les

– – – – – N Non-invasive
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(http://www.worldfloraonline.org/) and The PLANTS Database (https://plants.usda.
gov/home). Selection of emergent, submergent or floating aquatic plants was based on 
two criteria: (i) extant species, i.e. already present in both risk assessment areas (n = 10) 
and identified using the MINGOR 2022 (https://invazivnevrste.haop.hr/katalog) and 
Flora Croatica (http://hirc.botanic.hr/fcd) databases; and (ii) horizon species, i.e. likely 
to enter the risk assessment areas in the near future (n = 14) and identified with the 
aid of the Centre for Agriculture and Bioscience International (CABI) scanning tool 
(www.cabi.org/horizonscanningtool). Screenings were conducted independently by 
authors TR, MP and MB for both risk assessment areas, with each assessor screening 
a subset of the total number of species (i.e. nine, eight and seven species, respectively). 
Notably, the screening of a set of species for a certain risk assessment area by more 
than one independent assessor has been shown to provide no advantage in terms of 
increased level of confidence compared to screenings carried out by the same assessors 
on subsets of the total number of species. This is the approach followed in the present 
study, which has important implications in terms of allocation of resources and cost-
benefit analysis (combination 1IS: Vilizzi et al. 2022).

Risk identification was undertaken using the Aquatic Species Invasiveness Screen-
ing Kit (AS-ISK: Copp et al. 2016, 2021), which is available for free download at 
www.cefas.co.uk/nns/tools/). This taxon-generic decision-support tool complies with 
the ‘minimum standards’ for screening non-native species under EC Regulation No. 
1143/2014 on the prevention and management of the introduction and spread of inva-
sive alien species (EU 2014). The AS-ISK consists of 55 questions: the first 49 questions 
comprise the Basic Risk Assessment (BRA) and address the biogeography/invasion his-
tory and biology/ecology of the species; the last six questions comprise the Climate 
Change Assessment (CCA) and require the assessor to predict how future predicted 
climatic conditions are likely to affect the BRA with respect to risks of introduction, 
establishment, dispersal and impact. The BRA questions consist of two sections with 
eight categories: Section A of Biogeography/Invasion History including the categories 
Domestication/Cultivation (C1), Climate, distribution and introduction risk (C2) and 
Invasive elsewhere (C3); Section B of Biology/Ecology including the categories Un-
desirable (or persistence) traits (C4), Resource exploitation (C5), Reproduction (C6), 
Dispersal mechanisms (C7) and Tolerance attributes (C8); Section C of Climate change 
including the (implicit) category Climate change (C9) (see Suppl. material 1: Table S1).

To achieve a valid screening, the assessor must provide for each question a re-
sponse, a confidence level for the response (see below) and a justification, based on 
literature sources. The outcomes are a BRA score and a (composite) BRA+CCA score, 
which is obtained after adding or subtracting up to 12 points to the BRA score or leav-
ing it unchanged in case of a CCA score equal to 0. Scores < 1 suggest that the species 
poses a ‘low risk’ to become invasive in the risk assessment area, whereas scores ≥ 1 in-
dicate a ‘medium risk’ or a ‘high risk’. The threshold (Thr) value to distinguish between 
medium-risk (BRA and BRA+CCA score < Thr) and high-risk (BRA and BRA+CCA 
score ≥ Thr) species for the risk assessment area is obtained by ‘calibration’, based on 
the Receiver Operating Characteristic (ROC) curve analysis (see Vilizzi et al. 2022). A 
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measure of the accuracy of the calibration analysis is the area under the curve (AUC) 
whose values are interpreted as: 0.7 ≤ AUC < 0.8 = acceptable discriminatory power, 
0.8 ≤ AUC < 0.9 = excellent, 0.9 ≤ AUC = outstanding (Hosmer et al. 2013). For the 
species classified as high risk, a distinction was made in this study of the ‘very high risk’ 
species, based on an ad hoc threshold, weighted according to the range of high-risk 
score values obtained for the BRA and BRA+CCA. Identification of the (very) high-
risk species is useful to prioritise allocation of resources in view of a full risk assessment 
(Copp et al. 2016). This examines in detail the risks of: (i) introduction (entry); (ii) 
establishment (of one or more self-sustaining populations); (iii) dispersal (more widely 
within the risk assessment area, i.e. so-called secondary spread or introductions); and 
(iv) impacts (to native biodiversity, ecosystem function and services and the introduc-
tion and transmission of diseases).

For ROC curve analysis to be implemented, the species selected for screening 
must be categorised a priori as ‘non-invasive’ or ‘invasive’ using literature sources. The 
a priori categorisation of species was implemented as per Vilizzi et al. (2022) (Table 1). 
Confidence levels in the responses to questions in the AS-ISK are ranked using a 1–4 
scale and, based on the confidence level (CL) allocated to each response, a confidence 
factor (CF) is obtained as:

CF = ∑(CLQi)/(4 × 55) (i = 1, …, 55)

where CLQi is the CL for Qi, 4 is the maximum achievable value for confidence 
(i.e. very high: see above) and 55 is the total number of questions comprising the 
AS-ISK questionnaire (Vilizzi et al. 2022). The CF ranges from a minimum of 0.25 
(i.e. all 55 questions with confidence level equal to 1) to a maximum of 1 (i.e. all 55 
questions with confidence level equal to 4). Based on all 55 Qs of the AS-ISK question-
naire, the 49 Qs comprising the BRA and the six Qs comprising the CCA, the CFTotal, 
CFBRA and CFCCA are respectively computed.

Implementation of ROC curve analysis followed the protocol described in Vi-
lizzi et al. (2022), with the true/false positive/negative outcome distinction not 
applied to the medium-risk species, as they can be either included or not into a 
full (comprehensive) risk assessment depending on priority and/or availability of 
financial resources. Following ROC analysis, the best threshold value that max-
imises the true positive rate and minimises the false positive rate was determined 
using Youden’s J statistic, whereas the ‘default’ threshold of 1 was set to distinguish 
between low-risk and medium-risk species. Fitting of the ROC curve was with 
package pROC (Robin et al. 2011) for R ×64 v.4.0.5 (R Core Team 2021) using 
2000 bootstrap replicates for the confidence intervals of specificities, which were 
computed along the entire range of sensitivity points (i.e. 0 to 1, at 0.1 intervals). 
Differences in mean BRA and BRA+CCA scores between risk assessment areas 
(Pannonian Region, Mediterranean Region) were statistically tested with permu-
tational ANOVA, based on a one-factor design. Differences in CF between risk 
assessment areas, components (BRA, BRA+CCA) and species status (Extant, Ho-
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rizon) were also tested with permutational ANOVA, based on a nested-factorial 
design with factors risk assessment area and Component crossed and factor Status 
nested within Risk assessment area × Component and with all factors fixed. Analy-
sis was implemented in PERMANOVA+ for PRIMER v.7, with normalisation of 
the data and using a Bray-Curtis dissimilarity measure, 9999 permutations of the 
raw data (unrestricted in case of the factorial-nested design) and with statistical 
effects evaluated at α = 0.05.

Results

For the Pannonian Region: the BRA scores ranged from 5.5 to 41.0, with mean = 23.6, 
median = 22.8 and 5% and 95% CI = 6.3 and 39.9; the BRA+CCA scores ranged 
from 5.5 to 53.0, with mean = 31.5, median = 32.5 and 5% and 95% CI = 8.4 and 
51.9. For the Mediterranean region: the BRA scores ranged from 6.0 to 41.0, with 
mean = 25.5, median = 32.3 and 5% and 95% CI (confidence interval) = 6.7 and 40.0; 
the BRA+CCA scores ranged from 6.0 to 53.0, with mean = 32.5, median = 35.8 and 
5% and 95% CI = 8.4 and 51.0. There were no differences in the mean BRA scores 
for the Pannonian and Mediterranean regions (F#

1,46 = 0.245, P = 0.640; # = permuta-
tional value) nor in the mean BRA+CCA scores (F#

1,46 = 0.055, P = 0.816).

Risk outcomes

The ROC curve for the Pannonian Region resulted in an AUC of 0.8357 (0.6410–
1.0000 95% CI) and for the Mediterranean Region in an AUC of 0.8679 (0.6864–
1.0000 95% CI). Both AUCs had, therefore, excellent discriminatory power, hence 
were able to classify reliably non-invasive and invasive aquatic plant species for the 
two risk assessment areas. Youden’s J provided the thresholds of 22.75 and 24.75 for 
the Pannonian and Mediterranean regions, respectively. These thresholds were used 
for calibration of the risk outcomes to distinguish between medium-risk and high-risk 
species (combined AS-ISK report in Suppl. material 2).

For the Pannonian Region (Table 2):

• Based on the BRA outcome scores: 12 (50.0%) species were classified as high 
risk and 12 (50.0%) as medium risk. Amongst the 14 species categorised a priori as 
invasive, eleven were true positives and amongst the 10 species categorised a priori 
as non-invasive, one was a false positive. Of the 12 medium-risk species, nine were a 
priori non-invasive and three invasive.

• Based on the BRA+CCA outcome scores (hence, after accounting for climate 
change predictions): 18 (75.0%) species were classified as high risk and six (25.0%) 
as medium risk. Amongst the a priori invasive species, twelve were true positives and 
amongst the a priori non-invasive species, six were false positive. Of the six medium-
risk species, four were a priori non-invasive and two invasive.
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Table 2. Risk outcomes for the non-native aquatic plant species screened with the Aquatic Species 
Invasiveness Screening Kit (AS-ISK) for the Pannonian and Mediterranean regions of Croatia. For each 
species, the following information is provided: a priori categorisation of invasiveness (N = non-invasive; 
Y = invasive: see Table 1); BRA and BRA+CCA scores with corresponding risk outcomes (M = Medium; 
H = High; VH = Very high, based on an ad hoc threshold equal to 40: see text for details) and classification 
(Class: FP = false positive; TP = true positive; ‘–’ = not applicable as medium-risk: see text for details); 
difference (Delta) between BRA+CCA and BRA scores; confidence factor (CF) for all 55 questions of the 
AS-ISK (CFTotal), for the 49 BRA questions (CFBRA) and for the six CCA questions (CFCCA). Risk outcomes 
are based on the thresholds (Thr) of 22.75 for the Pannonian Region and 24.75 for the Mediterranean 
Region. Risk outcomes for the BRA are computed as: M, within the interval [1, Thr, H [Thr, 40[ and VH 
[40, 68]. Risk outcomes for the BRA+CCA are computed as: M [1, Thr, H [Thr, 40[ and VH [40, 68] 
(note the reverse bracket notation indicating in all cases an open interval).

Species name A priori BRA BRA+CCA CF
Score Outcome Class Score Outcome Class Delta Total BRA CCA

Pannonian Region
Azolla cristata Y 33.0 H TP 45.0 VH TP 12.0 0.53 0.51 0.67
Azolla filiculoides Y 30.0 H TP 42.0 VH TP 12.0 0.66 0.67 0.63
Cabomba caroliniana Y 23.0 H TP 23.0 H TP 0.0 0.48 0.48 0.50
Egeria densa Y 36.0 H TP 48.0 VH TP 12.0 0.57 0.58 0.50
Elodea canadensis Y 39.0 H TP 51.0 VH TP 12.0 0.68 0.68 0.63
Elodea nuttallii Y 41.0 VH TP 53.0 VH TP 12.0 0.68 0.67 0.75
Gymnocoronis 
spilanthoides

Y 28.0 H TP 40.0 VH TP 12.0 0.68 0.65 0.92

Hygrophila polysperma Y 35.5 H TP 47.5 VH TP 12.0 0.72 0.73 0.63
Lemna aequinoctialis N 40.0 VH FP 52.0 VH FP 12.0 0.72 0.72 0.71
Lemna minuta Y 33.0 H TP 43.0 VH TP 10.0 0.71 0.73 0.50
Lemna turionifera N 21.0 M – 27.0 H FP 6.0 0.71 0.73 0.58
Ludwigia peploides Y 22.0 M – 22.0 M – 0.0 0.47 0.46 0.58
Myriophyllum 
heterophyllum

Y 24.0 H TP 34.0 H TP 10.0 0.53 0.52 0.58

Najas graminea N 11.5 M – 11.5 M – 0.0 0.42 0.41 0.50
Najas guadalupensis N 17.0 M – 29.0 H FP 12.0 0.48 0.48 0.50
Nelumbo nucifera N 19.0 M – 31.0 H FP 12.0 0.54 0.57 0.29
Nymphaea candida N 5.5 M – 5.5 M – 0.0 0.40 0.38 0.58
Nymphaea lotus N 14.5 M – 26.5 H FP 12.0 0.68 0.69 0.58
Pistia stratiotes Y 15.0 M – 23.0 H TP 8.0 0.53 0.53 0.54
Rotala macrandra N 8.0 M – 8.0 M – 0.0 0.41 0.40 0.50
Rotala rotundifolia Y 14.0 M – 14.0 M – 0.0 0.50 0.51 0.50
Sagittaria subulata N 6.0 M – 6.0 M – 0.0 0.37 0.36 0.50
Utricularia gibba Y 28.5 H TP 40.5 VH TP 12.0 0.65 0.66 0.54
Vallisneria australis N 22.5 M – 34.5 H FP 12.0 0.61 0.61 0.63

Mediterranean Region
Azolla cristata Y 32.0 H TP 44.0 VH TP 12.0 0.52 0.51 0.63
Azolla filiculoides Y 39.0 H TP 51.0 VH TP 12.0 0.67 0.67 0.63
Cabomba caroliniana Y 29.5 H TP 39.5 H TP 10.0 0.62 0.63 0.58
Egeria densa Y 36.0 H TP 48.0 VH TP 12.0 0.57 0.58 0.50
Elodea canadensis Y 39.0 H TP 51.0 VH TP 12.0 0.68 0.69 0.63
Elodea nuttallii Y 41.0 VH TP 53.0 VH TP 12.0 0.68 0.67 0.75
Gymnocoronis 
spilanthoides

Y 28.0 H TP 38.0 H TP 10.0 0.65 0.63 0.75
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The highest-scoring species (BRA and BRA+CCA scores ≥ 40, taken as an ad hoc 
‘very high risk’ threshold) were Elodea nuttallii and Lemna aequinoctialis and, after 
accounting for the CCA, also Elodea canadensis, Egeria densa, Hygrophila polysperma, 
Azolla cristata, Lemna minuta, Azolla filiculoides, Utricularia gibba and Gymnocoronis 
spilanthoides. The CCA resulted in an increase in the BRA score (cf. BRA+CCA score) 
for 17 species and in no change for the remaining seven (Table 2).

For the BRA score outcomes, there were discrepancies in risk ranking between the 
two risk assessment areas only for Ludwigia peploides, which was high risk for the Mediter-
ranean Region, but medium risk for the Pannonian Region (Fig. 2A). For the BRA+CCA 
score outcomes, there were discrepancies for Cabomba caroliniana, Ludwigia peploides 
and Myriophyllum heterophyllum, which were high risk for the Mediterranean Region and 
medium risk for the Pannonian Region and for Lemna minuta, which was medium risk 
for the Mediterranean Region and high risk for the Pannonian Region (Fig. 2B).

For the Mediterranean Region (Table 2):

• Based on the BRA outcome scores: 13 (54.2%) species were classified as high 
risk and 11 (45.8%) as medium risk. Amongst the 14 species categorised a priori as 
invasive, 12 were true positives and, amongst the 10 species categorised a priori as non-
invasive, one was a false positive. Of the eleven medium-risk species, nine were a priori 
non-invasive and two invasive.

• Based on the BRA+CCA outcome scores (hence, after accounting for cli-
mate change predictions): 17 (70.8%) species were classified as high risk and seven 
(29.2%) as medium risk. Amongst the a priori invasive species, 12 were true positives 
and amongst the a priori non-invasive species, five were false positives. Of the seven 
medium-risk species, five were a priori non-invasive and two invasive.

Species name A priori BRA BRA+CCA CF
Score Outcome Class Score Outcome Class Delta Total BRA CCA

Hygrophila polysperma Y 40.0 VH TP 44.0 VH TP 4.0 0.69 0.70 0.58
Lemna aequinoctialis N 40.0 VH FP 48.0 VH FP 8.0 0.70 0.72 0.46
Lemna minuta Y 33.0 H TP 33.0 H TP 0.0 0.75 0.78 0.50
Lemna turionifera N 20.0 M – 26.0 H FP 6.0 0.70 0.72 0.54
Ludwigia peploides Y 26.5 H TP 36.5 H TP 10.0 0.52 0.52 0.54
Myriophyllum 
heterophyllum

Y 27.5 H TP 37.5 H TP 10.0 0.53 0.52 0.58

Najas graminea N 14.5 M – 14.5 M – 0.0 0.45 0.44 0.50
Najas guadalupensis N 13.5 M – 25.5 H FP 12.0 0.46 0.44 0.58
Nelumbo nucifera N 23.0 M – 35.0 H FP 12.0 0.54 0.57 0.29
Nymphaea candida N 6.5 M – 10.5 M – 4.0 0.37 0.37 0.38
Nymphaea lotus N 14.5 M – 24.5 M – 10.0 0.67 0.69 0.46
Pistia stratiotes Y 18.0 M – 18.0 M – 0.0 0.51 0.51 0.50
Rotala macrandra N 8.0 M – 8.0 M – 0.0 0.40 0.39 0.50
Rotala rotundifolia Y 16.0 M – 16.0 M – 0.0 0.50 0.50 0.50
Sagittaria subulata N 6.0 M – 6.0 M – 0.0 0.36 0.34 0.50
Utricularia gibba Y 32.0 H TP 42.0 VH TP 10.0 0.65 0.66 0.54
Vallisneria australis N 21.5 M – 31.5 H FP 10.0 0.60 0.59 0.67
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Figure 2. A Basic Risk Assessment (BRA) scores for the non-native aquatic plants screened for their risk 
of invasiveness in the Pannonian (right bars) and Mediterranean (left bars) regions of Croatia B same for 
the BRA + CCA (Climate Change Assessment) scores. Grey bars = medium risk; black bars = high (or 
very high) risk (see Table 2). Asterisk indicates species with different risk outcome for the two risk assess-
ment areas.
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The highest-scoring species (same very high-risk threshold as for the Pannonian 
Region) were Elodea nuttallii, Hygrophila polysperma and Lemna aequinoctialis and, 
after accounting for the CCA, also Azolla filiculoides, Elodea canadensis, Egeria densa, 
Azolla cristata and Utricularia gibba. The CCA resulted in an increase in the BRA score 
(cf. BRA+CCA score) for 18 species and in no change for the remaining six (Table 2).

Confidence and discrepancies in responses

For the Pannonian Region, the mean CFTotal was 0.573 ± 0.023 SE, the mean CFBRA 
0.573 ± 0.025 SE and the mean CFCCA 0.576 ± 0.024 SE. For the Mediterranean 
Region, the mean CFTotal was 0.573 ± 0.023 SE, the mean CFBRA 0.577 ± 0.025 
SE and the mean CFCCA 0.545 ± 0.021 SE. There were no differences in mean CF 
between risk assessment areas, Components and Status within Risk assessment area × 
Component (Table 3).

Most discrepancies in the responses, as measured by the number of species for 
which a different response was provided to a certain question (Q), were for all the 
Climate, distribution and introduction risk and Climate change questions. There were 
also discrepancies for four of the 12 Qs related to Undesirable (or persistence) traits, 
as well as for one Q in each of the Resource exploitation, Reproduction and Dispersal 
mechanisms sections (Fig. 3).

Table 3. Permutational ANOVA results for the confidence factor (CF) of the non-native aquatic plant spe-
cies risk screened for the Pannonian and Mediterranean regions of Croatia – the risk assessment areas. Com-
ponent = BRA, BRA+CCA (see Table 2); Status = Extant, Horizon (see Table 1); # = permutational value.

Source of variation df MS F#/t P#

Risk assessment area 1 0.326 0.393 0.540
Component 1 0.089 0.108 0.658
Risk assessment area × Component 1 0.562 0.677 0.467
Status (Risk assessment area × Component) 4 0.831 0.808 0.518
Residual 88 1.027

Discussion

This study is the first calibrated application of the AS-ISK on aquatic plants for a de-
fined risk assessment area (see Vilizzi et al. 2021). Classification of the screened aquatic 
plant species into medium-risk and high-risk was successfully achieved for the Pannon-
ian and Mediterranean regions of Croatia with a high degree of accuracy (as indicated 
by the excellent discriminatory power) and the threshold values of 22.75 for the Pan-
nonian Region and 24.75 for the Mediterranean Region are overall in accordance with 
the global value of 24.5 obtained for freshwater aquatic plants (Vilizzi et al. 2021).

The top invasive species ranked as very high-risk under both current and 
predicted climate conditions in both risk assessment areas were Elodea nuttallii and 
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Figure 3. Number of species for which discrepancies in the responses to the AS-ISK questions were 
found, based on screening for the Pannonian vs. the Mediterranean regions. Section: A = Biogeography/
Invasion history; B = Domestication/Cultivation; C = Climate change. Category: C2 = Climate, dis-
tribution and introduction risk; C4 = Undesirable (or persistence) traits; C5 = Resource exploitation; 
C6 = Reproduction; C7 = Dispersal mechanisms; C9 = Climate change. Question codes as per Suppl. 
material 1: Table S1.

Lemna aequinoctialis. Elodea nuttallii is a perennial submerged aquatic plant native to 
North America and one of the most widespread non-native species in Europe (Hussner 
2012) and is found in the Pannonian Region near the Hungarian border (Király et 
al. 2007; Kočić et al. 2014). Although this species has not yet been recorded in the 
Mediterranean Region (Nikolić 2022), it is known to be established in its proximity. 
Elodea nuttallii was accidentally introduced as an aquarium plant into Europe, where 
it was first recorded at the beginning of the 20th century (Cook and Urmi-König 
1985). This species has since become widespread throughout the continent (Steen et 
al. 2019) and, since 2017, has been included in the List of Invasive Alien Species of 
Union concern (European Union Regulation 1143/2014: EU 2014). The reason for its 
successful colonisation is attributable to its vegetative reproduction by fragmentation, 
stem division and production of winter buds as the dominant method of propagation 
(Thiébaut and Di Nino 2009). In addition, E. nuttallii has wide tolerance of habitats 
and salinity, benefits from anthropogenic pressure, is characterised by vigorous growth 
(Steen et al. 2019) and is less affected by water temperature fluctuations than native 
aquatic plants (Fritz et al. 2017). The climate conditions in the Pannonian Region 
match the species’ invaded habitats of Europe, hence rapid spread and colonisation 
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are highly likely under both climate scenarios (Rodríguez-Merino et al. 2018). 
Although E. nuttallii reproduces by vegetative propagation in warm waters (≈ 20 °C) 
(Hoffmann et al. 2015), it has a temperature limit (Netten et al. 2010). However, as 
the Mediterranean Region belongs to the Dinaric karst, most of its water bodies are 
short and their mean annual temperature does not exceed 13 °C (Horvatinčić et al. 
2003; Bonacci and Roje-Bonacci 2012; Bonacci et al. 2014); hence, under predicted 
global warming, the environmental conditions of freshwater ecosystems in this area 
may become even more suitable for this species (Rodríguez-Merino et al. 2018).

Lemna aequinoctialis is a horizon species for both risk assessment areas that has 
a broad distribution extending over several continents and has expanded its range 
to become cosmopolitan (Crawford et al. 2006; Tippery and Les 2020). Although 
L. aequinoctialis is not yet naturalised in most European countries where it is recorded 
(Hussner et al. 2010), it has high potential to become a new component of European 
aquatic ecosystems (Crawford et al. 2006). Growth rate of L. aequinoctialis under 
optimal conditions is close to exponential and its frond number may almost double 
within 24 h, making it one of the fastest-growing flowering plants (Fourounjian et 
al. 2020). This species can tolerate extreme ranges in pH from 3.2 to more than 9.0 
(Thiébaut 2007) and can produce turions (dormant vegetative organs) in response 
to unfavourable environmental conditions (i.e. decreased temperature, day length or 
nutrient availability) (Fourounjian et al. 2020; Tippery and Les 2020). The turions 
overwinter on the bottom water in darkness under hypoxic or anoxic conditions and 
resume growth once water temperature reaches about 15 °C (Fourounjian et al. 2020; 
Schweingruber et al. 2020). Despite evidence that L. aequinoctialis cannot tolerate 
temperatures below 0 °C (Vélez-Gavilán 2017), this species seems already naturalised 
in the Pannonian Region of Hungary (Lukács et al. 2014) and has been reported 
from France, Germany, Greece and Sweden (Ryman and Anderberg 1999; Thiébaut 
2007; Hussner et al. 2010; Lansdown et al. 2016). The climate of the Mediterranean 
Region under current conditions fully matches the requirements of L. aequinoctialis 
(Vélez-Gavilán 2017), though an increase in mean annual temperatures in both risk 
assessment areas and particularly in the Pannonian Region, may expedite the species’ 
naturalisation process (Beck et al. 2018; Rodríguez-Merino et al. 2018). Importantly, 
as L. aequinoctialis can be misidentified with native or introduced Lemna sp. (Xu et al. 
2015), it is highly likely to pose a greater risk of invasiveness than previously assumed.

The horizon species Hygrophila polysperma ranked as very high-risk for the Medi-
terranean Region under current climate conditions and in both risk assessment areas 
under projected climate conditions. This species naturally occurs in tropical Asia, India 
and Malaysia and was introduced to Florida and Texas (USA), where it is established 
(Angerstein and Lemke 1994). However, H. polysperma has also recently been found 
in Europe (i.e. Austria, Germany, Hungary and Poland) in thermally heated waters, 
where it was probably released from aquaria (Hussner 2012; EPPO 2017). This species 
has been flagged as high priority in the list of the European Union pest risk analysis 
(Tanner et al. 2017) due to its high phenotypic plasticity, tolerance of a wide range of 
habitats, predominant spread via fragments with high regeneration rates and build-up 
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of high biomass densities, which cause it to occupy the entire water column and out-
compete by shading with both native and other invasive plant species (EPPO 2017). 
Under current climate conditions, the Mediterranean coastline of the risk assessment 
area may be suitable for the naturalisation of H. polysperma, whereas under a scenario 
of climate change, potentially suitable regions for colonisation are the Continental, 
Black Sea and Atlantic biogeographical regions (EPPO 2017).

Extant Azolla cristata, Azolla filiculoides, Elodea canadensis, Egeria densa and horizon 
Utricularia gibba were ranked as high-risk under current climate conditions and, after 
accounting for climate change, they became very high-risk for both risk assessment 
areas, whereas horizon Gymnocoronis spilanthoides and Lemna minuta were ranked as 
very high-risk under climate change only for the Pannonian Region. Azolla filiculoides 
and E. canadensis are the most widespread non-native aquatic plants in Europe (Huss-
ner 2012). The native distributional range of A. cristata and A. filiculoides extends 
from North to South America, reflecting their wide temperature and climate tolerance 
(Troy et al. 2022), whereas E. canadensis originates from North America, with most 
European climates matching its ecological requirements (Duenas-Lopez et al. 2018).

Azolla filiculoides was recorded for the first time in Kopački Rit in 1978 and Azolla 
cristata in 1982 from Osijek in a hydromelioration channel and at Vukovar town 
in backwaters near the River Danube (Trinajstić and Pavletić 1978; Nikolić 2022). 
Further records of Azolla spp. in Croatia have been related to A. filiculoides, which is 
distributed along the River Drava (Nikolić 2022). However, difficulties in distinguishing 
between Azolla species have led to a long history of misidentifications and taxonomic 
confusion (Reid et al. 2006). As a result, the finding of A. cristata may be either a 
misidentification for Croatia or its replacement (i.e. by competition/overgrowth) by A. 
filiculoides due to its greater adaptability to eutrophication caused by urbanisation and 
agricultural activities (Lastrucci et al. 2019). Indeed, in Serbia, which borders Croatia 
through the River Danube, only A. filiculoides has been recognised as present in the 
aquatic systems of the region (Anđelković et al. 2016). In addition, a survey performed 
in Czechia revealed that only A. filiculoides is present and that A. cristata has never 
occurred in the country (Pyšek et al. 2012). Similar findings have been reported from 
Portugal (Pereira et al. 2001) and Italy, where A. cristata has disappeared from the wild 
(Lastrucci et al. 2019), with the only reliable record of A. cristata in Europe having 
been confirmed for The Netherlands (Pyšek et al. 2012). Current climate conditions 
for both risk assessment areas seem suitable for both Azolla species (Peel et al. 2007). 
Nevertheless, A. filiculoides under climate change scenarios will extend its distribution 
northwards and at higher altitudes, so that part of the Mediterranean habitats may 
become unsuitable (Rodríguez-Merino et al. 2019). However, the boreal climate type 
in the mountains of the Mediterranean Region of Croatia matches the climate types 
of northern Europe, including those of the European Alps under both scenarios (Peel 
et al. 2007; Rubel et al. 2017), making these regions particularly suitable for invasion. 
On the contrary, A. cristata seems to tolerate a higher thermal range (Madeira et al. 
2016); hence, under a climate change scenario, this species is likely to adapt to the 
southern part of the Mediterranean Region.
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Elodea canadensis has a long history of establishment in Croatia and, similar to its 
congener Elodea nuttallii, is perennial, has wide ecological tolerance with overwinter-
ing in deeper waters, asexual reproduction and relatively fast growth (Barrat-Segretain 
et al. 2002). Elodea canadensis is currently well distributed across the Pannonian Re-
gion, but not yet recorded in the Mediterranean Region (Kočić et al. 2014). However, 
due to its long history of establishment in Croatia and several aquatic species trans-
locations (Pofuk et al. 2017), E. canadensis may also have been transferred, but over-
looked, particularly because of the reported lack of a full inventory of aquatic plants 
in the Mediterranean Region. Under climate change predictions, suitable areas for 
E. canadensis extend into several Mediterranean countries and areas next to the Black 
Sea (Heikkinen et al. 2009), hence making this species highly likely to become more 
invasive in Croatia.

The native distribution of Egeria densa is temperate and sub-tropical South Amer-
ica, whereas the distribution of Gymnocoronis spilanthoides and Lemna minuta extends 
to tropical regions of North and South America. Utricularia gibba has a mostly pan-
tropical distribution and, apart from North America, occurs in Asia, the Pacific and the 
western Mediterranean (CABI 2022). All four species have been introduced around 
the world primarily by the aquarium and pet trade (Saul et al. 2017). Amongst these 
species, naturalised populations of E. densa were recently recorded in the Mediterra-
nean Region of Croatia in the River Neretva Basin in clear, slow flowing, oligohaline 
waters with high alkalinity and conductivity, where the species surpasses in abundance 
the indigenous ones (Rimac et al. 2018). The presence of only male specimens of 
E. densa has been observed in Croatia, similar to other countries’ part of the species’ in-
troduced range of distribution (Thiébaut et al. 2016; Rimac et al. 2018). The principal 
means of E. densa reproduction is vegetatively by fragmentation of stems, which can 
form dense mats (Thiébaut et al. 2016). This species tolerates a wide range of climate 
types that overlap with the climates of both risk assessment areas and, under predicted 
climate change conditions, it is likely to remain as high-risk particularly at higher 
altitudes of the risk assessment areas (Gillard et al. 2017). In proximity to the risk as-
sessment areas, G. spilanthoides and L. minuta are found in Hungary, whereas U. gibba 
has also been recorded in Serbia (Hussner 2012; CABI 2022). Utricularia gibba is an 
annual or perennial submerged or free-floating carnivorous aquatic plant that can rap-
idly colonise new water bodies by stem fragmentation or by its seeds forming a dense 
mat cover on the water surface (deWinton et al. 2009; CABI 2022). Considering its 
wide distribution and tolerance of a wide range of temperatures and habitats, this spe-
cies may become a serious threat under both current and projected climate conditions 
in the risk assessment areas. Gymnocoronis spilanthoides is naturalised in Europe, grows 
very rapidly, easily reproduces vegetatively by any parts of its stem, forms floating mats 
that may cover entire water bodies, blocks drainage channels and degrades natural 
wetlands by displacing native plants and animals – all of these traits make it of higher 
threat for Europe than initially predicted (Ardenghi et al. 2016). Lemna minuta is a 
small free-floating plant that also forms dense mats on the water surface, reduces light 
penetration and gas exchange, causes the disappearance of submersed aquatic plants 
and alters invertebrate community composition and abundance (Ceschin et al. 2020). 
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This species is established and widespread in several countries and climate types in Eu-
rope (Paolacci et al. 2018) but has not yet been recorded in the risk assessment areas. 
However, L. minuta can be easily overlooked and confused with native Lemna minor. 
This is because the only reliable diagnostic character is the vein number, which is not 
easy to identify in the field: L. minuta has just one, whereas L. minor has three (Bog et 
al. 2010; Gérard and Triest 2018). Under current climate conditions, G. spilanthoides 
and L. minuta gained a high risk of invasiveness but may become very high-risk in the 
Pannonian Region likely due to the availability of habitats consisting of slow-flowing 
or lentic water bodies and wet–marshy soils and wetlands, which are not well repre-
sented in the Mediterranean Region.

In both risk assessment areas, Cabomba caroliniana and Myriophyllum heterophyllum 
were ranked as high-risk under both climate scenarios, whereas Ludwigia peploides 
was high-risk under both climate scenarios in the Pannonian Region only. The native 
distribution of C. caroliniana covers the eastern part of subtropical and temperate areas 
of South America (Roberts and Florentine 2022), hence matching current and projected 
climate conditions in both risk assessment areas (Beck et al. 2018; Rodríguez-Merino 
et al. 2018). This species is established in Serbia (Vojvodina, near the Croatian border), 
where it has expanded from Hungary probably through the canal network of the 
hydrosystem Danube-Tisa-Danube (Anđelković et al. 2016). In Europe, C. caroliniana 
is still not regarded as invasive and is mostly found in localised and scattered populations 
(Roberts and Florentine 2022), though in The Netherlands, it has been declared as high 
risk (Matthews et al. 2013). The species’ high invasiveness has been reported in its 
non-native distributional range, primarily due to its high competitiveness, dense and 
persistent growth, asexual reproduction through stem auto-fragmentation and tolerance 
of extreme pH ranges from 4.0 to 8.8 (Matthews et al. 2013). The species’ population 
expansion in connected waterways, as occurring in the Pannonian Region, may be 
facilitated by its long fragments that can get wrapped in boat motors, boating or anglers’ 
equipment (Roberts and Florentine 2022). In addition, vectors like fish re-stocking 
and spread by birds cannot be ruled out as potential pathways of introduction into 
the Mediterranean Region. Myriophyllum heterophyllum is native to the southeast USA 
and L. peploides to South and Central USA and both species are listed as invasive alien 
species of EU concern (EU 2014). Their native distribution and preferred climate match 
both risk assessment areas. Ludwigia peploides was recently recorded in the Pannonian 
Region (River Ilova: Buzjak and Sedlar 2018) and has been recognised as posing a 
severe problem should it expand its current distributional range (Vuković et al. 2021). 
Additionally, in Croatia, M. heterophyllum was recently found in the Mediterranean 
Region on the Island of Krk (north-eastern Adriatic) in Lake Ponikve (Starmühler 
2009; Jasprica et al. 2017), as well as in the River Neretva Delta (Jasprica et al. 2017). 
It is likely that both species can spread rapidly due to their fast uncontrolled growth 
and propagation by fragments (Gérard et al. 2014; Gross et al. 2020). Both L. peploides 
and M. heterophyllum are tolerant of a wide range of temperatures, substrata, and water 
quality (Matrat et al. 2004; Hussner and Jahns 2015). The most suitable habitat in 
Croatia for L. peploides is the eastern Pannonian Region, whereas for M. heterophyllum, 
the Mediterranean Region appears to be more suitable (Rodríguez-Merino et al. 2018). 



Marina Piria et al.  /  NeoBiota 76: 25–52 (2022)42

However, under global warming conditions L. peploides may accelerate the time of 
germination of its seeds (Gillard et al. 2017) and for M. heterophyllum, the ecologically 
suitable habitat is likely to increase in both risk assessment areas (Jasprica et al. 2017).

The horizon species Lemna turionifera, Najas guadalupensis, Nelumbo nucifera and 
Vallisneria australis from medium-risk level areas under current climate conditions 
were predicted to become high-risk under climate change in both risk assessment areas, 
whereas a high-risk score under such conditions was obtained for horizon Nymphaea lotus 
and extant Pistia stratiotes only for the Mediterranean Region. Naturalised populations of 
L. turionifera, N. nucifera, V. australis and P. stratiotes are found in Europe (Mastrantuono 
and Mancinelli 1999; Hussner 2012; Mesterházy et al. 2021) and can be expected in the 
risk assessment areas in the near future. Recently, tropical P. stratiotes was found in Croatia 
(Boršić and Rubinić 2018), although its status remains unknown. This species has been 
found to be established in Slovenia in thermal springs of the Pannonian Region (Jaklič et 
al. 2020), where it is capable of explosive vegetative spread in early spring. This indicates 
that P. stratiotes can expand its range in similar habitats of the area (Šajna et al. 2007). In 
addition, global warming may also assist in the process of the species’ expansion.

Other screened species including extant Najas graminea and horizon Nymphaea lotus, 
Nymphaea candida, Rotala macrandra, Rotala rotundifolia and Sagittaria subulata gained 
the lowest scores in both risk assessment areas. However, considering that some of those 
species are naturalised in Europe (e.g. S. subulata: Hrivnák et al. 2019), their threat of 
establishment due to the presence of diverse climate types in the risk assessment areas can-
not be ruled out. An example is the established population of N. graminea on the Island of 
Cres in the Mediterranean Region (Nikolić 2022), despite this population being localised.

Conclusions

Research on aquatic plants in Croatia is historically fragmented and has not been 
conducted systematically (Odak and Treer 2000) with the result that, compared to 
other groups of aquatic organisms, it is almost non-existent (MINGOR 2022; Nikolić 
2022). Most of the available reports have been related to aspects of aquatic plants in 
aquaculture (Bralić 1969; Debeljak et al. 1992), so that there is no research investigat-
ing the impacts of non-native aquatic plants on the aquatic ecosystems and biodiversity 
of Croatia. The removal and reduction of dense mats of aquatic plants, including those 
of non-native Elodea canadensis, in fishponds of the risk assessment areas have been 
attempted by the use of herbicides and by the introduction of non-native herbivorous 
fish species for biological control (e.g. grass carp Ctenopharyngodon idella) (Đisalov 
1961; Bralić 1969), but without real success. Overall, there have been no systematic at-
tempts to eradicate any species of non-native aquatic plants until recently, when a first 
attempt was made for Myriophyllum heterophyllum in the River Neretva Basin in 2021. 
However, the outcomes of this eradication programme are not yet known.

Despite the recent establishment of monitoring programmes for invasive alien 
species co-financed by the European Union Cohesion Fund, in the Croatian Catalogue 
of alien species, data are currently missing for aquatic non-native plants and in relation to 
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species’ description and pathways/vectors of introduction and distribution (MINGOR 
2022: https://invazivnevrste.haop.hr/katalog). This suggests that urgent research is 
necessary in the risk assessment areas of the country to develop management plans 
for the establishment of rapid control and eradication measures. The present study, 
therefore, represents the first step towards an increase in the knowledge about the risks 
poses by the extant and horizon non-native aquatic plants in Croatia, which may allow 
decision-makers to develop adequate measures for management and control/mitigation.
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Abstract
Most risk analysis studies in invasion biology have focused on the invasiveness of non-native species, even 
though some native species also can pose a high risk to the environment and human well-being. This is 
especially true under current global change, which may cause dominant native species to expand their 
range of distribution and have substantial effects on the ecosystem. In this study, the risk of invasiveness 
of five non-native and five native plant species in Turkey was evaluated using a standard risk screening 
protocol. All ten species selected for screening are known to be invasive in several parts of the world, 
i.e. non-native Ailanthus altissima, Cuscuta campestris, Phytolacca americana, Robinia pseudoacacia and 
Sicyos angulatus, and native Cirsium arvense, Hedera helix, Onopordum acanthium, Phragmites australis 
and Sorghum halepense. The Australian Weed Risk Assessment decision-support tool adapted to Turkey’s 
geographical and climatic conditions was used for screening the study species based on their biological 
traits, ecology and management approaches. All species were classified as high-risk,  with R. pseudoacacia 
among non-natives and P. australis among natives achieving the highest scores followed by S. halepense, C. 
campestris, C. arvense, O. acanthium, P. americana, S. angulatus, A. altissima and H. helix. Based on their 
risk scores, all non-native species were classified as invasive and all native species as ‘expanding’ for Turkey. 
An ordination based on the risk scores showed similarities between invasive and expanding species. The 
outcomes of this study indicate that species can have several risk-related traits resulting in high risk scores 
irrespective of their origin. Such species can modify their environment and interact with other species 
with severe consequences for biodiversity. It is argued that dominant species with highly negative environ-
mental and socioeconomic impacts in their habitats should be included in priority lists for management 
measures irrespective of their origin (i.e. native or non-native). More studies are needed to evaluate the 
magnitude and prevalence of the present findings for other regions worldwide.
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Introduction

In the last decades, increased travel, trade and tourism in connection with globalisa-
tion and human population expansion have facilitated the deliberate and/or uninten-
tional transport of plant and animal species beyond their natural biogeographical bar-
riers (Hulme 2009; Şekercioğlu et al. 2011; Pyšek et al. 2017, 2020; Essl et al. 2019; 
Zenni et al. 2021). This has resulted in the introduction of non-native invasive species 
into new regions with consequent negative environmental and socioeconomic impacts 
(Pyšek et al. 2020). Under the challenging conditions of global change, a major task of 
invasion biology is to identify those high-risk species that are more likely to cause nega-
tive impacts. Usually, species that are either non-native invasive or ‘expanding native’ 
(Simberloff et al. 2012; Díaz et al. 2019; Essl et al. 2019; Simberloff 2022; Yazlık and 
Üremiş 2022) and that become dominant in natural habitats may exert direct or indirect 
impacts on community structure and composition, species interactions and ecosystem 
functions, all of which can result in a ‘domino effect’ (Hawkins et al. 2015; Pyšek et al. 
2017, 2020; Hulme and Bernard-Verdier 2018; Díaz et al. 2019; Brundu et al. 2020).

Identifying species posing a high risk of invasiveness is sometimes challenging due 
to knowledge gaps in their biology/ecology, and this represents a limitation for the 
implementation of effective management and control measures (Hulme 2009; Hulme 
and Bernard-Verdier 2018; Yazlık et al. 2018; Pyšek et al. 2020). This is a crucial as-
pect in risk screening/identification (i.e. the first step in risk analysis followed by risk 
assessment,risk management and communication: e.g. Vilizzi et al. 2022) especially 
given current debate on whether non-native species can be considered as a contribu-
tion to the biodiversity of the invaded regions (Simberloff 2011; Simberloff et al. 2012; 
Pauchard et al. 2018), hence in contrast to evidence for their environmental and socio-
economic impacts (Hawkins et al. 2015; Nentwig et al. 2016; Rumlerová et al. 2016; 
Bacher et al. 2018; Yazlık et al. 2018; Starfinger and Schrader 2021). For this reason, 
the first step in the identification of potentially high-risk invasive species is to find out 
their native or non-native status in the regions where they are found (e.g. Uludağ et al. 
2017) and then determine their potential environmental and socioeconomic impacts 
(Hawkins et al. 2015; Bacher et al. 2018; Pauchard et al. 2018; Tanner and Fried 2020; 
Yazlık and Albayrak 2020; EPPO 2021). This provides for an opportunity to select 
those species more likely to be selected for risk analysis (Hawkins et al. 2015; Nentwig 
et al. 2016; Rumlerová et al. 2016; Bacher et al. 2018; Yazlık et al. 2018).

An effective means to identify high-risk invasive species is by the use of risk screen-
ing decision-support tools (see Vilizzi et al. 2022). These allow to carry out follow-up 
risk assessment after identification of the species classified as carrying a high risk of 
invasiveness for a certain risk assessment area (Díaz et al. 2019; Lenzner et al. 2019; 
Pyšek et al. 2020). At the same time, the drivers of global change, such as climate and 
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land-use activities and accessibility, can also cause an increase in the range of expansion 
and abundance of the native species, which are then referred to as expanding species. 
Some examples are the expansion of tall grass plants in the absence of large herbi-
vores (Corazza et al. 2016), liana infestations in tropical forests following disturbance 
(Schnitzer and Bongers 2011), and graminoids and shrubs expanding in tundra as a 
result of climate change (McManus et al. 2012).

Several mechanisms including the availability of free niches and increased com-
petitive ability are involved in the invasion process by non-native species (Catford et 
al. 2009; Hiero and Callaway 2021). Yet, several plant species within their native range 
behave like invasive plants (Pyšek et al. 2004; Simberloff 2011; Simberloff et al. 2012; 
Hejda et al. 2021; Yazlık and Üremiş 2022). Although there is an ongoing debate as to 
whether the impacts of non-native invasive plants differ from those of expanding na-
tive (dominant) plants (Simberloff et al. 2012, 2013; Hejda et al. 2021), there is solid 
evidence that both non-native species’ invasions and the spread of dominant native 
species may pose threats to biodiversity and sustainability (Hejda et al. 2021; Yazlık 
and Üremiş 2022). This is also because native dominant plant species are likely to be 
invasive outside their native range (Pyšek et al. 2009; Phillips et al. 2010; Hejda et al. 
2021). However, there are very few native dominant plant species that have been com-
pared with non-native invasive plant species in terms of their fast spread and negative 
impacts on vegetation (e.g. Hejda 2013). It is therefore argued that dominant expand-
ing species should be evaluated in a similar way to non-native species by risk analysis 
in order to understand the threats they may pose to the ecosystem (Sohrabi et al. 2020; 
Jan et al. 2022). Importantly, identifying potential invasion/expansion of these species 
by risk analysis will play an important role in preventing/mitigating environmental 
and socioeconomic impacts, especially in terms of biodiversity loss.

The aim of this study was to show that some dominant native plant species can 
pose a high risk of invasiveness as much as non-native plant species using a dataset 
from Turkey. To this end, a risk screening was conducted on ten plant species in Turkey 
that are registered as non-native invasive in several geographical regions worldwide. 
The specific objectives were to: (i) determine the invasion/expansion status of the study 
species in Turkey, and (ii) search for a relationship between the risk status of these 
species and their origin. The purpose of this study is to emphasise the necessity of ap-
proaching expanding species from an invasiveness perspective.

Methods

Species selection

Four criteria were used for selection of the plant species for screening. Firstly, species 
were selected that have a wide distribution in three biogeographic regions of Turkey, 
namely the Euro-Siberian, Iran-Turanian and Mediterranean (Bizim Bitkiler 2020). 
Secondly, species were selected for which no risk analysis studies have been conducted 
in Turkey, but are defined as non-native invasive plants in different parts of the world 
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(GISD 2022). Of note, this type of selection has been proposed for studies comparing 
invasive non-native species with native species (van Kleunen et al. 2010). These first 
two criteria enabled the selection of species with a high potential for impacts whilst 
their risk of invasiveness was not known beforehand. Thirdly, species were selected 
that have biological traits of invasiveness. To this end, the species’ life-history, bio-
logical, morphological and physiological traits were evaluated and the following were 
considered: adaptation to different habitats, soil type, pH range, competitive abilities, 
presence of below- and above-ground structures, and high generative and/or vegetative 
capacity. Lastly, species were selected that have high environmental and socioeconomic 
impacts, such as negative effects on natural vegetation, allelochemical contents, and 
toxic and/or injurious to humans and animals (Yazlık et al. 2017; Yazlık et al. 2018; 
Yazlık and Albayrak 2020; Aksan and Yazlık 2021). Conducting a risk analysis on non-
native species and determining their invasiveness status was suggested in previous stud-
ies for Turkey (Uludağ et al. 2017; Yazlık et al. 2018; Yazlık 2022). Notably, the study 
species were not limited to pairs of native and non-native species with certain traits or 
habitat features, which would make drawing generalisable conclusions more difficult. 
On the contrary, the objective was to select species with a similar level of invasiveness 
but different origin and habitat. As a result, five non-native and five native species were 
selected: Ailanthus altissima, Cuscuta campestris, Phytolacca americana, Robinia pseudoa-
cacia and Sicyos angulatus as non-native, and Cirsium arvense, Hedera helix, Onopordum 
acanthium, Phragmites australis and Sorghum halepenseas as native (Table 1).

Risk screening

For risk screening, a decision-support tool adapted from the Australian Weed Risk As-
sessment (WRA: Pheloung et al. 1999) was used accounting for the geographical and 

Table 1. Information on the species screened for their risk of invasiveness in Turkey. EPPO code: code 
used for plant taxa by the European and Mediterranean Plant Protection Organization.

Species Family Origin Lifetime and form EPPO code
Non-native

Ailanthus altissima (Mill.) Swingle Simaroubaceae China Perennial tree AILAL
Cuscuta campestris Yunck. Convolvulaceae America Parasitic; climbing annual or 

perennial herb
CVCCA

Phytolacca americana L. Phytolaccaceae America Polycarpic perennial herb PHTAM
Robinia pseudoacacia L. Fabaceae America Perennial tree ROBPS
Sicyos angulatus L. Cucurbitaceae America Climbing or creeping annual 

herb
SIYAN

Native
Cirsium arvense (L.) Scop. Asteraceae Turkey Polycarpic perennial herb CIRAR
Hedera helix L. Araliaceae Turkey Climbing or creeping perennial 

woody
HEEHE

Onopordum acanthium L. Asteraceae Turkey Annual or biennial herb ONRAC
Phragmites australis (Cav.) Trin. ex Steud. Poaceae Turkey Perennial herb PHRCO
Sorghum halepense (L.) Pers. Poaceae Turkey Perennial herb SORHA
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climatic conditions of Turkey, namely the Türkiye Weed Risk Assessment: TR-WRA 
(Suppl. material 1: Table S1). The screening protocol for the TR-WRA involves 49 
questions dealing with the species’ biological traits, environmental impacts and man-
agement planning. The following modifications were done to the original set of ques-
tions (Qs): (i) ‘suitability of the species to Australian climate’ was changed to ‘suitabil-
ity of the species to the climate in Turkey’ (Q 2.1); (ii) ‘native or naturalised in regions 
with extended dry periods’ was changed to ‘native or naturalised in regions with a mild 
climate’ (Q 2.4); (iii) ‘presence of effective natural enemies in Australia’ was changed to 
‘presence of effective natural enemies in Turkey’ (Q 8.5). For each answered question, 
the species is assigned a score between −2 and 2, and the Q-specific scores are then 
summed to produce a total risk score (RS), which ranges from a minimum of −14 to a 
maximum of 29. However, in the question about the quality of climate matching data 
(Q 2.2), as all screened species scored high (i.e. with 2 points) and their natural ranges 
are well known (Table 1), the scores were not included in the RS, and these scores were 
not shown in the risk analysis table (Suppl. material 1: Table S1). In addition, ‘no’ or 
‘unknown’ was added to the choice of some questions that were not related to the study 
species or for unknown risks (Suppl. material 1: Table S1).

As no RS thresholds for invasiveness identification were set by the authors who 
designed the protocols for the A-WRA test (Pheloung et al. 1999; Andreu and Vilà 
2010), after accounting for similar risk outcomes scoring higher than the maximum 
value (e.g. Morais et al. 2017), the RS was modified to being ≥ 29. Also, at least ten an-
swers are required for the evaluation of a species (Andreu and Vilà 2010; Morais et al. 
2017). Overall, following Andreu and Vilà (2010), the TR-WRA scoring system can 
be used to classify species into three groups according to their level of risk: (i) species’ 
occurrence in the risk assessment area acceptable (score < 1); (ii) species introduction 
in the risk assessment area prohibited (score > 6); or (iii) further work needed for a reli-
able risk screening outcome (score between 1 and 6). If a native species is identified in 
the second group, this implies that species management is required.

Data collection and statistical analysis

The information required to answer each question was obtained from national and 
international literature. Search for literature was conducted in Google Scholar, Web of 
Science, Scopus and ULAKBİM (Suppl. material 1: Table S2). In addition, a mono-
graph (Tanner and Fried 2020), data sheets (EPPO 2010, 2021), one ‘grey literature’ 
reference (Köstekçi 2010), and online databases (European Project DAISIE: http://
www.europe-aliens.org/; USDA Plants database http://plants.usda.gov; International 
Survey of Herbicide Resistant Weeds: http://www.weedscience.org; Global Invasive 
Species Database: http://www.issg.org/database) were used.

Multiple Correspondence Analysis (MCA), which is suitable for ordination of cate-
gorical data (Abdi and Williams 2010), was employed to visualise variation in the species’ 
risk scores and their relationship with the species’ origin (i.e. non-native vs native), and to 
identify similar species in terms of scores. The output of MCA can be interpreted similar 
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to a quantitative ordination, with species closer to each other having higher similarities 
in their scores. Function mca of package FactoMineR (Le et al. 2008) was used to imple-
ment MCA in R version 3.5.0 (R Core Team 2020). Before analysis, the scores for a total 
of 17 questions with the same scores for all species were omitted from the dataset as they 
did not carry useful information for an ordination. These questions included: natural-
ised or not (Q 1.2 in Suppl. material 1: Table S1), climatic suitability (Q 2.1), climate 
match (Q 2.2), environmental versatility (Q 2.3), repeated introductions (Q 2.5), gar-
den/amenity/disturbance weed (Q 3.2), agricultural weed (Q 3.3), environmental weed 
(Q 3.4), allelopathy (Q 4.2), host for unwanted species (Q 4.6), plant of infertile soils 
(Q 4.10), geophyte (Q 5.4), reproductive failure (Q 6.1), viable seeds (Q 6.2) pollina-
tor requirement (Q 6.5), unintentional dispersion (Q 7.1) and prolific seed production 
(Q 8.1). Furthermore, Q 6.4 with ‘unknown’ as an answer was removed from the dataset.

Results

Following risk screening, all ten species were found to carry a high risk of invasiveness 
(Suppl. material 1: Table S1). The species with the highest scores were R. pseudoacacia (RS 
= 32) among non-natives and P. australis (40) among natives, followed by S. halepense (33), 
C. arvense and C. campestris (31), O. acanthium and P. americana (30), S. angulatus (29), A. 
altissima and H. helix (28). Based on these scores, all non-native species were risk-ranked as 
invasive and all native species as expanding for Turkey. All species were recorded in various 
habitats, predominantly agricultural but also sandy, saline, rocky and ruderal (Table 2).

Although these species have very different characteristics from each other, similar 
scores were achieved in the sub-categories related to their dominant characters. For exam-
ple, when the dispersal mechanism (Section 7: Suppl. material 1: Table S1) was analysed, 
the total score range of the species changed between 5 and 8 according to the character-

Table 2. Habitats in Turkey of the species under study (for evidence, see Section 3 in Suppl. material 1: 
Table S1).
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Arable * * * * * * * * * *
Dryland - * * - * - - - - -
Forest * - - * - * * * * *
Grassland * * * - * * * * - *
Riparian * * * * * * * * * *
Rocky * * * * * - * * - *
Ruderal * * * * * * * * * *
Saline * * * * * * * * - *
Sandy * * * * * * * * - *
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istics of the plant (Q 7.4: Suppl. material 1: Table S1). In addition, the grading of ques-
tions or the absence of a certain feature affected the total score. For example, while C. 
arvense, O. acanthium, P. australis and R. pseudoacacia achieved the highest score of 2 in 
this section, H. helix and S. halepense achieved a score of −1, and other species were scored 
in the range of 0 to 1. Thus, a species that is known to have definite spread by wind and a 
species that is likely to drift to a limited area in very strong winds are not given the same 
score. Although the question-specific risk scores for the native plant species were mostly 
either negative or 0 because of their origin, this did not affect their total (high-risk) score. 
For example, since natural enemies of C. arvense and O. acanthium are in a limited range 
and not used as biological control agents, both plants scored −1 instead of the lowest 
score of −2 for the question (Q 8.5) related to the presence of natural enemies.

The two dimensions of the MCA analysis explained ≈39% of the variation in the 
data (Fig. 1; Suppl. material 1: Table S3). Amongst the 69 attributes included, those 
with the highest contribution to the first axis of variation were absence of natural en-
emies and naturalisation outside the native range (Suppl. material 1: Table S4). For the 
second axis, those variables were no wind dispersal and properties of propagule banks 
(Suppl. material 1: Table S4 and Fig. S1). The first axis represented a gradient from 
two native species with no naturalisation but natural enemies (i.e. C. arvense and O. 
acanthium) to non-native species, which were all located in the negative part of the 
second axis. Non-native C. campestris was very close to the above two natives, indicat-
ing similarity in scores. The three other native species (i.e. H. helix, P. australis and S. 
halepense) were located far from the other natives along the secondary axis, indicating 
weak similarity. Based on the answers to the risk screening questionnaire, native and 
non-native species were not clearly grouped in the ordination space. Overall, MCA 
showed that similarity in terms of risk can be high amongst species of native and non-
native species and low between two native species.

Figure 1. Multiple correspondence analysis factor map of the 10 plant species screened for their risk of 
invasiveness for Turkey according to their risk scores. Species labelled with their EPPO codes (see Table 1).
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Discussion

This study has shown similar risk levels for non-native and native species with high 
potential of exerting negative impacts on both ecosystems and human well-being. In 
addition, this study is the first to provide a dataset of national evaluation for Turkey 
on the invasion/expansion status of ten dominant plant species that are registered as 
non-native invasive plants in different geographies (GISD 2022), but whose risk status 
has so far been unknown in this country. The present results showed that the invasion/
expansion status of dominant plants may be independent of their local range, thereby 
emphasising the importance to evaluate species not only according to their biogeo-
graphical origin but also to their biological, morphological and physiological charac-
teristics as well as environmental and socioeconomic impacts. Clearly, more studies 
relying on larger sample sizes are needed to quantify the magnitude and prevalence of 
this first evidence provided for Turkey.

The ten species under study were interpreted in two groups by accounting for their 
local distributional range, risk scores and human-induced dispersal. Accordingly, native 
species were considered as ‘expanding apophytic’, which are quite aggressive, spread 
rapidly and affect vegetation (Yücel et al. 2019; Hejda et al. 2021), whereas non-native 
species were considered as ‘invasive anthropophytes’ (sensu Yücel et al. 2019). All ten 
species have a dominant distribution in various habitats (i.e. agriculture, coastal, for-
est: Table 2) and human influence has a high share in their spread. In this respect, the 
most important factors are the ‘weed’ status of these species in agricultural habitats 
combined with their competitive abilities such as morphological characteristics (Yazlık 
and Tepe 2001; Kaçan and Boz 2015; Uludağ 2015; Üstüner et al. 2015; Sezer and 
Kolören 2019; Terzioğlu and Ergül Bozkurt 2020; Yazlık and Albayrak 2020; Aksan 
and Yazlık 2021). Specifically, clonal growth (Bímová et al. 2003), high biomass (van 
Kleunen et al. 2010; Hejda 2013; Canavan et al. 2019) and a large number of branch-
es/tillerings (Hejda 2013; Yazlık and Üremiş 2022) were all traits associated with high 
invasiveness. In addition, serious problems have been reported regarding the presence 
of these species in their habitats (Table 2), which is a major reason for their high-risk 
scores, hence irrespective of their origin. Below, details are provided as to why these 
non-native and native species were found to carry a similar level of risk.

Native O. acanthium has negative impacts due to its superior competitiveness, 
spread and unpalatability based on its thorny structure, seed volatiles and re-sprout 
from root shoots, all of which cause vegetation degradation, decrease in agricultural 
production, injury in animals,deterioration of livestock nutrition, and labour costs 
(Pınar et al. 2018; Aksan et al. 2019; Aksan and Yazlık 2021). This is similar to native 
C. arvense, P. australis and S. halepense, which have dominant generative and vegeta-
tive propagation abilities (Suppl. material 1: Table S1). These species also create dense 
populations in habitats such as beaches and sand dunes, especially in agricultural and 
pasture lands, causing serious negative impacts on vegetation (Yazlık and Tepe 2001; 
Köstekçi 2010; Meyerson et al. 2010; Aksan et al. 2019; Aksan and Yazlık 2021; Erbaş 
and Doğan 2022; Jan et al. 2022; Yazlık and Üremiş 2022).
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Hedera helix is   present primarily in forests and urban habitats (Table 2) but also in 
agricultural habitats (e.g. nurseries, hazelnut orchards: Yazlık et al. 2019; Aksoy and 
Çelik 2020; Güneş Özkan et al. 2020). One of the main factors for the prevalence 
of this species in urban habitats is its use as an ornamental plant in parks or home 
gardens, while at the same time this species has a major impact on plant community 
composition in forests. Cuscuta campestris, P. americana and S. angulatus are naturalised 
non-native plants in Turkey that appear to occupy more than one habitat (Table 2). A 
parasitic plant with a wide host range, C. campestris, which is one of the species with 
the highest impacts worldwide (Yazlık et al. 2017), exerts major negative impacts by 
infecting cultivated plants in agricultural habitats, affecting rail ballast in railways, in-
creasing fire risk, and being toxic to humans and animals (Yazlık and Albayrak 2020). 
Finally, non-native P. americana and S. angulatus are found in agricultural habitats that 
are generally considered to pose serious problems to agricultural production (Terzioglu 
and Ansin 1999; Korkmaz et al. 2016; Sezer and Kolören 2019).

The present risk screening study also determined the potential of non-native species 
to cause indirectly high risks in terms of plant diseases and nematode transmission in 
the areas where they are found (Suppl. material 1: Table S1). For example, P. americana 
is reported to provide suitable host conditions for five different nematodes (i.e. Meloi-
dogyne arenaria, M. floridensis, M. incognita, M. javanica and M. mayaguensis: Kaur et 
al. 2007). Although there is no record of nematodes that are a problem for this species 
in Turkey, three nematodes reported by Kaur et al. (2007) are present in the country, 
namely M. arenaria, M. incognita and M. javanica (Özarslandan and Elekçioğlu 2010). 
Therefore, the interaction of P. americana with existing nematodes in the habitats of 
Turkey may create secondary problems by enhancing their further spread. This is es-
pecially important for arable lands, as there is evidence of damage by nematodes on 
cultivated plants (e.g. Özarslandan and Elekçioğlu 2010). Conversely, in terms of host 
or vector status of disease agents, C. campestris is a vector for virus and phytoplasma 
diseases (Yazlık and Albayrak 2020), whereas S. angulatus poses a high risk by being 
host to the watermelon mosaic virus (WMV-2: Korkmaz et al. 2016). Another example 
of a host is for R. pseudoacacia, which has the host status of Viscum album – a most 
problematic weed for many orchards in Turkey (Üstüner et al. 2015). Therefore, this 
non-native plant can contribute to the distribution of this parasitic plant.

Human-mediated dispersal was an important factor for the high risk of invasive-
ness identified in this study. Evidence shows that some of the screened species have of-
ten been reported as problematic weeds in agricultural areas and their prevalence may 
be due to their dispersal via contaminated agricultural tools and equipment with plant 
parts (Suppl. material 1: Table S1). Furthermore, transportation via road corridors can 
be an important channel for plant invasions (Lemke et al. 2021), as in the case of C. 
campestris (Yazlık and Albayrak 2020). Moreover, cultivation of R. pseudoacacia, which 
started 70 years ago in Turkey, is supported on the basis that it provides important so-
cioeconomic benefits, such as erosion control, honey production with increased nectar 
provision, and timber use (BOEP 2013; Onur and Acar 2017). Therefore, the disper-
sal of some non-native plants, including A. altissima, can occur with direct human 
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contribution due to their economic value. This is in agreement with the contextual 
assessment made by Vítková et al. (2020) in the decision to cultivate R. pseudoacacia in 
its non-native ranges. Therefore, the decision to continue the cultivation of high-risk 
non-native plants in Turkey as discussed in this study should be considered depending 
on the regional, ecological, conservation and socio-economic context.

The long-term presence of the study species were considered as another factor sup-
porting their widespread distribution. For instance, A. altissima, P. australis, R. pseudoa-
cacia and S. halepense not only in Turkey but also in several other regions worldwide is 
known to be widespread (POWO 2021). This was reflected by these species’ high-risk 
scores because many species with long residence time are more likely to have a niche 
and geographic spread (Sychrová et al. 2022). At this stage, it should be taken into ac-
count that long residence time may also create problems in control studies of related 
species, even if native. For example, it has been reported that the herbicide Glyphosate 
applied at the edges of irrigation canals was not fully successful to combat P. australis 
in the Aydın plain, which is one of the most important polyculture crop production 
plains in the Aegean region of Turkey. This is because this species has a long-term 
persistent population in those ruderal habitats and integrated applications by mowing 
along the canal sides also cannot be made (Erbaş and Doğan 2022).

The species screened in this study are also affected by human activities (inten-
tionally and/or unintentionally) besides spread and establishment in various habitats 
(Table 2). Amongst the different habitats, it has been emphasised that arable land is 
the most occupied by non-native plants, whereas natural and semi-natural grasslands 
are less invaded (Chytrý et al. 2008; Pyšek et al. 2009; Jauni and Hyvönen 2010). For 
instance, among the study species, P. americana has been reported from agricultural, 
forest and coastal habitats but as problematic especially in arable lands, due to shad-
ing and harvesting difficulties, such as for kiwi fruit (Sezer and Kolören 2019) and tea 
(Terzioğlu and Ergül Bozkurt 2020). Similarly, the screened native species have also 
been reported in several habitats including arable lands (Yazlık and Tepe 2001; Kaçan 
and Boz 2015; Yazlık and Üremiş 2022). For instance, the incidence of P. australis was 
determined as 48% and the density as 12 plants/m2 in traditional vineyards of Manisa 
province in the Aegean Region of Turkey (Kaçan and Boz 2015).

Dominant native species can also cause demographic issues as a result of human-
induced changes to the environment (Valéry et al. 2009; Simberloff 2011; Méndez et 
al. 2014; Sohrabi et al. 2020; Jan et al. 2022) thereby posing management challenges 
under current scenarios of global change (Simberloff 2011; Méndez et al. 2014). Nev-
ertheless, P. australis (the native species with the highest risk score in this study) has 
also socioeconomic aspects on the country’s trade and local people in the Sultan Marsh 
Nature Park, which is included in the List of Class A Wetlands in accordance to the 
second and third articles of the International Ramsar Convention in Turkey (Ramsar 
site no. 661 - https://rsis.ramsar.org/ris/661). Approximately 1500 tons of reeds (i.e. 
P. australis and Typha spp.) are cut annually by the local people in Sultan Marsh with 
most of the cut reeds being exported. The amount of thatch exported is approximately 
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300,000–400,000 bundles per year, and in 1995 a reed tying and storage facility was 
established in the town of Sindelhöyük. In addition, reeds (especially P. australis, which 
is a pure community represented by almost a single species in Yay Lake in the south 
and southwest areas of the Sultan marshes: Hamzaoğlu and Aksoy 2006) are used 
as roofing material (thatched roof ) and animal feed in the region, where they repre-
sent an important source of income (Karadeniz 2000; Hamzaoğlu and Aksoy 2006; 
Sarısoy 2015). As a result, it is recommended that native (P. australis) and non-native 
(A. altissima and R. pseudoacacia) high-risk species with socioeconomic contributions 
should be monitored across Turkey and context-dependent prevention and manage-
ment approaches should be developed in case of local adverse impacts.

The presence of natural enemies to native species is another important criterion to 
determine their risk of invasiveness (Q 8.5: Suppl. material 1: Table S1). For example, 
despite the existence of natural enemies for O. acanthium such as Homoeosoma nebulel-
lum (Lepidoptera, Pyralidae) and Larinus latus (Coleoptera, Curculionidae) (Gültekin 
2008; Yücel and Çobanoğlu 2016), the potential of these insects as biological control 
agents is limited (Gültekin 2008; Yücel and Çobanoğlu 2016). This is also true of C. 
arvense, whose natural enemies are recorded in its local distributional range (Kedici 
et al. 1994). Therefore, control of these plant species by such natural enemies may be 
limited to areas where these agents are present. For this reason, it is suggested that stud-
ies should be carried out to investigate the role of such natural enemies for an effective 
control and to identify related plant species in Turkey as biological control agents.

Due to their high risk of invasiveness, all species screened in this study (and regard-
less of their origin) should be listed as priority species. Sustainability of existing native 
species and reducing or stopping the negative impacts of invasive/expanding species 
can be possible by prevention. To achieve this objective, awareness-raising activities, 
training and effective species-specific management programmes (including the use of 
clean equipment in production areas, human-induced transportation of plant parts, 
Integrated Weed Management (IWM) application methods, and the use of non-native 
ornamental plants) should be organised based on the species’ habitat. Effective man-
agement programmes are also important in terms of setting precautionary measures 
in plant transitions from Turkey to different geographies, as indicated by the large 
number of weed species originating from Turkey and being invasive or naturalised 
in different geographies/continents worldwide (A. Yazlık, unpublished data). To this 
end, implementation of effective biosecurity measures and cooperation amongst stake-
holder groups would help in such efforts (Guo 2006; Lenzner et al. 2019; Pyšek et al. 
2020; Wallingford et al. 2020; Yang et al. 2021).

Overall, if high-risk species disperse into areas other than their native habitats or 
geographic regions, additional risks may arise and the extent of the resulting impacts may 
increase. Further environmental and socioeconomic impacts can be expected in range-
shifting non-native species due to hybridisation (Essl et al. 2019; Wallingford et al. 2020; 
Seebens et al. 2021). However, this requires an understanding of their potential interac-
tions in new environments (Guo 2006; Wallingford et al. 2020; Seebens et al. 2021) as 
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well as of the extent of such impacts (Wallingford et al. 2020; Simberloff 2022). All of 
this would require monitoring programmes and gathering local ecological information. 
For these reasons, it is believed that the present study can broaden the perspective about 
native and non-native species and add new data to the knowledge of related plants.

Conclusions

The present study has provided evidence for how both non-native and native species 
can result in high-risk scores of invasiveness independent of their native range. This 
suggests that further studies should be carried out on the extent and size of the impact 
exerted by such species. As research on invasiveness has been strongly focused on non-
native species, it is hoped that the present study will point to the necessity of working 
on dominant native (expanding) species. Considering the results of the ten species 
investigated, it is suggested that further studies in risk analysis should include not only 
non-native species but also all dominant species that are known to cause high impacts. 
This is because damage to natural ecosystems is in most cases an irreversible process 
(Křivánek and Pyšek 2006; Brundu et al. 2020). Moreover, considering all aspects of 
socioeconomic and environmental changes at the national level provides a resource 
to monitor more effectively the potential developments of future biological invasions 
(Latombe et al. 2022). Therefore, it is suggested that invasive/expanding species lists 
should be created on a regional basis in view of risk analysis studies. At the same time, 
it is recommended that priority should be given to the establishment of management 
programmes (Brundu et al. 2020) and the implementation of effective biosecurity 
measures (Latombe et al. 2022) for species whose invasive/expanding status has been 
determined by risk analysis. Given the presence of the species screened in this study in 
different habitats across Turkey, appropriate management programmes should be im-
plemented by taking into account the IWM principle. In particular, it is recommended 
that research institutes working on biological control in Turkey (e.g. Adana Biologi-
cal Control Research Institute, which carries out studies on mass insect production) 
should consider the research on the natural enemies mentioned in this study. Finally, 
considering urban habitats, public awareness should be raised and decision-makers 
should be informed about the use of high-risk plants such as A. altissima, H. helix 
and R. pseudoacacia, which are sold and used as ornamental and/or landscape plants 
country-wide.
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Abstract
The aquatic ornamental industry, whilst providing socio-economic benefits, is a known introduction path-
way for non-native species, which if invasive, can cause direct impacts to native species and ecosystems and  
also drive disease emergence by extending the geographic range of associated parasites and pathogens and 
by facilitating host-switching, spillover and spill-back. Although current UK temperatures are typically 
below those necessary for the survival and establishment of commonly-traded tropical, and some sub-
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under predicted future climate conditions. Out of 233 ornamental species identified as traded in the UK, 
24 were screened, via literature search, for potential parasites and pathogens (PPPs) due to their increased 
risk of survival and establishment under climate change. We found a total of 155 PPPs, the majority of 
which were platyhelminths, viruses and bacteria. While many of the identified PPPs were already known 
to occur in UK waters, PPPs currently absent from UK waters and with zoonotic potential were also iden-
tified. Results are discussed in the context of understanding potential impact, in addition to provision of 
evidence to inform risk assessment and mitigation approaches.

NeoBiota 76: 73–108 (2022)

doi: 10.3897/neobiota.76.80215

https://neobiota.pensoft.net

Copyright work is made by Her Majesty or by an officer or servant of the Crown in the course of their duties. This is an open access article 
distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distribution, and repro-
duction in any medium, provided the original author and source are credited.

RESEARCH ARTICLE

Advancing research on alien species and biological invasions

A peer-reviewed open-access journal

NeoBiota



James Guilder et al.  /  NeoBiota 76: 73–108 (2022)74

Keywords
Alien species, disease emergence, horizon scanning, invasive non-native species, risk screening

Introduction

The global trade in aquatic ornamental species is extensive, involving over 140 coun-
tries (Evers et al. 2019; Hood et al. 2019). Its value is estimated to be in the region of 
15–30 billion US dollars annually, with a trade of 1.3 billion ornamental fishes report-
ed (Evers et al. 2019; King 2019). The total value of live ornamental fishes imported 
into the UK in 2020 was £16.2 million (OATA 2020). The industry includes trade of 
both freshwater and marine ornamentals, however 76% of the 1244 metric tonnes of 
live fishes imported into the UK in 2020 were tropical freshwater fishes (OATA 2020). 
Though generally less well studied, invertebrates (including Mollusca and Crustacea) 
also represent an important group of traded aquatic ornamentals (Keller and Lodge 
2007; Ng et al. 2016).

While the ornamental industry clearly provides economic and social benefits, it 
is a known pathway for the introduction of non-native species (NNS), pathogens 
and parasites, which pose a potential threat to aquatic biodiversity if they become 
invasive (Padilla and Williams 2004; Copp et al. 2005a; Peeler et al. 2011; Hood et 
al. 2019). Ornamental species are typically kept in closed systems, isolated from open 
waterways; but deliberate introduction into the wild, often the result of animals over-
breeding or getting too large to house, or accidental introduction following escape, 
is known to occur (e.g. Courtenay 1999; Crossman and Cudmore 1999; Padilla and 
Williams 2004; Copp et al. 2005b; Duggan et al. 2006; Wood et al. 2022). Intro-
ductions of NNS can drive disease emergence by extending the geographic range of 
associated parasites and pathogens, and by facilitating host-switching or via spillover 
and spill-back (Peeler et al. 2011). Outbreaks of Koi Herpes Virus (KHV) and Spring 
Viraemia of Carp (SVC) in UK fisheries, which resulted in substantial mortalities in 
common carp Cyprinus carpio carpio L. 1758 and economic losses, have been linked 
to the introduction of koi carp C. carpio koi, an ornamental variety of common carp 
(Taylor et al. 2010, 2011, 2013).

In recognition of the threat posed by live non-native fishes, legislation that restricts 
the keeping of live fishes is in place in the UK. Key legislation includes ‘The Prohibi-
tion of Keeping or Release of Live Fish (Specified Species) (England) Order 2014’ 
(and its predecessors in 1998 and 2003) implemented under the ‘Import of Live Fish 
(England and Wales) Act 1980’, and ‘The Keeping and Introduction of Fish (England 
and River Esk Catchment Area) Regulations 2015’. These legislative instruments apply 
primarily (if not exclusively) to freshwater fishes, prohibiting their keeping in England 
without a licence, with similar powers applying in Wales, Scotland and Northern Ire-
land. The original 1998 Order listed only species considered to be of concern at that 
time, with the 2003 Order extending the list to include some additional species. These 
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orders were perhaps the most advanced of their kind in Europe and North America 
(Copp et al. 2005a). The 2014 Order took a much wider approach, with the schedule 
listing all taxonomic Orders that contained freshwater fish species and stating that all 
non-native freshwater fishes required a licence to be kept with the exception of those 
(primarily native species) listed in the 2014 Order’s annexes. However, two general 
licences have been issued permitting the keeping of fishes in garden ponds and/or 
indoor aquaria. The first, defined here as the ‘garden pond fish list’ (UK Government 
2021a) details standard ornamental pond fishes, namely koi carp, goldfish Carassius 
auratus L. 1758, orfe Leuciscus idus L. 1758, grass carp Ctenopharyngodon idella Cuvier 
& Valenciennes, 1844 and sturgeon (Acipenser spp.), permitted to be kept in aquaria 
or secure outdoor garden ponds. The second, defined as the ‘ornamental fish list’ (UK 
Government 2019), comprises mainly tropical and subtropical genera (and in some 
cases species), which are considered to pose a low risk of becoming established or 
invasive in UK waters, and permitted to be kept in indoor aquaria only. Parallel legis-
lation exists in relation to crayfish in the form of the ‘Prohibition of Keeping of Live 
Fish (Crayfish) Order 1996’, which only permits the keeping of red-clawed crayfish 
Cherax quadricarinatus Von Martens, 1868 for ornamental purposes under a general 
licence and for the use of all non-native fishes in fisheries in the form of ‘The Keeping 
and Introduction of Fish (England and River Esk Catchment Area) Regulations 2015’. 
Legislation also exists to prevent the introduction of NNS in to the wild (e.g. Wildlife 
and Countryside Act 1981), and to limit activities associated with specific NNS (e.g. 
Invasive Alien Species (Enforcement and Permitting) Order 2019). Further, in relation 
to aquatic animal disease risk specifically, under ‘The Aquatic Animal Health (England 
and Wales) Regulations 2009’, live aquatic animal imports require certification.

Currently, UK temperatures are typically below those necessary for the survival and 
establishment of the commonly-traded tropical, and some sub-tropical, ornamental 
fishes (species on the ornamental fish list). However, elevated water temperatures (a 2 
°C increase) forecasted by future climate change scenarios are predicted to increase the 
probability of survival and establishment for some existing fish species (Britton et al. 
2010). Hence there may be an increased risk of pathogen and parasite introductions, 
transmissions and disease emergence events (Marcos-López et al. 2010). Climate mod-
elling under four different Representative Concentration Pathway (RCP) scenarios, 
sensu Moss et al. (2010), indicates that global mean surface temperature may increase 
by between 0.4 and 2.6 °C by the mid-21st century (Moss et al. 2010; Van Vuuren et 
al. 2011; Nazarenko et al. 2015). An understanding of the trade in ornamental species, 
and potential disease threats associated with commonly-traded species that may have 
an increased risk of establishment in the wild under future climate conditions, is es-
sential to mitigate threats and protect aquatic biodiversity, and ensure the sustainability 
of an important industry.

The aim of our study was to identify commonly-traded non-native (NN) orna-
mental fishes, crustacea and molluscs at increased risk of survival and establishment 
in UK waters under elevated temperatures predicted by climate change forecasting. 
Further, applying the workflow proposed by Foster et al. (2021), organisms known, 
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or with potential to be, pathogenic or parasitic that have been observed associating 
with these NN ornamental species at any point in the ornamental fish trade pathway 
were identified. Applications of the outcomes to inform risk assessment and mitigation 
measures to protect and sustain the ornamental industry in the long term are discussed.

Methods

Records of commonly imported species, such as packing lists that document details 
of ornamental species imported via the Heathrow Border Control Post (BCP), were 
not available for use during this study. Therefore, to identify the NN freshwater orna-
mental species most commonly-imported into UK, a proxy measure was adopted that 
combined outputs from three different, but complementary methodologies: expert 
elicitation, eBay retailer search and Google search.

Expert elicitation involved use of the list, provided by the Ornamental Aquatic 
Trade Association (OATA; https://ornamentalfish.org/), of ornamental species/genera 
considered by OATA to be the most commonly traded in the UK (by volume). Fur-
ther, a short list of those NN ornamental species most likely to establish in UK, i.e. 
species from warm temperate or sub-tropical climatic zones, was provided by the Fish 
Health Inspectorate (FHI) for England and Wales.

A list of ornamental live-fish retailers was constructed from an eBay search car-
ried out on 8 October 2020 using the term ‘live fish’. Search results were filtered for 
NN fishes that fell under the water type categories of ‘fresh’, ‘pond’, ‘all water types’ 
and ‘not specified’. Species were recorded from all listings between 9 September and 
8 October 2020, inclusive. The total number of listings for each NN fish species was 
used as a proxy measure of trade volume. A separate eBay search using the term ‘live 
invertebrates’ was carried out on 13 October 2020. Search results were filtered for NN 
invertebrates that fell under the water type categories of ‘fresh’, ‘pond’, ‘all water types’ 
and ‘not specified’. Initial results indicated that significantly fewer invertebrate species 
were listed compared to fish species. Therefore, all NN invertebrate species listings 
returned by the search, with no restrictions on the date, were recorded. The number of 
listings per NN invertebrate species was not recorded and species listed multiple times 
were recorded only once.

A Google search was carried out on 20 October 2020 using the term ‘fish species 
for cold or unheated aquaria”, and this provided information on popular ornamental 
fish species likely to be traded in the UK. Although returning primarily temperate 
species, it also included tropical fish species with wide temperature tolerances, which 
therefore do not require heated aquaria, e.g. Endler’s livebearer Poecilia wingei Poeser, 
Kempkes & Isbrücker, 2005, and zebra danio Danio rerio Hamilton, 1822 (López-Ol-
meda and Sánchez-Vázquez 2011). In the search for cold or unheated aquaria species, 
the most popular NN fish species listed in the first 20 websites or blogs (See Suppl. 
material 1: List S1) were used to represent commonly-traded species. All species men-
tioned were recorded only once.
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A master list of species’ common and scientific names was developed. If the spe-
cies scientific name was absent in the eBay listing or on the website/blog, then it was 
searched for (using the common name) on FishBase (www.fishbase.se/search.php) for 
all fish species or via a google search for the invertebrate species. Where fishes and in-
vertebrates were not identified to species level, the entry was removed from the master 
list. Species recorded via any of the methodologies were collated into the single master 
list (See Suppl. material 1: Table S1).

The master list was refined by removal of species, based on the following criteria: 
i) the NN species is present on the ‘garden pond fish list’ or is not present on the ‘or-
namental fish’ list under The Prohibition of Keeping or Release of Live Fish (Specified 
Species) (England) Order 2014; and ii) the NN species is recorded as present within 
UK waters on the Global Biodiversity Information Facility (GBIF; www.gbif.org). 
Although climate change may increase the risk of some of these NNS, either increas-
ing their current range or establishing new populations as a result of further introduc-
tions, the associated pathogen risk was considered to exist already because the species 
is already present.

Data analysis and modelling

To aid the selection of species for potential pathogen and parasite (PPP) screening, a 
high-level estimation of climate suitability for each NNS on the master list was un-
dertaken using a species distribution modelling (SDM) approach. Note that the term 
potential ‘pathogen or parasite’ is used as a catch-all term, given that evidence for 
pathogenic or parasitic association was not extensively reviewed in the present study 
and in fact is often unavailable, in particular for novel environments or hosts. The de-
velopment of SDMs involved selection of temperature variables under the current cli-
mate (2020) and, under future climate, represented by an intermediate climate change 
scenario, the RCP 4.5 scenario, which predicts stabilisation of radiative forcing (Van 
Vuuren et al. 2011) and an increase in global annual mean surface air temperature of 
between 1 and 2 ˚C (Nazarenko et al. 2015).

The global distribution for each species on the master list was obtained from 
the GBIF. The climatic zone classification sub-tropical or temperate and the native 
continent(s) were determined using FishBase. No equivalent database to FishBase 
exists for invertebrates, so the native range of each invertebrate species was deter-
mined via a Google search, and the climatic zone of each range was then climate 
classified by matching the invertebrate species with fish species from a similar range. 
Species classified as subtropical or temperate, or with an occurrence record on the 
GBIF that was outwith the tropical bands (i.e. between the tropics of Capricorn and 
Cancer), were selected for further analysis (See Suppl. material 1: Table S2). The 
total number of geo-referenced occurrences for the selected species was recorded. 
To reduce bias of repeated sampling or multiple reports of a species within the same 
location, only one record per coordinate was included in the analysis. Species with 
<100 geo-referenced records were excluded from further analysis (See Suppl. mate-
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rial 1: Table S1). A threshold of 100 geo-referenced records balanced the accuracy of 
suitability model outputs and number of species for which models could be run. For 
each species, occurrence data were cleaned using the CoordinateCleaner package in 
R (Zizka et al. 2019); this package includes a wrapper function that identifies and 
removes potential errors in the data based on: country and coordinate mismatches, 
coordinates at sea, zero coordinates, coordinates assigned to country centroids and 
significant outliers.

Global climate variables at a spatial resolution of ten arc-minutes were downloaded 
for the present day from the WorldClim dataset (http://worldclim.org) – these are ob-
served data that have been interpolated from current climatic conditions recorded by 
weather stations (Hijmans et al. 2005). Six temperature variables were then selected for 
the species distribution models: 1) Annual mean temperature; 2) Mean diurnal range 
(Mean of monthly: max temp – min temp); 3) Max temperature of warmest month; 
4) Min temperature of coldest month; 5) Mean temperature of warmest quarter; and 
6) Mean temperature of coldest quarter. Future climate projections were download-
ed from the WorldClim dataset. These are derived from five bias-corrected CMIP5 
Global Climate Models (GDFL-CM3, HadGEM2-CC, MIROC5, INM-CM4.0, 
and CSSM4) which specifically related to the 2050 projection (mean for 2041–2060) 
of the RCP 4.5 climate change scenario.

Species distribution models (SDMs) were employed for NNS on the refined 
master list to predict the potential suitability of the UK climate for the NNS with 
respect to the selected temperature variables, both under current (2020) and fu-
ture climate conditions (in 2050), as represented by climate change scenario RCP 
4.5 (Moss et al. 2010). The SDMs were run in R using the SDM package (Naimi 
and Araújo 2016). Occurrences used in the SDMs were limited to a maximum of 
1000 per species. Pseudo-absences were then assigned to each species. The number of 
pseudo-absences was not fixed across species, rather the number of pseudo-absences 
was equal to the number of occurrence records for that species as suggested for classi-
fication techniques by Barbet-Massin et al. (2012). No pseudo-absence was assigned 
to a coordinate representing a presence occurrence. Both presences and pseudo-ab-
sences input into the SDMs were restricted to the continent within which the native 
range of the species occurs. For species with distributions that extend across more 
than one continent, presences and pseudo-absences from all relevant continents were 
input into the SDMs.

Ensemble models were built for current climate conditions by using two differ-
ent machine learning methods (boosted-regression trees and random forests). These 
models estimated the effects of the selected temperature variables, for the present day, 
on the distribution of each species within the continent of their native range. As no 
data were available to evaluate the model predictions independently, data were split 
at random into training (70%) and test data (30%). This random split of the data 
was repeated five times. To account for the influence of pseudo-absences on model 
outputs, five random and independent pseudo-absence sets were generated. In total, 



Threats to UK freshwaters under climate change 79

50 model replicates were run (two modelling techniques × five pseudo absences × five 
split samplings) for each species. A geographical representation of the UK was cre-
ated by cropping a rectangular area using the drawExtent function, which was split 
into 3828 ten arc-min grid cells (≈ 340 km2). A suitability score for each species, was 
predicted for each grid cell using the un-weighted ensemble models, with scores rang-
ing from 0 to 1. A suitability score of 1 indicates that the model predicts the presence 
of the species in a given location and a score of 0 indicates that the model predicts 
the absence of the species in that location, based solely on temperature predictors. 
An overall UK suitability score for each species, for both the present day and under 
the 2050 scenario, was then calculated by taking the mean of all grid cell suitability 
scores. Species with a mean suitability score of ≥0.15 in 2050 were selected for para-
site/symbiont screening.

Consistent with the framework outlined by Foster et al. (2021), PPP screening 
consisted of (Table 1): i) organisms associated with each species, i.e. those classified 
as pathogens, parasites or symbionts, were searched for on PubMed; ii) the associ-
ated organisms revealed in the first two pages of a Google search result (using the 
following terms and format: “species name” AND pathogen OR parasite OR com-
mensal OR symbiont OR protist OR bacteria OR virus) were screened for informa-
tion supplementary to that provided through the PubMed search; and iii) search 
results were categorised into two groups – PPPs reported to be associated with (or 
infect) species at any point within the ornamental trade pathway, including wild 
sourcing (i.e. natural host-PPP interactions), and PPPs known to infect the species 
through laboratory challenge studies only. Where possible, whether the host-PPP 
interaction was associated with sub-clinical or asymptomatic infection, clinical signs 
of disease and/or mortality were noted. Additionally, the country of observation and 
the point in the ornamental fish trade pathway (e.g. wild, farm, retailer, hobbyist 
etc.) were recorded.

Table 1. The process undertaken to find information on pathogens, parasites and symbionts associated 
with each species, with a suitability score of ≥0.15, on PubMed. Only steps one to three were carried out 
in the present study (adapted from Foster et al. 2021).

Step 1  Search full species name in [All Fields]. If 0, then go to 2, if  ≥1, then go to 3
Step 2  Search genus name in [All Fields]. If 0, then decide whether continuing at a higher taxonomic level, is appropriate. If ≥1, go to 4.
Step 3  Conduct search using the criteria: (Species name [All Fields]) AND (microbiome[Title/Abstract] OR symbio*[Title/

Abstract] OR pathogen*[Title/Abstract] OR parasit*[Title/Abstract] OR protist[Title/Abstract] OR protozoa[Title/
Abstract] OR bacteria*[Title/Abstract] OR virus[Title/Abstract] OR host[Title/Abstract] OR reservoir[Title/Abstract] 

OR vector[Title/Abstract] OR infection [Title/Abstract]) 
Scan papers for pathogen/symbiont reports and IDs and record

Step 4  Conduct search using criteira: (Genus name [All Fields]) AND (microbiome[Title/Abstract] OR symbio*[Title/
Abstract] OR pathogen*[Title/Abstract] OR parasit*[Title/Abstract] OR protist[Title/Abstract] OR protozoa[Title/

Abstract] OR bacteria*[Title/Abstract] OR virus[Title/Abstract] OR host[Title/Abstract] OR reservoir[Title/Abstract] 
OR vector[Title/Abstract] OR infection [Title/Abstract])

Scan papers for pathogen/symbiont reports and IDs and record
Step 5  Engage with taxon group specialists, as appropriate, to sense check & compile additional information. 
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Results

Commonly-traded species

The master list of species commonly imported to the UK contained 193 species of or-
namental fish, and 40 species of ornamental invertebrate, (total 233, See Suppl. mate-
rial 1: Table S1). A total of 160 fish species were removed from the master list, and not 
subject to suitability scoring, because they met at least one of the following criteria: i) 
present on the list of ‘garden pond’ fishes, ii) absent from the list of ‘ornamental fish’ 
species or recorded as present in the UK on the GBIF, iii) low number (<100) of GBIF 
records, or iv) distribution was restricted to within the tropical bands (See Suppl. mate-
rial 1: Table S1).

A total of 32 invertebrate species were removed from the master list because they 
met at least one of the following criteria: i) species list or recorded as present in the 
UK on GBIF, ii) low number (<100) of GBIF records, iii) distribution was restricted 
to within the tropical bands. One further invertebrate species, Pomacea maculata Perry, 
1810 (synon. P. insularum), was removed from the master list because all Pomacea spp. 
were banned from import into the UK (OATA 2021; UK Government 2021b) at the 
time of our study (See Suppl. material 1: Table S1). Therefore, the refined master list 
subjected to suitability analysis comprised 33 fish and seven invertebrate species (Table 
2).

The majority of fish species (30.3%; n = 10) on the refined master list belong 
to the Order Cypriniformes, which includes the loaches, carps, barbs and minnows; 
taxa that are common in the aquarium trade. A notable proportion of the fish species 
on the refined master list (21%; n = 7) are the smaller ray-finned fishes of the Order 
Cyprinodontiformes, such as killifishes and livebearers (e.g. mollies, guppies), which 
are popular aquarium fishes. Also common on the refined master list are species of the 
taxonomic orders Siluriformes (18.1%; n = 6), representing the catfishes, and Cichli-
formes (15.1%; n = 5), representing the cichlids and angelfishes. Invertebrate species 
on the refined master list comprise snails, crabs, shrimps and a crayfish. Three were of 
the taxonomic Order Decapoda (Table 2). Species within orders Notostraca and Cy-
cloneritida are also present on the list.

Species estimates of UK temperature suitability

Mean UK suitability scores for the fish species ranged from 0.08 to 0.59 under 
current climate conditions and 0.08 to 0.62 under future (2050) climate conditions 
(Table 2). The highest suitability score in 2050 was seen for the dojo loach Misgurnus 
anguillicaudatus Cantor, 1842, and the Japanese rice fish Oryzias latipes Temminck & 
Schlegel, 1846 (Table 2, also see Suppl. material 1: Fig. S1). Although there was no 
difference in suitability between current day and 2050 for 15 fish species, suitability 
increased (mean increase in suitability of 0.05) for 15 fish species. The greatest increase 



Threats to UK freshwaters under climate change 81

Table 2. Outputs of species distribution models (SDMs), using UK temperatures under current and 
future climate conditions (i.e. 2050, under Representative Concentration Pathway, RCP 4.5, scenario), 
for ornamental freshwater fish and invertebrate species identified via eBay and Google searches in addi-
tion to expert elicitation as commonly traded in the UK (ordered by decreasing mean RCP 4.5 suitability 
score, then by mean current day suitability score and then by native continent. Also given is the number 
of records (n) from the Global Biodiversity Information Facility (GBIF; www.GBIF.org) used to carry out 
the SDMs (after selection of 1000 random points, removal of duplicates and cleaning). Species in bold 
had a mean suitability score of ≥ 0.15 under RCP4.5 2050 and were therefore subject to pathogen and 
parasite screening.

Taxon group/Scientific name Common name Native Continent n Current RCP 4.5
FISHES
Misgurnus anguillicaudatus dojo loach Asia 781 0.59 0.62
Oryzias latipes Japanese rice fish Asia 247 0.53 0.58
Aphanius mento pearl-spotted killifish Asia 135 0.35 0.38
Rhodeus ocellatus rosy bitterling Asia 311 0.23 0.32
Pimephales promelas fathead minnow North America 859 0.19 0.31
Enneacanthus chaetodon black banded sunfish North America 177 0.23 0.29
Misgurnus mizolepis Chinese muddy loach Asia 244 0.26 0.28
Garra rufa red garra Asia and Europe 234 0.25 0.28
Notropis chrosomus rainbow shiner North America 376 0.26 0.27
Amatitlania nigrofasciata convict cichlid North America 487 0.21 0.26
Xiphophorus variatus variable platy North America 276 0.15 0.20
Pethia conchonius rosy barb Asia 128 0.17 0.19
Xiphophorus hellerii swordtail North America 943 0.13 0.17
Paracheirodon axelrodi cardinal tetra South America 129 0.17 0.17
Corydoras paleatus pepper corydoras South America 126 0.15 0.16
Barbodes semifasciolatus gold barb Asia 141 0.16 0.15
Astronotus ocellatus oscar South America 241 0.16 0.15
Osteoglossum bicirrhosum arawana South America 126 0.15 0.15
Phractocephalus hemioliopterus redtail catfish South America 120 0.14 0.14
Pethia ticto ticto barb Asia 113 0.13 0.13
Hypostomus plecostomus suckermouth catfish South America 277 0.13 0.13
Hypseleotris compressa empire gudgeon Australasia 855 0.11 0.12
Pygocentrus nattereri red bellied piranha South America 532 0.12 0.12
Poecilia reticulata guppy North & South America 936 0.11 0.11
Corydoras aeneus bronze corydoras South America 278 0.12 0.11
Melanotaenia nigrans black-banded rainbowfish Australasia 212 0.10 0.10
Amphilophus citrinellus midas cichlid North America 193 0.10 0.10
Cyprinella lutrensis red shiner North America 902 0.10 0.10
Rocio octofasciata Jack Dempsey North America 595 0.10 0.10
Pterophyllum scalare angelfish South America 152 0.10 0.10
Poecilia velifera sail-fin molly North America 175 0.09 0.09
Vieja melanura redhead cichlid North America 706 0.09 0.09
Poecilia sphenops common molly North & South America 519 0.08 0.08
INVERTEBRATES
Palaemonetes paludosus ghost shrimp North America 249 0.31 0.35
Tarebia granifera quilted melania Asia & Australasia 160 0.26 0.28
Cherax quadricarinatus redclaw crayfish (blue lobster) Australasia 108 0.22 0.22
Triops australiensis tadpole shrimp Australasia 145 0.21 0.21
Neritina pulligera dusky nerite Africa, Asia & Australasia 111 0.18 0.19
Marisa cornuarietis Colombian ramshorn apple snail North & South America 195 0.15 0.17
Metasesarma aubryi red apple crab Asia 312 0.13 0.13
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in suitability score was seen for the fathead minnow Pimephales promelas Rafinesque, 
1820, whose score increased by nearly 63% from 0.19 to 0.31. For three fish species, 
suitability scores reduced between the current day and 2050, though by only a small 
amount (Table 2): gold barb Barbodes semifasciolatus Günther, 1886, bronze corydoras 
Corydoras aeneus Gill, 1858 and the oscar, Astronotus ocellatus Agassiz, 1831.

Mean suitability scores for the invertebrate species ranged from 0.15 to 0.33 and 
from 0.17 to 0.44 under current day and 2050, respectively (Table 2). The highest 
suitability score in 2050 was seen for the ghost shrimp Palaemonetes paludosus Gibbes, 
1850. In total, four invertebrate species showed a small increase in suitability score 
between the present day and 2050. No difference in suitability score between current 
day and 2050 was seen for three species: red-clawed crayfish, tadpole shrimp Triops 
australiensis Spencer & Hall, 1895, and red apple crab Metasesarma aubryi A. Milne-
Edwards, 1869. In contrast to fishes, a reduction in suitability in 2050 was not seen for 
any of the listed invertebrate species.

Potential pathogen and parasite screen

In total, 18 fish and six invertebrate host species were screened for potential patho-
gens and parasites based on their suitability score of ≥0.15 under RCP 45 2050. A 
total of 504 records were returned from the literature (PubMed and Google) search. 
The number of records against each screened host species ranged between 0 and 144, 
with four species (tadpole shrimp; black banded sunfish Enneacanthus chaetodon Baird, 
1855; rainbow shiner Notropis chrosomus Jordan, 1877; dusky nerite Neritina pulligera 
L., 1767) returning no records. A total of 243 records were deemed unsuitable for the 
PPP screen following review of the abstract to assess whether or not the publication 
included both the host species and/or a PPP. In total, 163 records documented natural 
interactions between hosts and PPPs (Table 3) and 98 records reported host species 
susceptibility to PPP infection under laboratory conditions (See Suppl. material 1: 
Table S2).

In total, 155 PPPs across four biological kingdoms (Animalia, Fungi, Prokaryotes 
and Protists) and two domains (Bacteria and Viruses) were identified as associated 
with the screened host species. The majority belonged to phyla within the Animalia 
kingdom (66%; n = 100), specifically Acanthocephala (2%, n = 3), Annelida (1%, n 
= 2), Arthropoda (6%, n = 10), Cnidaria (1%, n = 2), Nematoda (10%, n = 16), and 
Platyhelminthes (43%, n = 67) (Table 3).

Viruses represented 12% of the total PPPs identified as associated with screened 
host species, and they belonged to a number of RNA virus families, including 
Rhabdoviridae, Birnaviridae, as well as the DNA virus family, the iridioviruses (Table 
3). Evidence suggests that a large proportion of the viruses identified can cause clinical 
disease (72%) and/or mortality (56%) in potential hosts screened. Sub-clinical infection 
by some viruses was also reported to be present in some of the screened potential hosts. 
Bacterial PPPs represented 11% of PPPs associated with screened hosts and belonged 
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to a number of groups including Aeromonads, Mycobacterium, Vibrio and Streptococcus, 
and these were largely opportunistic bacteria, which are commonly associated with 
disease (88%) and mortality (84%) across a wide range of species (Table 3).

The greatest number of PPPs were reported for fathead minnow, with 27 in total 
(Table 3). Screening also highlighted 25 PPPs associated with dojo loach, 17 PPPs 
associated with red-claw crayfish and 12 PPPs associated with red garra Garra rufa 
Heckel, 1845.

Many of the PPPs found to be associated with the screened host species are known 
to already occur in UK waters. In particular, species of bacteria associated with screened 
hosts have a wide global distribution and are likely already associated with disease in 
aquatic organisms in the UK. Also known to cause disease in the UK is the protist 
Ichthyophthirius multifiliis Fouquet, 1876, commonly known as ‘Ich’ – the causative 
agent of white-spot disease. This protozoan was identified in several screened ornamental 
fishes including: swordtail Xiphophorus helleri Heckel, 1848, oscar, arawana Osteoglossum 
bicirrhosum Cuvier, 1829 and cardinal tetra Paracheirodon axelrodi Schultz, 1956. In 
addition, Trichodina Ehrenberg, 1838, another widespread protozoan genus already 
found in the UK, was identified as associated with several of the screened ornamental 
species. Aphanomyces astaci Schikora, 1906, which is widely distributed throughout 
Europe and the causative agent of the crayfish plague, was associated with the redclaw 
crayfish. Arthropoda PPPs, common in the UK, associated with listed species included 
Argulus japonicus Thiele, 1900 and Argulus foliaceus L., 1758.

However, PPPs not known to occur in UK waters were identified. For example, 
infection of fathead minnow by viral haemorrhagic septicaemia virus (VHSv), the 
aetiological agent of OIE-listed Viral Haemorrhagic Septicaemia, and of the oscar by 
infectious spleen and necrosis virus (ISKNv) were reported. In addition, the protist 
Aphanomyces invadans David & Kirk, 1997, the aetiological agent of OIE listed 
Epizootic Elcerative Syndrome, was reported as associated with the rosy barb Pethia 
conchonius Hamilton, 1822. Further, the fungi Pseudoloma neurophilia was reported to 
cause mortality in the fathead minnow. Finally, the Cnidarian, Myxobolus axelrodi, was 
associated with the cardinal tetra and was also reported to cause mortalities.

Also identified were PPPs with zoonotic potential, including two trematodes, 
Isthmiophora hortensis Asata, 1926 and Clinostomum complanatum Rudolphi, 1814 
were reported as associated with the dojo loach and rosy bitterling Rhodeus ocellatus 
Kner, 1868, respectively. One cestode, Schyzocotyle acheilognathi Yamaguti, 1934, also 
with known zoonotic potential, was reported as associated with swordtail. Bacterial 
PPPs known to infect both fishes and humans were also identified as associated with 
screened fishes, including: Acinetobacter pittii Nemec et al., 2011, Aeromonas veronii 
Hickman-Brenner et al., 1987, A. hydrophila Chester, 1901, Vibrio cholerae Pacini, 
1854, Shewanella putrefaciens MacDonell & Colwell, 1986, Mycobacterium marinum 
Aronson, 1926 and Mycobacterium goodii Brown et al., 1999. Antimicrobial resistance 
was reported for some bacterial strains identified in screened species, including a strain 
of Aeromonas sobria Popoff & Vron, 1981 (in swordtail and dojo loach).



James Guilder et al.  /  NeoBiota 76: 73–108 (2022)84

Table 3. List of potential pathogens and parasites reported as natural infections of ornamental fish and 
invertebrate species traded into the UK , whereby literature evidence was found (Y = Yes) for: Disease = 
clinical signs or disease in the animal caused by the associated pathogen or parasite; Mort. = mortalities in 
the animal as a result of the associated pathogen or parasite; Sub. = sub-clinical or asymptomatic infection in 
the animal. Location types: ‘Aquarium’ includes reports on specimens held in aquaria by hobbyists, public 
aquaria, vets or laboratories; ‘Retail (Pet shop)’ (Retail P) includes ornamental fish shops, both stand-alone 
and within ornamental markets; ‘Border’ refers to Import/Border Border Control Inspection Posts; ‘Retail 
B’ = Retail bait shop; ‘Retail  S’ = Retail Spa.

Type & name of 
Disease Agent

Ornamental Species Disease Mort. Sub. Country Location 
type

Reference

Viruses
Aquatic birnavirus Garra rufa Y Ireland Retail S (Ruane et al. 2013)
Athtabvirus Cherax quadricarinatus Y Y Australia Farm (Sakuna et al. 2018)
Chequa iflavirus Cherax quadricarinatus Y Y Y Australia Farm (Sakuna, et al. 2017)
Cherax quadricarinatus 
iridovirus

Cherax quadricarinatus Y Y China Farm (Xu et al. 2016)

Decapod ambidensovirus1     Cherax quadricarinatus Y Y Australia Farm (Bochow et al. 2015)
Fathead minnow calicivirus Pimephales promelas Y Y USA Retail B (Mor et al. 2017)
Fathead minnow nidovirus Pimephales promelas Y Y USA Retail B (Batts et al. 2012)
Fathead minnow 
picornavirus

Pimephales promelas Y USA Retail B (Phelps et al. 2014)

Fathead minnow 
rhabdovirus

Pimephales promelas Y Y USA Farm (Iwanowicz and Goodwin 2002)

Golden shiner reovirus Pimephales promelas Y Y USA Retail B (Boonthai et al. 2018)
Hepatopancreatic reovirus Cherax quadricarinatus Y Y Y Australia Farm (Edgerton et al. 2000)
ISK necrosis virus Astronotus ocellatus Australia Retail P (Go et al. 2016)
ISK necrosis virus Astronotus ocellatus Y India Retail P (Girisha et al. 2021)
Loach birnavirus Misgurnus 

anguillicaudatus
Y Taiwan Farm (Chou et al. 1993)

Parvo-like virus Cherax quadricarinatus Y Y Australia Farm (Bowater et al. 2002)
South American cichlid 
iridovirus

Astronotus ocellatus Y Y USA Retail P (Koda et al. 2018)

Spawner-isolated mortality 
virus 

Cherax quadricarinatus Y Y Australia Farm (Owens and McElnea 2000)

Turbot reddish body 
iridovirus

Astronotus ocellatus USA Retail P (Go et al. 2016)

Viral Haemorraghic 
Septicaemia2

Pimephales promelas Y USA Wild (Cornwell et al. 2013)

Bacteria
Acinetobacter pittii Misgurnus 

anguillicaudatus
Y Y China Farm (Wang et al. 2019)

Aeromonas hydrophila Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
Aeromonas hydrophila Misgurnus 

anguillicaudatus
Y Y South 

Korea 
Farm (Jun et al. 2010)

Aeromonas sobria Corydoras paleatus Y Italy Wholesaler (Sicuro et al. 2020)
Aeromonas sobria Garra rufa Y Y Slovakia Farm (Majtán et al. 2012)
Aeromonas sobria Misgurnus 

anguillicaudatus
Y Italy Wholesaler (Sicuro et al. 2020)

Aeromonas sobria Misgurnus mizolepis Y Y South 
Korea 

Farm (Yu et al. 2015)

Aeromonas sobria Xiphophorus hellerii Y Italy Wholesaler (Sicuro et al. 2020)
Aeromonas veronii Astronotus ocellatus Y Y India Farm (Sreedharan et al. 2011)
Aeromonas veronii  Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
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Type & name of 
Disease Agent

Ornamental Species Disease Mort. Sub. Country Location 
type

Reference

Bacteria
Chryseobacterium cucumeris Misgurnus 

anguillicaudatus
Y Y South 

Korea 
Farm (Kim et al. 2020)

Citrobacter freundii Garra rufa Y Y South 
Korea 

Farm (Baeck et al. 2009)

Edwardsiella ictaluri Pethia conchonius Y Y Y Australia Border (Humphrey et al. 1986)
Listonella anguillarum Misgurnus 

anguillicaudatus
Y Y China Farm (Qin et al. 2014)

Mycobacterium abscessus Xiphophorus variatus Y Y Italy Border (Zanoni et al. 2008)
Mycobacterium fortuitum Xiphophorus variatus Y Y Italy Aquarium (Zanoni et al. 2008)
Mycobacterium goodii Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
Mycobacterium gordonae Cherax quadricarinatus Y Y Israel Farm (Davidovich et al. 2019)
Mycobacterium marinum Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
Rickettsia-like organism Cherax quadricarinatus Y Y Ecuador Farm (Romero et al. 2000)
Shewanella putrefaciens Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
Shewanella putrefaciens Misgurnus 

anguillicaudatus
Y Y China Farm (Qin et al. 2014)

Streptococcus agalactiae Garra rufa Y Y Ireland Retail S (Ruane et al. 2013)
Streptococcus iniae Astronotus ocellatus Y Iran Aquarium (Tukmechi et al. 2009)
Vibrio cholerae Garra rufa Y Y Y Italy Retail S (Volpe et al. 2019)
Protists
Achlya sp. Astronotus ocellatus Y Iran Aquarium (Peyghan et al. 2019)
Aphanomyces astaci Cherax quadricarinatus Y Y Taiwan Farm (Hsieh et al. 2016)
Aphanomyces invadans Pethia conchonius Y Y India Wild (Pradhan et al. 2014)
Dermocystidium salmonis Paracheirodon axelrodi  Y Y Germany Aquarium (Langenmayer et al. 2015)
Ichthyobodo necator Xiphophorus hellerii USA (Callahan et al. 2005)
Ichthyophthirius multifiliis Astronotus ocellatus Brazil Wild (Neves et al. 2013; Tavares-Dias 

and Neves 2017)
Ichthyophthirius multifiliis Osteoglossum bicirrhosum  Brazil Wild (Rodrigues et al. 2014)
Ichthyophthirius multifiliis Paracheirodon axelrodi  Brazil Retail P (Hoshino et al. 2018)
Ichthyophthirius multifiliis Xiphophorus hellerii Australia Wild (Dove and Ernst 1998)
Piscinoodinium pillulare Astronotus ocellatus Brazil Wild (Neves et al. 2013; Tavares-Dias 

and Neves 2017)
Piscinoodinium pillulare Osteoglossum bicirrhosum Brazil Wild (Rodrigues et al. 2014)
Tokophrya huangmeiensis Cherax quadricarinatus China Farm (Tahir et al. 2017)
Trichodina acuta Misgurnus 

anguillicaudatus
China Farm (Wang et al. 2017)

Trichodina acuta Xiphophorus hellerii Brazil Farm (Piazza et al. 2006; 
Garcia et al. 2009)

Trichodina heterodentata Xiphophorus hellerii Australia Wild (Dove 2000)
Trichodina lechriodentata Misgurnus 

anguillicaudatus
China (Zhao and Tang 2007)

Trichodina modesta Misgurnus 
anguillicaudatus

China (Zhao and Tang 2007)

Trichodina sp. Paracheirodon axelrodi  Brazil Wild (Tavares-Dias et al. 2010)
Trichodina sp. Pimephales promelas USA Wild (Weichman and Janovy 2000)
Trichodina sp. Xiphophorus hellerii Sri Lanka Farm (Thilakaratne et al. 
Fungi
Apotaspora heleios Palaemonetes paludosus Y USA Wild (Sokolova and Overstreet 2018)
Exophiala pisciphila Paracheirodon axelrodi  Y Czechia Aquarium (Rehulka et al. 2017)
Glugea pimephales Pimephales promelas Y Canada Wild (Forest, et al. 2009)
Pleistophora hyphessobryconis Paracheirodon axelrodi Czechia Aquarium (Novotný and Dvořák 2001)
Pleistophora sp. Pimephales promelas Y USA Farm (Ruehl-Fehlert et al. 2005)
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Type & name of 
Disease Agent

Ornamental Species Disease Mort. Sub. Country Location 
type

Reference

Fungi
Pseudoloma neurophilia Pimephales promelas Y Y UK Aquarium (Sanders et al. 2016)
Animal Kingdom
Acanthocephala
Acanthochepalan 
polymorphus sp.

Astronotus ocellatus Brazil Wild (Azevedo et al. 2007)

Neoechinorhynchus 
panucensis

Amatitlania nigrofasciata Mexico Wild (Salgado-Maldonado 2013)

Triaspiron aphanii Aphanius mento Turkey Wild (Smales et al. 2012)
Annelida
Chaetogaster limnaei Tarebia granifera Jamaica Wild (McKoy et al. 2011)
sp. Astronotus ocellatus Brazil Wild (Neves et al. 2013)
Glossiphonidae gen. sp. Astronotus ocellatus Brazil Wild (Neves et al. 2013)
Arthropoda
Argulus foliaceus Astronotus ocellatus Turkey (Toksen 2006)
Argulus japonicus Rhodeus occellatus Japan Wild (Yamauchi and Shimizu 2013)
Argulus multicolor Astronotus ocellatus Brazil Wild (Tavares-Dias and Neves 2017)
Dolops nana Astronotus ocellatus Brazil Wild (Neves et al. 2013)
Ergasilus ceylonensis Xiphophorus hellerii Sri Lanka Farm (Thilakaratne et al. 2003)
Lamproglena monodi Astronotus ocellatus Brazil Wild (Azevedo et al. 2012)
Lernaea cyprinacea Corydoras paleatus Argentina Wild (Plaul et al. 2010)
Lernaea cyprinacea Pimephales promelas USA Wild (Marcogliese 1991)
Lernaea cyprinacea Rhodeus ocellatus Japan Wild (Nagasawa and Torii 2014)
Lernaea cyprinacea Xiphophorus hellerii Iran Farm (Mirzaei 2015)
Neoergasilus japonicus Pimephales promelas USA Wild (Hudson and Bowen 2002)
Probopyrus pandalicola Palaemonetes paludosus USA Wild (Beck 1980)
Sebekia mississippiensis Xiphophorus helleri USA Retail P (Boyce et al. 1987)
Cnidaria
Myxobolus axelrodi Paracheirodon axelrodi  Y (Camus et al. 2017)
Thelohanellus misgurni Misgurnus mizolepis (Kwon and Kim 2011)
Nematoda
Anguillicoloides crassus Amatitlania nigrofasciata Germany Wild (Emde et al. 2016)
Camallanus acaudatus Osteoglossum bicirrhosum Brazil Wild (Rodrigues et al. 2014)
Camallanus cotti Amatitlania nigrofasciata Germany Wild (Emde et al. 2016)
Camallanus cotti Misgurnus 

anguillicaudatus
Canada Aquarium (Moravec and Justine 2006)

Camallanus cotti Xiphophorus hellerii USA Wild (Vincent and Font 2003)
Camallanus sp. Paracheirodon axelrodi Brazil Retail P (Hoshino et al. 2018)
Contracaecum bancrofti Misgurnus 

anguillicaudatus
Australia Wild (Shamsi et al. 2019)

Contracaecum sp. Astronotus ocellatus Brazil Wild (Neves et al. 2013; Tavares-Dias 
and Neves 2017)

Contracaecum sp. Osteoglossum bicirrhosum  Brazil Wild (Oliveira et al. 2019)
Contracaecum sp. Pimephales promelas USA Wild (Martins et al. 2017)
Eustrongylides excisus Aphanius mento Turkey Wild (Aydo_du et al. 2011)
Eustrongylides sp. Osteoglossum bicirrhosum  Brazil Wild (Oliveira et al. 2019)
Gnathostoma nipponicum Misgurnus 

anguillicaudatus
South 
Korea

Retail P (Sohn et al. 1993)

Mexiconema cichlasomae Xiphophorus hellerii Mexico Wild (Moravec et al. 1998)
Procamallanus inopinatus Astronotus ocellatus Brazil Wild (Tavares-Dias, 

Sousa and Neves 2014)
Procamallanus pintoi Corydoras paleatus Argentina Wild (Ailán-Choke et al. 2018)
Procamallanus sp. Paracheirodon axelrodi Brazil Wild (Tavares-Dias et al. 2010)
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Ornamental Species Disease Mort. Sub. Country Location 
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Reference

Nematoda
Procamallanus spiculastriatus Astronotus ocellatus Brazil Wild (Pinheiro et al.2019)
Pseudocapillaria margolisi Pethia conchonius India Wild (De and Maity 1996)
Pseudoproleptus sp. Astronotus ocellatus Brazil Wild (Pinheiro et al. 2019)
Platyhelminthes
Acanthatrium hitaense Tarebia granifera Thailand Wild (Dechruska and Krailas 2007)
Acanthostomum sp. Paracheirodon axelrodi  Brazil Retail P (Hoshino et al. 2018)
Caballerotrema aruanense Osteoglossum bicirrhosum  Brazil Wild (Oliveira et al. 2019)
Centrocestus formosanus Barbodes semifasciolatus Vietnam Wild (Chai et al.2012)
Centrocestus formosanus Melanoides tuberculata USA Wild (Tolley-Jordan and Chadwick 

2018)
Centrocestus formosanus Osteoglossum bicirrhosum  Iran Wild (Mood et al. 2010)
Centrocestus formosanus Tarebia granifera USA Wild (Tolley-Jordan and Chadwick 

2018)
Centrocestus formosanus Tarebia granifera Thailand Wild (Dechruska and Krailas 2007)
Clinostomum complanatum Misgurnus 

anguillicaudatus
Taiwan Farm (Wang et al. 2017)

Clinostomum complanatum Rhodeus ocellatus Japan Wild (Aohagi et al. 1992)
Clinostomum marginatum Astronotus ocellatus Brazil Wild (Tavares-Dias and Neves 2017)
Clonorchis sinensis Misgurnus 

anguillicaudatus
China Wild (Zhang et al. 2014)

Clonorchis sinensis Misgurnus 
anguillicaudatus

South 
Korea 

Wild (Shin 1964)

Clonorchis sinensis Rhodeus ocellatus South 
Korea

Wild (Rhee et al. 1983)

Craspedella pedum Cherax quadricarinatus South 
Africa 

Wild (Tavakol et al. 2016)

Crassiphiala bulboglossa Pimephales promelas USA Wild (Wisenden et al. 2012)
Dactylogyrus olfactorius Pimephales promelas USA Wild (Lari et al. 2016)
Dactylogyrus simplex Pimephales promelas USA Wild (Knipes and Janovy 2009)
Dactylogyrus bychowskyi Pimephales promelas USA Wild (Knipes and Janovy 2009)
Dactylogyrus pectenatus Pimephales promelas USA Wild (Knipes and Janovy 2009)
Dactylogyrus ostraviensis Pethia conchonius Y Australia Border (Trujillo-Gonz‡lez et al. 2019)
Dactylogyrus sp. Garra rufa Iraq Wild (Abdullah 2017)
Dactylogyrus sp. Xiphophorus hellerii Sri Lanka Farm (Thilakaratne et al. 2003)
Diceratocephala boschmai Cherax quadricarinatus Thailand Wild (Ngamniyom et al. 2019)
Diceratocephala boschmai Cherax quadricarinatus South 

Africa 
Wild (Tavakol et al. 2016)

Didymorchis sp. Cherax quadricarinatus South 
Africa 

Wild (Tavakol et al. 2016)

Diplostomidae sp. Paracheirodon axelrodi  Brazil Retail P (Hoshino et al. 2018)
Echinostoma cinetorchis Misgurnus 

anguillicaudatus
South 
Korea 

Retail P (Seo et al. 1984)

Echinostoma sp. Melanoides tuberculata Philippines Wild (Paller et al. 2019)
Gonocleithrum aruanae Osteoglossum bicirrhosum  Brazil Wild (Tavares-Dias et al. 2014)
Gonocleithrum coenoideum Osteoglossum bicirrhosum Brazil Wild (Rodrigues et al. 2014)
Gonocleithrum cursitans Osteoglossum bicirrhosum Iran Retail P (Mehdizadeh et al. 2016)
Gonocleithrum planacrus Osteoglossum bicirrhosum  Brazil Wild (Rodrigues et al. 2014)
Gussevia asota Astronotus ocellatus Peru Wild (Mendoza-Franco et al. 2010)
Gussevia asota Astronotus ocellatus Panama Wild (Mendoza-Franco et al. 2007)
Gussevia asota Astronotus ocellatus South 

Korea 
Farm (Kim et al. 2002)

Gussevia astronii Astronotus ocellatus Brazil Wild (Neves et al. 2013; Tavares-Dias 
and Neves 2017)
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Type & name of 
Disease Agent

Ornamental Species Disease Mort. Sub. Country Location 
type

Reference

Nematoda
Gussevia rogersi Astronotus ocellatus Brazil Wild (Neves et al. 2013)
Gyrodactylus anisopharynx Corydoras paleatus Argentina Wild (Rauque et al. 2018)
Gyrodactylus anisopharynx Corydoras paleatus Brazil Wild (Boeger et al. 2005)3

Gytrodactylus bullatarudis Xiphophorus hellerii Australia Wild (Dove and Ernst 1998)
Gyrodactylus cichlidarum Astronotus ocellatus Iran Retail P (Mousavi et al. 2013)
Gyrodactylus corydori Corydoras paleatus Brazil Wild (Bueno-silva et al. and Boeger 

2009)
Gyrodactylus macracanthus Misgurnus 

anguillicaudatus
Australia Wild (Dove and Ernst 1998)

Gyrodactylus medaka Oryzias latipes Japan Wild (Nitta and Nagasawa  2018)
Gyrodactylus samirae Corydoras paleatus Brazil Wild (Popazoglo and Boeger 2016)
Gyrodactylus sp. Misgurnus 

anguillicaudatus
USA Wild (Reyda et al. 2020)

Gyrodactylus sp. Paracheirodon axelrodi Brazil Wild (Tavares-Dias et al. 2010)
Gyrodactylus sp. Xiphophorus hellerii Sri Lanka Farm (Thilakaratne et al. 2003)
Gyrodactylus superbus Corydoras paleatus Argentina Wild (Rauque et al. 2018)
Haematoloechus similis Tarebia granifera Thailand Wild (Dechruska and Krailas 2007)
Haplorchis pumilio Barbodes semifasciolatus Vietnam Wild (Chai et al. 2012)
Haplorchis pumilio Melanoides tuberculata USA Wild (Tolley-Jordan and Chadwick 

2018)
Haplorchis pumilio Melanoides tuberculata Thailand Wild (Dechruska and Krailas 2007)
Haplorchis pumilio Tarebia granifera USA Wild (Tolley-Jordan and Chadwick 

2018)
Haplorchis sp. Tarebia granifera Laos Wild (Ditrich et al. 1990)
Haplorchis taichui Melanoides tuberculata Thailand Wild (Chontananarth and 

Wongsawad 2010)
Haplorchis taichui Melanoides tuberculata Laos Wild (Nawa et al. 2001)
Haplorchis taichui Tarebia granifera Thailand Wild (Chontananarth and 

Wongsawad 2010)
Haplorchis taichui Tarebia granifera Laos Wild (Nawa et al. 2001)
Herpetodiplostomum sp. Astronotus ocellatus Brazil Wild (Neves et al. 2013)
Isthmiophora hortensis4 Misgurnus 

anguillicaudatus
China Wild (Qiu et al. 2017)

Isthmiophora hortensis4 Misgurnus 
anguillicaudatus

South 
Korea 

Wild (Ryang 1990)

Isthmiophora hortensis4 Misgurnus 
anguillicaudatus

South 
Korea 

Retail P (Jong-Yil Chai et al. 1985)

Loxogenoides bicolor Melanoides tuberculata Thailand Wild (Ukong et al. 2007)
Loxogenoides bicolor Tarebia granifera Thailand Wild (Ukong et al. 2007)
Massaliatrema misgurni Misgurnus 

anguillicaudatus
Japan Retail P (Ohyama et al. 2001)

Megulurous sp. Melanoides tuberculata Philippines Wild (Paller et al. 2019)
Metorchis orientalis Rhodeus ocellatus China Wild (Qiu et al. 2017)
Notocotylid sp. Tarebia granifera Jamaica Wild (McKoy et al. 2011)
Ornithodiplostomum 
ptychocheilus

Pimephales promelas USA Wild (Wisenden et al. 2012)

Ornithodiplostomum 
ptychocheilus

Pimephales promelas Canada Wild (Sandland and Goater 2001; 
Sandland et al. 2001)5

Paracaryophyllaeus gotoi Misgurnus 
anguillicaudatus

Japan Wild (Scholz et al. 2001)

Parapleurophocercous sp. Melanoides tuberculata Philippines Wild (Paller et al. 2019)
Parapleurophocercous sp. Tarebia granifera Philippines Wild (Paller et al. 2019)
Philophthalmus gralli Melanoides tuberculata USA Wild (Tolley-Jordan and Chadwick 

2018)
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Type & name of 
Disease Agent

Ornamental Species Disease Mort. Sub. Country Location 
type

Reference

Nematoda
Philophthalmus gralli Tarebia granifera USA Wild (Tolley-Jordan and Chadwick 

2018)
Philophthalmus sp. Tarebia granifera Jamaica Wild (McKoy et al. 2011)
Posthodiplostomum 
minimum

Pimephales promelas Canada Wild (Schleppe and Goater 2004)

Posthodiplostomum 
minimum

Pimephales promelas USA Farm (Mitchell et al. 1982)

Posthodiplostomum sp. Astronotus ocellatus Brazil Wild (Neves et al. 2013)6

Pimephales promelas Posthodiplostomum sp. USA Wild (Weichman and Janovy 2000)
Proteocephalus gibsoni Astronotus ocellatus Brazil Wild (Tavares-Dias and Neves 2017)
Proteocephalus misgurni Misgurnus 

anguillicaudatus
Russia Wild (Scholz et al. 2014)

Prototransversotrema steeri Xiphophorus hellerii Sri Lanka Farm (Dove 2000)
Pseudolevinseniella anenteron Cherax quadricarinatus Thailand Wild (Ngamniyom et al. 2019)
Paradiplozoon bingolensis Garra rufa Turkey Wild (Civanova et al. 2013)
Schyzocotyle acheilognathi Pimephales promelas USA Retail B (Boonthai et al. 2017)
Schyzocotyle acheilognathi Xiphophorus hellerii USA Wild (Vincent and Font 2003)
Stellantchasmus falcatus Tarebia granifera Thailand Wild (Chontananarth et al. 2018)
Temnosewellia sp. Cherax quadricarinatus Thailand Wild (Ngamniyom et al. 2019)
Tetracotyle wayanadensis Pethia conchonius India Wild (Jithila and Prasadan 2018)
Thometrema sp. Astronotus ocellatus Brazil Wild (Tavares-Dias and Neves 2017)
Uvulifer ambloplitis Pimephales promelas USA Wild (Weichman and Janovy 2000)
Telethecium nasalis Osteoglossum bicirrhosum  Brazil Wild (Kritsky et al. 1996)

1 variant Cherax quadricarinatus densovirus; 2 Rhabdovirus; 3 Also Pie and Boeger (2006) and Bueno-silva and Boeger (2009); 4 Also Reported 
under synonym Echinostoma hortense ; 5 Aso Schleppe and Goater (2004); 6 Also Tavares-Dias and Neves (2017) and Pinheiro et al. (2019).

Discussion

Trade in live aquatic ornamental species is vast, benefitting from globalisation and im-
proved transport in recent decades. Over 140 countries are involved in the international 
trade of more than 1500 fish and 300 aquatic invertebrate species (Weir et al. 2012; 
Hood et al. 2019). Our study provides an assessment of freshwater ornamental trade in 
the UK in which commonly traded species and their likelihood of establishment in UK 
waters under current and future climate conditions, with their potential pathogens and 
parasites also identified..

These data on commonly traded species are a snapshot in time, which potentially 
limits accuracy and prevents the assessment of seasonal and annual variations. That said, 
the six species identified were listed amongst the 30 species reported to predominate 
the global trade in ornamental freshwater organisms in a relatively recent review: End-
ler’s livebearer, goldfish, zebra danio, neon tetra Paracheirodon innesi Myers, 1936, angel 
fish Pterophyllum scalare Schultze, 1823, and discus Symphysodon aequifasciatus Pellegrin, 
1904 (Dey 2016).

Access to robust ornamental trade data, in particular with respect to species traded 
and import origin, is fundamental to fill knowledge gaps and inform risk screenings and 
the risk analysis process (Copp et al. 2016; Chan et al. 2019). A comprehensive under-
standing of spatial and temporal trade patterns to species level will increase capacity to 
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identify high risk links, facilitating targeted and cost-effective surveillance. Species-level 
information will also support analyses from a conservation point of view, particularly 
for marine species that are wild sourced, and ensure there is increased transparency 
in the source, quantity and sustainability of trade for each species (Andersson et al. 
2021). In the UK, aquatic species imports from third party countries are electronically 
recorded on the ‘Import of Animals Food and Feed System’ (IPAFFS). Historically, 
non-susceptible aquatic species imported from the EU for ornamental use were not 
recorded on any system. As of January 2021, all aquatic imports must be recorded on 
IPAFFS, but records on this database are categorised by international commodity codes 
(www.uktradeinfo.com/find-commodity-data/help-with-classifying-goods/). However, 
the purpose of these codes is to enable the application of appropriate tariffs to imported 
goods and they do not provide sufficient resolution to identify consignments to species 
level, so cannot be used to inform disease susceptibility or invasive potential. Import 
data at the species-level for the UK currently exist in paper format only (on the invoices 
that accompany all other relevant import certification), though there are periods for 
which species-level electronic data have been available for freshwater fishes, including 
ornamental varieties, imported to England between 2000 and 2004 inclusive (see Copp 
et al. 2007). Limitations with respect to access to detailed live ornamental import data 
are not unique to the UK (Rhyne et al. 2012, 2017; Leal et al. 2016; Pinnegar and Mur-
ray 2019; Biondo and Burki 2020). Creation of an import data App, or extension of an 
existing, established App, is an opportunity to capture detailed import data, integrating 
species trade information with other crucial information such as invasiveness potential, 
associated disease threats and conservation status. Such a system would enhance capaci-
ty for real-time monitoring and analysis, at the point of exporter application for import, 
allowing trade in high risk species to be tracked and incidences of illicit trade, such as 
the import of prohibited species, to be detected in a timely manner (Rhyne et al. 2017).

Legislative instruments restrict the keeping of many temperate species but do al-
low the keeping of numerous commonly traded tropical and sub-tropical species. The 
application of SDMs indicated that, while establishment of commonly traded species 
if released into the wild is unlikely in the UK under current conditions, predicted tem-
perature increases associated with climate change may increase risks of survival and es-
tablishment. The mean increase in temperature suitability of 2.4% and 1.8% for fish and 
invertebrates, respectively, by 2050 under RCP 4.5 demonstrated in our study may seem 
a small increase in ‘risk’, but RCP 4.5 represents a moderate climate-change scenario, 
and temperature increases may be greater than this scenario predicts. Although a broad 
scale indication of the change in suitability under climate change is provided, careful 
interpretation of SDM outputs may be required. For instance, the red shiner Cyprinella 
lutrensis Baird & Girard, 1853, is widespread across the USA and has been identified, 
using the Fish Invasiveness Screening Kit, as posing a medium risk of being invasive in 
England and Wales (Copp et al. 2009). However, the red shiner had a relatively low suit-
ability score (0.10) under current day conditions in our study (Table 2). The Chinese 
muddy loach Misgurnus mizolepis Guenther, 1888 had a suitability score of 0.26 under 
current day conditions, yet there has been only one record of a reproducing population 
in the UK (in southern England), which was subsequently eradicated (Zięba et al. 2010). 
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Although outside the scope of our study, there will be value in assessing species suitability 
at a finer spatial resolution, for example accounting for differences in conditions across 
the entirety of the UK (Thrush and Peeler 2013), for example, the notably warmer condi-
tions in the South compared to the North UK, affecting the risks of survival and estab-
lishment of sub-tropical and tropical species (see Suppl. material 1: Figs S1, S2). Further, 
extension of the SDMs to incorporate environmental factors such as rainfall, habitat type 
or elevation (Logez et al. 2012), species' life-history traits such as size or fecundity (Copp 
and Fox 2007; Liu and Olden 2017), and consideration of the likelihood of release of 
each species (i.e. potential propagule pressure) will be of value. For example, inclusion 
of elevation will account for species with native distributions at higher altitudes within 
the tropical zone that may be more adapted to temperature conditions more similar to 
the temperate zone species due to Rapoport’s latitudinal rule to altitude (Stevens 1992).

In total, 155 PPPs were found to be associated with the screened ornamental fishes 
and invertebrates. Despite following a standardised approach for each host species, the 
number of PPPs identified in the literature may be skewed by the research effort applied 
to a species and affected by the use of different accepted names or synonyms. One of the 
key drivers of impacts associated with NN aquatic species (Peeler et al. 2011) are PPPs, 
with disease emergence events resulting from NNS introductions being well documented 
(Taraschewski 2006; Peeler et al. 2011; Lymbery et al. 2014). Disease emergence can be 
driven solely by a switch in geographical range, because a new environment may favour 
increased PPP virulence, or by host switching and pathogen/parasite spillover (Peeler et 
al. 2011; Foster et al. 2021). Thermal tolerances of a PPP may also determine the likeli-
hood and impact of disease emergence resulting from co-transportation, particularly for 
PPPs that can survive outside a host or have free-living stages (Barber et al. 2016). 

Even if the long-term survival of an ornamental species is not supported by future 
UK temperatures, the host species may persist long enough to transmit a PPP to a na-
tive susceptible host or introduce a free-living stage which can survive. Temperature 
may also determine the likelihood of PPPs causing disease and morbidity in infected 
hosts. For example, KHV is thought to only cause clinical signs and mortality be-
tween 16 ˚C and 25 ˚C (OIE 2019), whereas outbreaks of VHS rarely occur above 15 
˚C (Baillon et al. 2020). While beyond the scope of this study there will be value in 
building on the present study by examining the environmental tolerances of the PPPs 
and the likely impact of climate change. Indeed, PPPs introduced via the ornamental 
pathway may cause wider impact, for example causing mortality and yield loss in aq-
uaculture systems and affecting human health, although strong biosecurity and health 
and safety precautions can mitigate against such risks.

The PPPs that cause mortalities or clinical expression of disease in the traded host 
species are more likely to be detected via visual inspection or quarantine at border con-
trol posts or other stages in the ornamental trade pathway (Table 3). However, PPPs that 
live symbiotically with a host, or those PPPs that have sub-clinical or latent infection 
stages, provide a greater challenge to detection (Gomez et al. 2006; Becker et al. 2014). 
Traditionally, the testing of host species for PPP presence often requires destructive 
sampling, which limits the number of specimens and ultimately reduces the probability 
of PPP detection. However, new methodologies that incorporate molecular techniques 
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at border control posts, such as environmental DNA, may present a good non-lethal 
option (Trujillo-González et al. 2019b; Brunner 2020) for improved PPP detection. 
Measures such as heat ramping (gradually increasing the water temperature over a mini-
mum period) can be used during quarantine to detect latent infections (Eide et al. 
2011); however, this may not appropriate for all PPPs, when surveillance aims to target 
multiple PPPs and where there is a need to adhere to animal welfare laws and guidance.

Though the remit of our study was to undertake a high-level screening to identify 
all PPPs associated with commonly traded ornamental species, rather than novel threats 
per se, we note that while some of the identified PPPs are known in the UK, others are 
not. Some PPPs are already known within the ornamental fish trade industry, and do not 
cause widespread impact or can be successfully treated to minimise impact. However, the 
abundance and diversity of PPPs increases potential for future disease outbreaks under 
changing environmental conditions. Even where a PPP has not yet been implicated in 
any mortality events, the changing climate and alterations to host communities (e.g. due 
to species introductions) may provide the perfect storm for disease emergence into the 
future. Next steps should aim to assess the risk associated with each PPP, focussing on the 
interplay between the PPP, all potential hosts and changing environmental conditions.

In conclusion, the ornamental fish trade is largely free from serious and untreatable dis-
eases. However, through screening of a small subset of ornamental freshwater species, our 
study highlights the abundance and diversity of PPPs present in ornamental species com-
monly traded in the UK. An understanding of hazards associated with PPPs, in particular 
under changing ecological and environmental conditions, is crucial to determine and com-
municate risks and enhance risk awareness amongst stakeholders and the general public, 
thereby enabling mitigation through management actions (Britton et al. 2011) to ensure a 
safe and sustainable ornamental aquatics industry into the future (Copp et al. 2016).
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Abstract
Aquatic invasions are one of the major threats for freshwater ecosystems. However, in developing 
countries, knowledge of biological invasions, essential for the implementation of appropriate legislation, 
is often limited if not entirely lacking. In this regard, the identification of potentially invasive non-
native species by risk screening, followed by a full risk assessment of the species ranked as higher risk, 
enables decision-makers to be informed about the extent of the threats posed to the recipient (risk 
assessment) area. In this study, 32 non-native extant and horizon fish species were screened for their risk 
of invasiveness under current and predicted climate conditions for the South Caucasus – a biodiversity 
and geopolitical hotspot that includes the countries of Armenia, Azerbaijan and Georgia. Overall, the 
number of very high-risk species increased from four (12.5%) under current climate conditions to 12 
(37.5%) under predicted climate conditions. The highest-risk species under both conditions included 
the already established gibel carp Carassius gibelio and topmouth gudgeon Pseudorasbora parva, the locally 
translocated pikeperch Sander lucioperca and the horizon North African catfish Clarias gariepinus. Under 
predicted climate conditions, a very high risk of invasiveness was predicted also for the translocated three-
spined stickleback Gasterosteus aculeatus and Eurasian perch Perca fluviatilis, for the already established 
eastern mosquitofish Gambusia holbrooki, ruffe Gymnocephalus cernua, sharpbelly Hemiculter leucisculus 
and Nile tilapia Orechromis niloticus, and for the horizon pumpkinseed Lepomis gibbosus and largemouth 
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bass Micropterus salmoides. Future research on the non-native species in the South Caucasus should be 
conducted both country- and region-wide and should account not only for the high biodiversity, but also 
for the critical geopolitical situation affecting the study area.

Keywords
Aquatic invasions, AS-ISK, Black Sea, Caspian Sea, climate change, extant, horizon

Introduction

Biological invasions are a major threat to global biodiversity and pose a considerable 
challenge for human well-being (Mazza et al. 2014; Shackleton et al. 2018). Protecting 
biodiversity and maintaining ecosystem function involves the allocation of consider-
able financial resources due to the growing trend of invasion events and the resulting 
rate of pressure exerted by invasive non-native species (Seebens et al. 2017; Diagne et 
al. 2020). Additionally, the management and eradication of invasive non-native species 
once they become established are far more demanding endeavours in terms of costs 
and related challenges than prevention and early detection (Simberloff et al. 2013). 
The latter can be achieved through the establishment of country-based regulations to 
control species translocations and introductions within/amongst countries, supported 
by actions for eradication (Simberloff et al. 2013). Yet, concerted efforts to mitigate 
the non-native species invasion process and promote management actions pose overall 
a challenge at the global scale (Genovesi et al. 2013; Tittensor et al. 2014; CBD 2018).

One of the main reasons hindering effective national and cross-national strategic 
plans against invasive non-native species is the absence of quality biological data for 
several countries (Latombe et al. 2017). This is especially true of most developing 
countries that lack an exhaustive list of invasive non-native species, do not have moni-
toring capacities and/or have not yet adopted strategies for dealing with such species, 
which are usually identified long after their entry and establishment in the recipient 
area (Early et al. 2016). A good example is the South Caucasus biodiversity hotspot, 
which comprises the countries of Armenia, Azerbaijan and Georgia (Mittermeier et al. 
2004). Despite preliminary efforts, there are currently no effective nation-wide initia-
tives in these countries to provide an inventory of non-native species, nor are there 
any related monitoring programmes in place. In fact, only incidental academic studies 
have so far provided some authoritative, albeit in most cases still partial, inventories of 
non-native plants (Kikodze et al. 2010; Fayvush and Tamanyan 2014; Sharabidze et 
al. 2018; Abdiyeva 2019), molluscs (Mumladze et al. 2019), insects (Aleksidze et al. 
2021) and fishes (Kuljanishvili et al. 2021b). Yet, none of the aforementioned invento-
ries (except for fishes) is complete or up-to-date enough to be useful at the national or 
cross-national level. Moreover, the impacts of invasive non-native species on the bio-
diversity and ecosystems of the South Caucasus have not yet been evaluated even for 
a single species, despite some of the non-native species therein having already caused 
environmental and economic losses (Diagne et al. 2020).
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The South Caucasus is widely recognised as a biodiversity hotspot characterised by 
a great diversity of landscapes and climate zones that shelter a highly diverse plant and 
animal biota. Freshwater biodiversity is the most understudied ecological aspect of the 
South Caucasus (Mumladze et al. 2020), whose watercourses are exploited for hydro-
power production (Japoshvili et al. 2021) and secondarily for drinking water uptake, 
fisheries, irrigation and recreational activities. However, the potential threats faced by 
the freshwater biodiversity and ecosystems of the South Caucasus have not yet been 
evaluated, hence remain overall poorly understood. Only in a recent study have the 
effects of existing and planned hydropower plants on the connectivity of fish commu-
nities in Georgia been investigated in some detail (Japoshvili et al. 2021). Additionally, 
in another recent study, an attempt has been made to summarise the diversity, distribu-
tion and introduction history of non-native fishes in the South Caucasus based on a 
literature review and social-media data (Kuljanishvili et al. 2021b).

To understand the potential risk of invasiveness posed by non-native fishes in the 
South Caucasus, the aims of the present study were to: (i) screen both extant and 
horizon species and (ii) discuss the resulting species-specific risk ranks of invasiveness 
also within the current geopolitical situation affecting the study area with a view to 
implementing future legislation. Notably, this study represents the first risk screening 
for the South Caucasus and Georgia in particular. It is anticipated that the outcomes 
of this study will provide for an important step forward in the understanding of the 
impacts and related risks of environmental/economic losses caused by invasive non-
native fishes in this biodiversity and geopolitical hotspot.

Methods

Risk assessment area

The South Caucasus (hereafter, also the ‘risk assessment area’) is located south of the 
Great Caucasus mountain range and stretches across the Black and Caspian seas with 
80% of its area belonging to the Kura-Aras drainage basin (Caspian Sea Basin) shared 
with Turkey and Iran and the remaining 20% (western part) to the Black Sea Ba-
sin (Fig. 1). The South Caucasus is politically subdivided into the three independent 
countries of Armenia, Azerbaijan and Georgia. However, the South Caucasus is also 
an individually distinct geographic unit bordered by the Great Caucasus mountain 
range in the north (an impassable barrier for most animal species) and the Black and 
Caspian seas in the west and east, respectively. Whereas the southern border of the 
South Caucasus, albeit less distinctively identifiable, coincides with the two large rivers 
Kura-Aras and Chorokh, which originate from the Anatolian Plateau in Turkey. The 
Kura-Aras River is the longest watercourse and flows into the Caspian Sea, with most 
of the eastern South Caucasian rivers draining into this river’s basin, except for a few 
short watercourses in the extreme north-east part of Azerbaijan. Unlike Armenia and 
Azerbaijan, in western Georgia, several small- to medium-sized rivers drain into the 
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Black Sea and, at higher altitudes, there are several isolated mountainous lakes with 
their own independent basins. Amongst these, Lake Sevan in Armenia is the largest 
and harbours endemic taxa.

The climate of the South Caucasus is continental-mesophilic with strong local 
variation due to its complex topography. According to the updated Köppen-Geiger 
climate map (Beck et al. 2018), the warm-temperate climate types without dry season 
Cfa and Cfb (with warm and hot summer, respectively) are predominant in the west-
ernmost part of the risk assessment area, which stretches along the entire eastern Black 
Sea coast and extends through to the Cholchis lowland. In this area, precipitation can 
be as high as 4000 mm annually (Adjara Region, south-western Georgia). Going fur-
ther east, at higher altitudes (700–2000 m a.s.l.) the climate changes from cold with 
no dry season Dfa (but with hot summer) to Dfb (with warm summer) and Dfc (cold 
summer). Further east and up to the Caspian Sea, the climate becomes drier and cor-
responds predominantly to the Bsk (cold, arid steppe) and Csa (temperate dry and hot 
summer) types, with areas of cold semi-arid climate Bwk. In the eastern part, there is 
also a climate ‘island’ along the foothills of the southern Great Caucasus corresponding 
to the Cfa type. At the higher altitudes (above 2500 m) of the northern Great Cauca-
sus and southern Lesser Caucasus, the climate changes sharply from cold with no dry 
season and cold summer (Dfc) to polar (ET).

Currently, there are 121 freshwater and anadromous fish species known from the 
South Caucasus (Kuljanishvili et al. 2021b) of which nearly 30% are endemic. The 
Kura-Aras River is the richest with at least 16 endemic species alone, though some water-
courses of the Black Sea Basin also are species-rich, for example, the River Rioni, which is 
the last spawning ground for at least four sturgeon species (Beridze et al. 2022). Amongst 

Figure 1. Map of the South Caucasus (Armenia, Azerbaijan, Georgia), representing the risk assessment 
area, and neighbouring countries.
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the 121 fish species, ten are currently considered established non-native, whereas an ad-
ditional five species are intra-regionally translocated (Kuljanishvili et al. 2021b). Howev-
er, the conservation status of these species is largely unknown and, at the time of writing, 
there are only 16 species listed in the IUCN as globally threatened under various conser-
vation statuses, with the remaining species still waiting for a comprehensive assessment.

Species selection

In total, 32 freshwater fish taxa (hereafter, for simplicity ‘species’) were selected for risk 
screening in the South Caucasus (Table 1). Notably, the marine/brackish water fishes 
that are frequently entering the lower reaches of rivers in the risk assessment area (i.e. 
golden grey mullet Chelon auratus, leaping mullet Chelon saliens and flathhead grey 
mullet Mugil cephalus) or that can survive in isolated freshwater bodies (i.e. black-
striped pipefish Syngnathus abaster) (Elanidze 1956, 1983; Kuljanishvili et al. 2021c) 
will also be regarded in this study as ‘freshwater species’. The criteria for species selec-
tion were as follows (Table 1):

1. Translocated species (n = 8);
2. Non-native species already present in the risk assessment area (n = 14);
3. Non-native ‘horizon’ species established in neighbouring countries or coun-

tries of similar climate to the risk assessment area (n = 5);
4. Non-native species recorded in the risk assessment area, but in the wild (n = 5).

Selection of species based on the first three criteria was according to the most re-
cent non-native species list published by Kuljanishvili et al. (2021b), whereas selection 
based on the latter criterion relied on literature resources.

Risk screening

Risk screening was undertaken using the Aquatic Species Invasiveness Screening Kit 
(AS-ISK: Copp et al. 2016b, 2021), which is available for free download at www.cefas.
co.uk/nns/tools. This taxon-generic decision-support tool consists of 55 questions: the 
first 49 questions comprise the Basic Risk Assessment (BRA) and address the biogeog-
raphy/invasion history and biology/ecology of the species under screening; the last six 
questions comprise the Climate Change Assessment (CCA) and require the assessor 
to predict how future predicted climatic conditions are likely to affect the BRA with 
respect to risks of introduction, establishment, dispersal and impact. For the purposes 
of the CCA component of the screening protocol, an increase in temperature on aver-
age by 2 °C relative to current conditions is predicted for the SCR (Hansen et al. 2010; 
Beck et al. 2018). Screenings were undertaken on all species by three independent as-
sessors, i.e. the authors BJ, GE and TK (combination 3IA: Vilizzi et al. 2022).

To achieve a valid screening, the assessor must provide for each question a re-
sponse, a level of confidence for the response (see below) and a justification based on 
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literature sources. The outcomes are a BRA score and a (composite) BRA+CCA score, 
which is obtained after adding or subtracting up to 12 points to the BRA score or 
leaving it unchanged in case of a CCA score equal to 0. Scores < 1 suggest that the spe-
cies poses a ‘low risk’ of becoming invasive in the risk assessment area, whereas scores 

Table 1. Freshwater fish taxa (for simplicity, ‘species’) screened for their potential risk of invasiveness in 
the South Caucasus – the risk assessment area. For each species, the following information is provided: 
criterion (Crit.) for selection (1 = translocated species; 2 = non-native species already present in the risk 
assessment area; 3 = non-native ‘horizon’ species established in neighbouring countries or countries of 
similar climate to the risk assessment area; 4 = non-native species recorded in the risk assessment area, but 
in the wild); a priori categorisation outcome into Non-invasive or Invasive. For the a priori categorisa-
tion, the results of the related protocol (after Vilizzi et al. 2022) are indicated: (i) FishBase (www.fishbase.
org); (ii) Centre for Agriculture and Bioscience International Invasive Species Compendium (CABI: 
www.cabi.org/ISC) and Global Invasive Species Database (GISD: www.iucngisd.org); (iii) Invasive and 
Exotic Species of North America list (IESNA: www.invasive.org); (iv) Google Scholar literature search. 
N = no impact/threat; Y = impact/threat; ‘–’ = absent; n.e. = not evaluated (but present in database); n.a. 
= not applicable.

A priori categorisation
Species name Common name Crit. FishBase CABI GISD IESNA Google Scholar Outcome

Ameiurus melas black bullhead 3 Y Y – – n.a. Invasive
Anguilla anguilla European eel 4 N Y – – n.a. Invasive
Carassius gibelio gibel carp 2 Y Y – – n.a. Invasive
Chelon auratus golden grey mullet 1 N – – – N Non-invasive
Chelon saliens leaping mullet 1 N – – – N Non-invasive
Clarias gariepinus North African catfish 3 Y Y Y – n.a. Invasive
Coregonus albula vendace 2 N Y – – n.a. Invasive
Coregonus sp.* – 2 N – – – N Non-invasive
Ctenopharyngodon idella grass carp 2 Y Y Y Y n.a. Invasive
Gambusia holbrooki eastern mosquitofish 2 Y Y Y – n.a. Invasive
Gasterosteus aculeatus three-spined stickleback 1 N – – – N Non-invasive
Gobio artvinicus Artvin gudgeon 1 N – – – N Non-invasive
Gymnocephalus cernua ruffe 2 – Y – – n.a. Invasive
Hemiculter leucisculus sharpbelly 2 Y N – – n.a. Invasive
Hypophthalmichthys molitrix silver carp 2 Y Y Y Y n.a. Invasive
Hypophthalmichthys nobilis bighead carp 2 Y Y Y Y n.a. Invasive
Ictalurus punctatus channel catfish 4 Y Y – – n.a. Invasive
Lepomis gibbosus pumpkinseed 3 Y N – – n.a. Invasive
Micropterus salmoides largemouth bass 3 Y Y Y – n.a. Invasive
Mugil cephalus flathead grey mullet 4 N – – – N Non-invasive
Mylopharyngodon piceus black carp 4 Y Y – Y n.a. Invasive
Oncorhynchus kisutch coho salmon 4 N – – Y n.a. Invasive
Oncorhynchus mykiss rainbow trout 2 Y Y Y Y n.a. Invasive
Oreochromis niloticus Nile tilapia 2 Y Y Y Y n.a. Invasive
Perca fluviatilis Eurasian perch 1 Y Y Y – n.a. Invasive
Pseudorasbora parva topmouth gudgeon 2 Y Y – – n.a. Invasive
Rhinogobius lindbergi Lin’s goby 2 N – – – N Non-invasive
Salmo ischchan Sevan trout 1 – – – – n.a. Non-invasive
Salmo trutta brown trout 2 Y Y Y Y n.a. Invasive
Salvelinus fontinalis brook trout 3 Y Y Y – n.a. Invasive
Sander lucioperca pikeperch 1 Y Y – – n.a. Invasive
Syngnathus abaster black-striped pipefish 1 N N – – N Non-invasive

* Reference species for the a priori categorisation: European whitefish Coregonus lavaretus.
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≥ 1 indicate a ‘medium risk’ or a ‘high risk’. The threshold (Thr) value to distinguish 
between medium-risk (BRA and BRA+CCA score < Thr) and high-risk (BRA and 
BRA+CCA score ≥ Thr) species for the risk assessment area is obtained by ‘calibration’ 
based on the Receiver Operating Characteristic (ROC) curve analysis (see Vilizzi et al. 
2022). A measure of the accuracy of the calibration analysis is the area under the curve 
(AUC) whose values are interpreted as: 0.7 ≤ AUC < 0.8 = acceptable discriminatory 
power, 0.8 ≤ AUC < 0.9 = excellent, 0.9 ≤ AUC = outstanding (Hosmer et al. 2013). 
For the species ranked as high risk, a distinction was made in this study of the ‘very 
high-risk’ species, based on an ad hoc threshold weighted according to the range of 
high-risk scores obtained for the BRA and BRA+CCA. Identification of the (very) 
high-risk species is useful to prioritise allocation of resources in view of a full risk as-
sessment (Copp et al. 2016a). This examines in detail the risks of: (i) introduction 
(entry); (ii) establishment (of one or more self-sustaining populations); (iii) dispersal 
(more widely within the risk assessment area, i.e. so-called secondary spread or intro-
ductions); and (iv) impacts (to native biodiversity, ecosystem function and services, 
and the introduction and transmission of diseases).

For the ROC curve analysis to be implemented, the species selected for screening 
must be categorised a priori as ‘non-invasive’ or ‘invasive’ using literature sources. The 
a priori categorisation of the species was implemented as per Vilizzi et al. (2022) (Ta-
ble 1). Confidence levels in the responses to questions in the AS-ISK are ranked using 
a 1–4 scale and based on the confidence level allocated to each response, a confidence 
factor (CF) is obtained that ranges from a minimum of 0.25 (i.e. all 55 questions with 
confidence level equal to 1) to a maximum of 1 (i.e. all 55 questions with confidence 
level equal to 4). Based on all 55 Qs of the AS-ISK questionnaire, the 49 Qs compris-
ing the BRA and the six Qs comprising the CCA, the CFTotal, CFBRA and CFCCA are 
respectively computed (Vilizzi et al. 2022).

Implementation of the ROC curve analysis followed the protocol described in Vi-
lizzi et al. (2022), with the true/false positive/negative outcome distinction not applied 
to the medium-risk species, as they can be either included or not into a full (compre-
hensive) risk assessment depending on priority and/or availability of financial resourc-
es. The ROC curve fitting was in two steps. Firstly, separate ROC curves were gener-
ated for each of the three independent assessors and differences amongst the resulting 
three AUCs were statistically tested (Mann-Whitney U-statistic, α = 0.05; applet StAR 
available at http://melolab.org/star/home.php: Vergara et al. 2008). As differences be-
tween assessor-specific AUCs were not found, in the second step, a single ROC curve 
was generated, based on the average species-specific BRA scores of the three assessors. 
Following ROC analysis, the best threshold value that maximises the true positive rate 
and minimises the false positive rate was determined using Youden’s J statistic, whereas 
the ‘default’ threshold of 1 was set to distinguish between low-risk and medium-risk 
species. Fitting of the ROC curve was with package pROC (Robin et al. 2011) for R 
x64 v.4.0.5 (R Core Team 2021) using 2000 bootstrap replicates for the confidence in-
tervals of specificities, which were computed along with the entire range of sensitivity 
points (i.e. 0 to 1, at 0.1 intervals). Differences in CF between components (i.e. BRA 
and BRA+CCA) were tested with permutational ANOVA. Analysis was implemented 
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in PERMANOVA+ for PRIMER v.7, with normalisation of the data and using a Bray-
Curtis dissimilarity measure, 9999 unrestricted permutations of the raw data and with 
statistical effects evaluated at α = 0.05.

Results

There were no differences between the AUCs resulting from the three assessor-specific 
ROC curves (BJ vs. GE: P = 0.912; BJ vs. TK: P = 0.090; GE vs. TK: P = 0.287): 
this justified computation of one ROC curve based on the mean BRA scores for the 
screened species. Accordingly, the ROC curve resulted in an AUC of 0.8213 (0.6310–
1.000 95% CI), which indicated that the risk screening was able to distinguish with 
excellent discriminatory power between invasive and non-invasive fish species for the 
risk assessment area. Youden’s J provided the threshold of 18, which was used to cali-
brate the risk outcomes to distinguish between medium-risk and high-risk species. The 
AS-ISK report for the 32 screened species is provided as Suppl. material 1.

Based on the BRA outcome scores (Table 2, Fig. 2A):

• 21 (65.6%) species were ranked as high risk and eleven (34.4%) as medium risk;
• Amongst the nine species categorised a priori as non-invasive, one was a false 

positive (three-spined stickleback Gasterosteus aculeatus);
• Amongst the 23 species categorised a priori as invasive, 20 were true positives;
• Of the 11 medium-risk species, eight were a priori non-invasive and three invasive.
• Based on the BRA+CCA outcome scores, hence after accounting for climate 

change predictions (Table 2, Fig. 2B):
• 23 (71.9%) species were ranked as high risk, eight (25.0%) as medium risk 

and one (3.1%) as low risk (Coregonus sp.);
• Amongst the a priori non-invasive species, four were false positives (Chelon 

auratus, Gasterosteus aculeatus, Lin’s goby Rhinogobius lindbergi, Syngnathus abaster) 
and one a true negative (Coregonus sp.);

• Amongst the a priori invasive species, 19 were true positives;
• Of the nine medium-risk species, four were a priori non-invasive and four invasive.

The highest-scoring (‘top invasive’) species (based on an ad hoc ‘very high risk’ 
threshold = 40) were gibel carp Carassius gibelio, North African catfish Clarias gariepinus, 
topmouth gudgeon Pseudorasbora parva and pikeperch Sander lucioperca for both the 
BRA and BRA+CCA, and eastern mosquitofish Gambusia holbrooki, three-spined 
stickleback Gasterosteus aculeatus, ruffe Gymnocephalus cernua, sharpbelly Hemiculter 
leucisculus, pumpkinseed Lepomis gibbosus, largemouth bass Micropterus salmoides, Nile 
tilapia Oreochromis niloticus and Eurasian perch Perca fluviatilis for the BRA+CCA only. 
Overall, the number of very high-risk species increased from four (12.5%) under the 
BRA to 12 (37.5%) under the BRA+CCA (Figs 2A and B). The CCA resulted in an 
increase in the BRA score (cf. CCA) for 26 species and in a decrease for the remaining 
six species (Table 2). Across the three assessors: differences in BRA scores ranged from 



Risk of invasiveness of non-native fishes in the South Caucasus 117

0 to 34, with a mean of 11.8, a median of 11.0 and 5% and 95% CIs of 5.1 and 20.2, 
respectively (Fig. 3A); differences in BRA+CCA scores ranged from 4 to 35, with a mean 
of 16.1, a median of 13.5 and 5% and 95% CIs of 5.8 and 32.0, respectively (Fig. 3B).

In terms of confidence in responses, the mean CLTotal was 2.69 ± 0.03 SE, the 
mean CLBRA 2.76 ± 0.03 SE and the mean CLCCA 2.11 ± 0.07 SE (hence, indicating 

Table 2. Risk outcomes for the freshwater fish species screened with the Aquatic Species Invasiveness 
Screening Kit (AS-ISK) for the South Caucasus. For each species, the following information is provided: 
a priori categorisation for invasiveness (N = non-invasive; Y = invasive: see Table 1); min, max and mean 
Basic Risk Assessment (BRA) and BRA + Climate Change Assessment (BRA+CCA) scores with corre-
sponding risk ranks (L = Low; M = Medium; H = High; VH = Very high, based on an ad hoc threshold 
= 40) and classifications (Class: FP = false positive; TN = true negative; TP = true positive; ‘–’ = not ap-
plicable as medium risk: see text for details); difference (Delta) between mean BRA+CCA and BRA scores. 
Risk ranks are based on a threshold of 18 and computed as: L, with score within the interval [−20, 1[, M 
[1, 18[, H [18, 40[, VH [40, 68] for the BRA; L [−32, 1[; M [1, 18[, H [18, 40[, VH [40, 80] for the 
BRA+CCA (note the reverse bracket notation indicating in all cases an open interval).

Species name A 
priori

BRA BRA+CCA
CFScore Score

Min Max Mean Rank Class Min Max Mean Rank Class Delta Total BRA CCA

Ameiurus melas Y 26.5 35.0 31.5 H TP 24.5 47.0 36.8 H TP 5.3 0.70 0.71 0.61
Anguilla anguilla Y 1.0 15.0 9.3 M – −5.0 17.0 8.0 M – −1.3 0.72 0.72 0.71
Carassius gibelio Y 36.0 52.0 44.0 VH TP 48.0 64.0 55.3 VH TP 11.3 0.74 0.75 0.67
Chelon auratus N 14.0 25.0 17.7 M – 16.0 20.0 18.3 H FP 0.7 0.70 0.72 0.46
Chelon saliens N 13.0 23.0 16.7 M – 15.0 20.0 17.3 M – 0.7 0.65 0.68 0.42
Clarias gariepinus Y 38.0 45.0 40.3 VH TP 46.0 55.0 49.7 VH TP 9.3 0.66 0.68 0.51
Coregonus albula Y 5.0 19.5 11.2 M – −3.0 7.5 1.2 M – −10.0 0.71 0.72 0.63
Coregonus sp. N 1.0 18.0 9.0 M – −7.0 6.0 −0.3 L TN −9.3 0.70 0.71 0.61
Ctenopharyngodon idella Y 18.0 23.5 20.7 H TP 14.5 31.5 24.7 H TP 4.0 0.69 0.72 0.49
Gambusia holbrooki Y 31.5 38.0 34.5 H TP 37.5 48.0 43.2 VH TP 8.7 0.70 0.72 0.51
Gasterosteus aculeatus N 37.0 38.0 37.7 H FP 38.0 44.0 41.0 VH FP 3.3 0.67 0.69 0.50
Gobio artvinicus N 5.0 14.0 8.7 M – 7.0 15.0 12.0 M – 3.3 0.59 0.61 0.44
Gymnocephalus cernua Y 34.0 46.0 39.3 H TP 46.0 58.0 50.7 VH TP 11.3 0.63 0.65 0.50
Hemiculter leucisculus Y 32.0 35.0 33.8 H TP 42.0 45.0 43.8 VH TP 10.0 0.71 0.73 0.58
Hypophthalmichthys molitrix Y 20.5 24.0 22.8 H TP 18.5 34.0 28.8 H TP 6.0 0.65 0.67 0.51
Hypophthalmichthys nobilis Y 25.5 28.0 26.8 H TP 19.5 38.0 30.8 H TP 4.0 0.67 0.68 0.61
Ictalurus punctatus Y 26.0 33.0 29.0 H TP 32.0 45.0 39.0 H TP 10.0 0.64 0.66 0.47
Lepomis gibbosus Y 25.5 36.0 29.8 H TP 37.5 46.0 40.5 VH TP 10.7 0.71 0.72 0.63
Micropterus salmoides Y 22.0 38.5 31.2 H TP 34.0 50.5 41.2 VH TP 10.0 0.70 0.72 0.56
Mugil cephalus N 6.0 22.0 11.3 M – 12.0 18.0 14.7 M – 3.3 0.63 0.66 0.42
Mylopharyngodon piceus Y 20.0 24.0 22.0 H TP 28.0 34.0 32.0 H TP 10.0 0.66 0.69 0.44
Oncorhynchus kisutch Y 4.0 15.0 11.2 M – 8.0 17.0 11.8 M – 0.7 0.64 0.66 0.50
Oncorhynchus mykiss Y 15.0 26.5 20.2 H TP 15.0 18.5 16.8 M – −3.3 0.63 0.66 0.35
Oreochromis niloticus Y 24.0 38.0 32.7 H TP 34.0 48.0 42.0 VH TP 9.3 0.65 0.68 0.49
Perca fluviatilis Y 17.0 51.0 32.0 H TP 23.0 63.0 41.3 VH TP 9.3 0.66 0.68 0.50
Pseudorasbora parva Y 32.0 47.0 40.0 VH TP 44.0 57.0 49.3 VH TP 9.3 0.77 0.78 0.71
Rhinogobius lindbergi N 16.0 17.5 16.5 M – 26.0 28.0 27.2 H FP 10.7 0.54 0.53 0.63
Salmo ischchan N 5.0 25.0 16.7 M – −7.0 20.0 10.0 M – −6.7 0.64 0.65 0.58
Salmo trutta Y 34.0 39.0 36.0 H TP 31.0 40.0 36.7 H TP 0.7 0.63 0.66 0.46
Salvelinus fontinalis Y 17.0 33.0 23.7 H TP 17.0 29.0 23.0 H TP −0.7 0.70 0.75 0.31
Sander lucioperca Y 30.0 50.0 43.0 VH TP 38.0 59.0 46.3 VH TP 3.3 0.69 0.70 0.58
Syngnathus abaster N 9.0 27.0 16.3 M – 5.0 37.0 20.3 H FP 4.0 0.70 0.72 0.50
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Figure 2. Aquatic Species Invasiveness Screening Kit (AS-ISK) mean outcome scores (± SE) for the species 
screened for the South Caucasus: A Basic Risk Assessment (BRA) scores B BRA+CCA (Climate Change 
Assessment) scores. Red bars = very high-risk species; Black bars = high-risk species; Grey bars = medi-
um-risk species; White bars = low-risk (L) species. Solid line = very high-risk (VH) threshold; Hatched 
line = high-risk (H) threshold; Dotted line = medium-risk (M) threshold (thresholds as per Table 2).



Risk of invasiveness of non-native fishes in the South Caucasus 119

a medium confidence level). The mean CFTotal was 0.673 ± 0.008 SE, the mean CFBRA 
0.691 ± 0.008 SE and the mean CFCCA 0.527 ± 0.017 SE. Statistically, the CLBRA was 
higher than the CLCCA (F#

1,62 = 75.44, P < 0.001; # = permutational value).

Figure 3. a Between-assessor differences in the BRA scores for the species screened for the South 
Caucasus b same for the BRA+CCA scores. See also Table 2.
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Discussion

Risk outcomes

The present study, which is the first to conduct a risk screening for the South Cau-
casus, was able to identify with excellent discriminatory power the level of risk of 
invasiveness of the non-native fish species under evaluation. The calibrated threshold 
value (Thr = 18) in this study can, therefore, be used for future screening of additional 
non-native fish species in the risk assessment area, as required. Further, this threshold 
could be refined subject to availability of new biological data on the species screened 
in this study and/or additional species that may be identified as horizon or recorded 
in the risk assessment area by future surveys and/or based on more up-to-date climate 
change scenarios – this is in line with risk analysis as a dynamic, ‘work-in-progress’ ap-
plied field of science (see Vilizzi et al. 2021). Finally, the replication of screenings by 
three independent assessors in this study to account for the inherent potential bias with 
expert-based evaluations and the resulting lack of differences in assessor-specific AUCs 
has further strengthened the reliability of the species-specific risk ranks.

Amongst the screened species, 20 were ranked as carrying a high or very high 
risk of invasiveness under both current (BRA) and predicted climate conditions 
(BRA+CCA) (Table 2). These species included the false positive Gasterosteus aculeatus, 
whose high-risk ranking in the present study can, however, be justified with reference 
to the risk assessment area. In this respect, G. aculeatus is a widespread circum-arctic/
temperate freshwater fish that naturally occurs in the River Danube mouth and on 
the Black Sea coast (Piria et al. 2018). This species has expanded its range to the 
Caspian Sea via the Volga-Don Channel and is now widely established along the 
Caspian Sea coast (eastern South Caucasus), where it actively enters the lower reaches 
of rivers (Ibrahimov and Mustafayev 2015). Due to its high tolerance of salinity and 
temperature and its reproductive and foraging characteristics (e.g. Roch et al. 2018; 
Candolin 2019), G. aculeatus can, therefore, be regarded as a high-risk species for the 
risk assessment area, despite its a priori non-invasive status elsewhere.

Overall, the a priori invasive species found to carry a high or very high risk of in-
vasiveness (Table 2) may represent a threat to the native species and ecosystems of the 
South Caucasus. Some of these species are already established in the risk assessment 
area (Table 1) and, amongst these, Carassius gibelio and Pseudorasbora parva (both iden-
tified as very high risk) are already recognised as posing a serious threat (Kuljanishvili 
et al. 2021b). Carassius gibelio was introduced unintentionally (and probably several 
times) since the 1980s mainly as a contaminant of stockings of young-of-the-year com-
mon carp Cyprinus carpio in Lake Paliastomi and in the lakes of the Javakheti Plateau 
(Japoshvili et al. 2013; Kuljanishvili et al. 2021b). However, other species, including 
Chinese carps (i.e. bighead carp Aristichthys nobilis, Ctenopharyngodon idella and sil-
ver carp Hypophthalmichthys molitrix) and Cyprinus carpio, have also been intensively 
and mostly illegally introduced to other water bodies of the South Caucasus by lo-
cal anglers for recreational purposes resulting in accidental introductions of C. gibelio 
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(Japoshvili et al. 2013; Kuljanishvili et al. 2021b). Concerning P. parva, this species is a 
typical hitchhiker without any economic value that is spreading on its own through the 
watercourses of the South Caucasus and is still being translocated as part of cyprinid 
farming practices (Gozlan et al. 2010; Kuljanishvili et al. 2021b). Overall, both species 
are currently the most widespread in the risk assessment area, where, in most cases, 
they form dense populations that dominate in abundance the local fish community 
(Shoniya et al. 2011; Japoshvili et al. 2013; Pipoyan and Arakelyan 2015; Kuljanishvili 
et al. 2021b).

A very high risk of invasiveness was also attributed to Clarias gariepinus and to lo-
cally translocated Sander lucioperca. Clarias gariepinus is found in neighbouring Turkey 
and is an invasive predator species that can easily spread once established (Ellender et 
al. 2015; Weyl et al. 2016). Detrimental effects of this species on the native fauna are, 
therefore, expected to occur in the South Caucasus as observed elsewhere (Kadye and 
Booth 2012; Ellender et al. 2015) and can be exacerbated by climate change (i.e. in-
crease in temperatures) as revealed by the augmented BRA+CCA score for this species 
(Table 2). Sander lucioperca is a sought-after species with anglers that is actively translo-
cated within the risk assessment area (Kuljanishvili et al. 2021b). This species has been 
reported to alter severely the invaded ecosystems in multiple ways including predation, 
hybridisation and disease transmission (Godard and Copp 2011). However, the species’ 
impact on the native freshwater fauna of the risk assessment area remains unknown.

The threats posed by other established species ranked as carrying a high risk 
(BRA) or very high risk (BRA+CCA) of invasiveness, such as Gambusia holbrooki, 
Gymnocephalus cernua and Hemiculter leucisculus and by locally-translocated Perca 
fluviatilis, are still not clearly understood. Gambusia holbrooki was one of the first non-
native species to be introduced in the South Caucasus for mitigation of the malaria 
disease (Barach 1941; Elanidze 1983). Since its introduction, this species has formed 
dense populations in most of the still water bodies of western Georgia and the eastern 
South Caucasus (Kuljanishvili et al. 2021b). The other two species G. cernua and 
H. leucisculus are cryptic invaders for which no invasion/establishment history exists. 
The former species is far more widespread in the risk assessment area than previously 
thought (G. Epitashvili, unpublished data), whereas the latter was first detected from 
the River Rioni in western Georgia in 2020 based on DNA barcoding (Epitashvili et 
al. 2020). Perca fluviatilis has been repeatedly introduced to water bodies of the South 
Caucasus for recreational angling, although no data are available on its introduction/
establishment history, population dynamics or range of expansion (Kuljanishvili et al. 
2021b). However, given its predatory lifestyle, this species can severely alter the native 
fish communities of the risk assessment area (review in Rowe et al. 2008).

Other species ranked as high (or very high) risk included those that are regularly 
stocked in the risk assessment area, but have not yet established self-sustaining popula-
tions, namely grass carp Ctenopharyngodon idella, Hypophthalmichthys molitrix, big-
head carp Hypophthalmichthys nobilis, channel catfish Ictalurus punctatus, black carp 
Mylopharyngodon piceus, rainbow trout Oncorhynchus mykiss, Nile tilapia Orechromis 
niloticus and brown trout Salmo trutta. Amongst these species, O. niloticus is currently 
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considered a hitchhiker in the South Caucasus, where no information on its deliberate 
farming is available. This species has been recorded only once in the wild (River Ala-
zani, eastern Georgia), though no established population has been confirmed (Kuljan-
ishvili et al. 2021a). Overall, all of the above species could pose a substantial threat to 
the local native ecosystems once established (e.g. Dibble and Kovalenko 2009; Martín-
Torrijos et al. 2016; DeBoer et al. 2018; Faria et al. 2019), so their stocking should 
either be avoided altogether or strictly monitored.

The horizon species black bullhead Ameiurus melas, Lepomis gibbosus, Micropterus 
salmoides and brook trout Salvelinus fontinalis were also ranked as high (or very high) 
risk. However, neither of them has so far been recorded from the risk assessment area, 
although they are all well known to have expanded their range worldwide as a result 
of introductions for recreational and aquaculture purposes. Although a proper under-
standing of their impact on the invaded ecosystems is limited, these species are known 
to pose substantial threats to the native fish faunas (e.g. Cucherousset et al. 2008; 
Leunda et al. 2008; Drake 2009; Almeida et al. 2014; Copp et al. 2017).

Of the eleven species found to carry a medium risk of invasiveness (based on the 
BRA), vendace Coregonus sp., Coregonus albula, coho salmon Oncorhynchus kisutch and 
Rhinogobius lindbergi deserve some special consideration. Both Coregonus sp. (a putative 
hybrid known as C. lavaretus sevanicus: Dadikyan 1964, 1986) and C. albula have been 
regularly stocked in the mountainous lakes of Georgia (Javakheti Plateau) and in Lake 
Sevan, where they are thought to have established self-reproducing populations and 
are also highly valued commercially (Dadikyan 1964; Japoshvili 2012; Kuljanishvili et 
al. 2021b). In contrast, O. kisutch was released only once into the Caspian Sea in the 
1980s and no further information on this species has since been available (Musayev et 
al. 2004). The small gobiid fish R. lindbergi, which is already widespread in the south-
western Caspian Sea Basin (Sadeghi et al. 2019; Japoshvili et al. 2020), is not known to 
pose any risk to the native fauna, although this may be only a provisional expectation. 
This is because R. lindbergi resembles native gobies and occupies a similar ecological 
niche. Additionally, being a cryptic invader (e.g. Epitashvili et al. 2020), R. lindbergi 
may pose a threat to the native fauna; hence, it should be subject to future monitoring.

The remaining species carrying a medium risk of invasiveness are all native to the 
South Caucasus and translocated, except for Mugil cephalus. Four of these species, namely 
the mullets Chelon auratus, Chelon saliens and Mugil cephalus, as well as Syngnathus 
abaster, are primarily marine/brackish water species regularly occurring in estuaries or 
in the lower stretches of rivers. Mullets, which are economically valuable and naturally 
occur in the Black Sea, were introduced to the Caspian Sea in the early 20th century 
and, amongst them, C. saliens and C. auratus have established dense and abundant 
populations in river mouths (Bogutskaya et al. 2013). Risk screening for the latter 
two species has also been conducted for the neighbouring Anzali Wetland Complex 
(Caspian Sea Basin, Iran), with a similar medium-risk rank for C. saliens, but a low-risk 
rank for C. auratus (Moghaddas et al. 2021). This was mainly due to the fact that these 
species are known to reproduce in the Caspian Sea and to use associated estuaries and 
river mouths only temporarily for feeding (Coad 2017). As per M. cephalus, this species 
is currently not known to be established in the risk assessment area. However, given its 
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high tolerance for water temperature and salinity, M. cephalus could reach the Caspian 
Sea Basin either on its own (i.e. via the Volga-Don Channel) or by translocation for 
aquaculture purposes (Abo-Taleb et al. 2021). The other eurihaline translocated species 
S. abaster, which is native to the Black and Caspian sea coasts (and with a threatened 
status in the Caspian Sea: Kolangi-Miandare et al. 2013), was introduced into Tbilisi 
Reservoir in the 1980s and has since resulted in the establishment of a dense population 
(Kuljanishvili et al. 2021b). Although not regarded as invasive, S. abaster is known for 
its ability to establish easily in freshwater habitats and affect zooplankton communities 
by selective feeding (Didenko et al. 2018).

The remaining translocated species ranked as medium risk included migratory Eu-
ropean eel Anguilla anguilla and the resident species Artvin gudgeon Gobio artvinicus 
and Salmo ischchan. Anguilla anguilla was recorded from the Caspian Sea Basin in 
1964 (Kuljanishvili et al. 2021b) and has been reported to enter various rivers of the 
risk assessment area, where it occurs, however, at low densities (Abdurakhmanov 1966; 
Ibrahimov and Mustafayev 2015; Pipoyan 2015). Gobio arthvinicus was unintention-
ally translocated from the Black Sea Basin to the River Kura, where it has most prob-
ably spread as a hitchhiker, though it is not used either for recreational or aquaculture 
purposes. This species is already established in the River Kura Basin (Kuljanishvili et 
al. 2021b) and its distribution has expanded to other watercourses. In contrast, S. 
ischchan was introduced to water bodies of Azerbaijan and Georgia from Lake Sevan 
and self-sustaining populations have been reported to cause negative impacts on native 
Caspian trout Salmo caspius (Elanidze 1983; Musayev et al. 2004; Yusifov et al. 2017; 
Kuljanishvili et al. 2021b).

Overall, under predicted climate change, 12 species in total were ranked as very 
high risk (Table 2, Fig. 1B). Of these species, eight are already established in the risk 
assessment area of which three are translocated (i.e. Gasterosteus aculeatus, Perca fluvia-
tilis, Sander lucioperca) and six introduced (i.e. Carassius gibelio, Gambusia holbrooki, 
Gymnocephalus cernua, Hemiculter leucisculus, Oreochromis niloticus, Pseudorasbora 
parva) and three are horizon (i.e. Clarias gariepinus, Lepomis gibbosus, Micropterus sal-
moides). The current lack of legislation for non-native species in the South Caucasus, 
hence strategies for dealing with the impacts of current invasions, is therefore an issue 
of even higher concern given the predicted increase in number of very high risk species 
because of climate change (see below).

Recommendations for future research

In this study, the South Caucasus has been treated as a distinct biogeographic unit rath-
er than a politically defined entity at the country level, hence in line with the preferred 
approach to the definition of a risk assessment area (Vilizzi et al. 2022). This is because 
the Kura-Aras Basin is shared amongst all the South Caucasus countries of Armenia, 
Azerbaijan and Georgia, making establishment of invasive non-native species in any 
of them likely to result in future potential ecological impacts for all three countries. In 
addition, the Kura-Aras Basin is also shared between Turkey and the South Caucasus 
and the same is true for the River Chorokhi between Turkey and western Georgia. 
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Consequently, any evaluation of the impact of potentially invasive non-native species 
and the establishment of regulations for their introduction and management should 
ideally be agreed upon and implemented across all of the South Caucasus countries (if 
not beyond: cf. Turkey), rather than independently for each of them. Unfortunately, the 
South Caucasus biodiversity hotspot is also a ‘geopolitical hotspot’ subject to permanent 
military tensions, which are likely to be exacerbated in recent times (Muradov 2022). 
For this reason, it is hardly possible to communicate and discuss the outcomes of en-
vironmental issues not only between countries (i.e. Armenia vs Azerbaijan), but also at 
the country level (e.g. 20% of the territory of Georgia is inaccessible due to Russian oc-
cupation), with the result that these long-unresolved political tensions are further aggra-
vating the extent of non-native species management plans across the South Caucasus.

In the European Union, policies, legislation and management approaches have 
been developed to address the issue of non-native species, based on Regulation (EU) 
no. 1143/2014 of the European Parliament and of the Council on the prevention and 
management of the introduction and spread of invasive alien species (Piria et al. 2017, 
2021). However, countries outside of the EU do not have an obligation to follow these 
rules and usually lack national legislation, which represents an additional problem for 
non-native species management (Piria et al. 2021). Whilst there is no region-wide 
agreement/management policy related to non-native aquatic species, there is also a 
major lack of relevant national-level legislation in the three South Caucasus countries 
(Kuljanishvili et al. 2021b). These all are parties to the Convention on Biological Di-
versity (CBD: https://www.cbd.int/) and Georgia is, in addition, a party to two other 
conventions, namely the Convention on the Protection of the Black Sea Against Pol-
lution (http://www.blacksea-commission.org/) and the Convention for the Control 
and Management of Ships’ Ballast Water and Sediments (https://www.imo.org/en). 
Within these Conventions (and particularly under the CBD), the South Caucasus 
countries are regularly developing National Biodiversity Strategy and Action Plans 
(https://www.cbd.int/nbsap/) in which the lack of data/infrastructure dealing with in-
vasive non-native species is being emphasised and relevant targets (e.g. development of 
invasive non-native species lists, identification of introduction pathways, evaluation of 
impacts, implementation of legislative measures) are being proposed. However, none 
of the targets related to (freshwater) non-native species has so far been fulfilled (see, 
for example, the fifth national reports for Armenia, Azerbaijan and Georgia: https://
www.cbd.int/).

Overall, to date, none of the South Caucasus countries has achieved a clear un-
derstanding of non-native species management within a national legislation plan (Kul-
janishvili et al. 2021b), so that the import/farming of aquatic non-native species for 
recreational/aquaculture purposes is simply allowed under permission of governmental 
bodies. In fact, there is no legislative means for banning any particular aquatic non-
native species (including highly invasive ones), checking for hitchhikers or restricting 
translocations. It is, therefore, strongly advocated that both country- and region-wide 
(i.e. South Caucasus) strategies, legislation acts and related actions for freshwater non-
native species should be urgently developed. In this respect, it is recommended that 
such a strategy should adopt the following overarching conceptual goals:
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1. Full risk assessment of any potentially invasive species should focus on those 
ranked as high risk (or very high risk, depending on availability of resources). Thus, 
whenever possible, a comprehensive risk screening, as achieved in this study, should 
be conducted and species-specific risk-rank outcomes presented to decision-makers. In 
this study, 12 very high-risk species in total (after accounting for climate change pre-
dictions) were identified that should be prioritised for follow-up full risk assessment.

2. Knowledge gap analysis and improvement of the legal basis for species intro-
ductions related to aquaculture/game fisheries and the pet trade. Ideally, this should be 
jointly agreed upon by the SCR countries to be fully effective.

3. Early detection and communication of freshwater non-native species is a pro-
cess already under way, with researchers publishing results about new introductions of 
potentially invasive non-native species and citizen science platforms regularly receiving 
data from the general public on the identification of new non-native species. However, 
data and knowledge developing over time must be standardised in order to be rapidly 
communicated to stakeholders and decision-makers. In addition, adequate measures 
should be taken to enhance data collection from all potential sources. For instance, 
there is currently no information on non-native species available from local markets.

4. Continuous development of an in-depth monitoring scheme (including infra-
structure for data collection based on fieldwork, barcoding/metabarcoding approaches, 
data management and presentation). This is a critical step to understand the history of 
non-native species colonisation and the accompanying processes related to community 
perception, including associated costs for damage/mitigation.

5. Prevention of introductions (cf. ‘blacklists’ of species). Since there is a large 
amount of data on freshwater non-native species worldwide, it would be straightfor-
ward to develop a list of potentially invasive non-native species for the South Caucasus 
(see Roy et al. 2019). In this regard, risk screening could help further refinement of the 
taxa list and via a similar exercise given in the present study. Control of the introduc-
tion of the most (if not all) threatening species could then be implemented by the local 
governments. As such practice already exists elsewhere (Essl et al. 2011; Gederaas et al. 
2012; Poeta et al. 2017; Battisti et al. 2019), it should be discussed and adopted also 
within the countries of the South Caucasus.

6. Impact assessment research, including that related to already established inva-
sive non-native species. Currently, there is no evaluation of the economic/environmen-
tal costs related to freshwater non-native species, nor for terrestrial ones. This makes it 
difficult to assess the effects of non-native species on local communities and to manage 
in an optimal way available resources to prevent/mitigate non-native species introduc-
tions. The results of this study can, therefore, be used to prioritise the list of fish species 
in the South Caucasus to be evaluated for impact assessment.
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Abstract
Salmonids are an extensively hatchery-reared group of fishes that have been introduced worldwide mainly 
for their high commercial and recreational value. The Balkan Peninsula (south-eastern Europe) is char-
acterised by an outstanding salmonid diversity that has become threatened by the introduction of non-
native salmonids whose potential risk of invasiveness in the region remains unknown and especially so 
under predicted climate change conditions. In this study, 13 extant and four horizon non-native salmonid 
species were screened for their risk of invasiveness in the Danube and Adriatic basins of four Balkan coun-
tries. Overall, six (35%) of the screened species were ranked as carrying a high risk of invasiveness under 
current climate conditions, whereas under predicted conditions of global warming, this number decreased 
to three (17%). Under current climate conditions, the very high risk (‘top invasive’) species were rainbow 

NeoBiota 76: 135–161 (2022)

doi: 10.3897/neobiota.76.82964

https://neobiota.pensoft.net

Copyright Ana Marić et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

RESEARCH ARTICLE

Advancing research on alien species and biological invasions

A peer-reviewed open-access journal

NeoBiota



Ana Marić et al.  /  NeoBiota 76: 135–161 (2022)136

trout Oncorhynchus mykiss and brown trout Salmo trutta (sensu stricto), whereas under predicted climate 
change, this was true only of O. mykiss. A high risk was also attributed to horizon vendace Coregonus albula 
and lake charr Salvelinus namaycush, and to extant Atlantic salmon Salmo salar and brook trout Salvelinus 
fontinalis, whose risk of invasiveness, except for S. fontinalis, decreased to medium. For the other eleven 
medium-risk species, the risk score decreased under predicted climate change, but still remained medium. 
The outcomes of this study reveal that global warming will influence salmonids and that only species with 
wider temperature tolerance, such as O. mykiss will likely prevail. It is anticipated that the present results 
may contribute to the implementation of appropriate management plans to prevent the introduction 
and translocation of non-native salmonids across the Balkan Peninsula. Additionally, adequate measures 
should be developed for aquaculture facilities to prevent escapees of non-native salmonids with a high risk 
of invasiveness, especially into recipient areas of high conservation value.

Keywords
AS-ISK, extant, fish, horizon, invasive, risk screening

Introduction

Following the exponential increase in recent years in the number of introduced species 
worldwide (Vilà et al. 2010; Gesundheit and Macias Garcia 2018; Boer et al. 2020; 
Hughes et al. 2020), biological invasions have become a leading driver of global bio-
diversity loss (Butchart et al. 2010; Pyšek et al. 2020), posing a serious threat to native 
biota, including aquatic ecosystems (Piria et al. 2018). In inland waters, freshwater 
fishes are one of the most frequently introduced groups of organisms (García-Berthou 
et al. 2005; Cucherousset et al. 2008) that may seriously disrupt ecosystem function 
through competition, predation, disease, and pest transmission and hybridisation 
(García-Berthou et al. 2005; Gozlan et al. 2005; Hughes et al. 2020).

Amongst freshwater fishes, salmonids are one of the most widely introduced groups 
(Buoro et al. 2016), mainly due to their high commercial and recreational value (e.g. 
Simonović et al. 2015; Piria et al. 2017). As an extensively hatchery-reared group of 
fishes, salmonids require particular attention since intensive stocking pressure by fish-
ery managers and anglers may threaten the genetic diversity of indigenous salmonid 
species (Araki and Schmid 2010; Pinter et al. 2019). In this respect, interbreeding 
between introduced and native salmonids inevitably leads to ‘genetic contamination’, 
which may affect either a single population (Crisp 2000) or an entire species, including 
its evolutionary potential (Pinter et al. 2019). Furthermore, the stocking of salmonids 
in inland waters is usually done when specimens are ready to consume larger prey; this 
makes predation one of the principal impacts of salmonids on native aquatic organ-
isms, both vertebrates and invertebrates (Cadwallader 1996; Piria et al. 2020; Čanak 
Atlagić et al. 2021).

Located in south-eastern Europe, the Balkan Peninsula was a glacial refugium for 
a large number of endemic species (Bănărescu 2004; Oikonomou et al. 2014) and is 
currently recognised as one of the world’s 35 biodiversity hotspots (Hewitt 2011). In 
regions that are so important from a conservation perspective, the introduction of new 
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predators can affect the abundance of native species and increase their risk of extinc-
tion (Pyšek et al. 2020), which is of even more concern for valuable and vulnerable 
endemic species. Examples are Australia and New Zealand, where native galaxiids have 
been threatened to the brink of extinction by introduced rainbow trout Oncorhynchus 
mykiss and brown trout Salmo trutta (McIntosh et al. 1994; McIntosh and Townsend 
1995; Glova 2003; Joy et al. 2019).

The exact period of first introduction, re-introduction and translocation of 
salmonids in the Balkan Peninsula remains unknown, though in the past century these 
activities have intensified considerably as a result of re-stocking for recreational fishing 
(Piria et al. 2018). However, besides impacting on the endemic fauna, such practices 
in the Danube and Adriatic basins of the region may lead to biotic homogenisation 
of native salmonids amongst which native Salmo trutta is known to be particularly 
threatened (Škraba Jurlina et al. 2020). This taxon is often considered a complex of 
distinct species concordant with their matching two distinct haplogroups (Bernatchez 
2001), whereas the number of species contained within the Salmo trutta complex 
remains debatable (Kalayci et al. 2018; Makhrov and Lajus 2018). However, the 
introduction of stream-dwelling Salmo trutta (sensu stricto) of Atlantic origin and of 
Macedonian trout Salmo macedonicus of Adriatic mitochondrial haplotype, originating 
from the Aegean Basin, has made this unresolved taxonomy even more complicated 
(Latiu et al. 2020), primarily due to long-term hybridisation (Škraba Jurlina et al. 
2020). Additionally, several repeated translocations of salmonids have taken place, 
mainly from the Danube Basin into the Adriatic Basin of the Balkan Peninsula 
involving European grayling Thymallus thymallus and Salmo trutta of Danube origin. 
Finally, Hucho hucho and endemic soft-muzzled trout Salmo obtusirostris have also been 
translocated at different locations within the same basin (Pofuk et al. 2017), with both 
species flagged as endangered in the IUCN Red List (https://www.iucnredlist.org/).

Previous risk screenings have been carried out for salmonid species partly cover-
ing the Danube and Adriatic basins of the Balkan Peninsula (Simonović et al. 2013), 
as well as for eleven non-native trout species and strains from Serbia (Simonović et 
al. 2015). However, those screenings did not account for climate change predictions, 
nor did they include any horizon species, i.e. species present in nearby regions but not 
yet found in the risk assessment area. A risk screening study accounting for climate 
change predictions was recently carried out for seven extant and five horizon salmonids 
(Radočaj et al. 2021), but covered only the northern part of the Danube and Adriatic 
basins. Hence, the full potential risk posed by extant and horizon salmonid species on 
the diverse and vulnerable freshwater biota of the Balkan Peninsula remains unknown, 
especially given climate change predictions of global warming.

To fill the above knowledge gap, the aims of this study were to: (i) identify the 
translocated and introduced salmonid species of the Danube and Adriatic basins of the 
Balkan Peninsula; (ii) identify by horizon scanning which non-native salmonid species 
might enter the Balkan Peninsula in the (near) future from neighbouring countries; and 
(iii) evaluate the risk of invasiveness of both the identified extant and horizon salmonids 
under current and future (predicted) climate conditions for the risk assessment area. 
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Given their extensive use in aquaculture, regular monitoring of the invasiveness of non-
native salmonids is crucial to achieve better management of the native freshwater biota 
of the Balkan Peninsula with the aim of improving appropriate conservation measures.

Methods

Risk assessment area

The risk assessment area includes the Danube and Adriatic basins of Bosnia and Herzegovi-
na, Croatia, Montenegro and Serbia (including Kosovo) (Fig. 1). According to the updated 
Köppen-Geiger climate map (Rubel et al. 2017), the warm-temperate climate types with-
out dry season Cfa and Cfb (with warm and hot summer, respectively) are predominant 
in the risk assessment area and especially in the Danube Basin. Specifically, the Cfa type is 
characteristic of the lower-lying areas of the Danube Basin and of the north-western coastal 
part of the Adriatic Basin, whereas the Cfb type is predominant in the higher-lying conti-
nental areas of both basins. The south-eastern coastal part of the Adriatic Basin belongs to 
the warm-temperate climate types with dry summer Csa and Csb (warm and hot summer, 
respectively). Finally, the boreal climate types without dry season Dfb and Dfc (warm and 
cold summer, respectively) are found only at the highest elevations of the mountain ranges 
of the region, namely the Dinaric Alps, Rhodopes, Carpathians and Balkan mountains.

Figure 1. Map of the risk assessment area (Danube and Adriatic Basins of Bosnia and Herzegovina, 
Croatia, Montenegro and Serbia with Kosovo) and neighbouring countries for evaluating the potential 
invasiveness of non-native salmonids.
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The Danube Basin includes large lowland rivers, amongst which the most impor-
tant, besides the River Danube, are the River Sava (Bosnia and Herzegovina, Croatia, 
Serbia) and the River Tisa (Serbia). The largest river of the Adriatic Basin is the River 
Neretva (Bosnia and Herzegovina, Croatia). Several other large rivers are present, though 
the main characteristic of the Adriatic Basin’s hydrology is the presence of numerous 
karst-sinking rivers, springs and perennial streams (Jelić et al. 2016; Piria et al. 2017).

The Balkan Peninsula is characterised by a remarkable diversity of native salmonids, 
especially in the countries of Bosnia and Herzegovina (Škraba et al. 2017), Croatia 
(Sušnik et al. 2007; Buj et al. 2021), Montenegro (Mrdak et al. 2012) and Serbia 
(Simonović et al. 2017). At the same time, freshwater salmonid aquaculture in the 
aforementioned Balkan countries has a long tradition dating back to the late 19th 
century. The predominantly farmed non-native salmonid species in both the Danube 
and Adriatic Basins of these countries is Oncorhynchus mykiss which, together with 
Salmo trutta (sensu stricto) of Atlantic origin, represents the main food fish for inland 
water re-stocking (Piria et al. 2018). Other salmonid species reared in aquaculture are 
also found, namely Arctic charr Salvelinus alpinus, brook trout Salvelinus fontinalis 
and huchen Hucho hucho, although they are mostly used for re-stocking purposes 
(Kapetanović et al. 2010; Muhamedagić and Habibović 2013; Piria et al. 2018).

Species selection

In total, 17 salmonid species were included as part of the risk screening (Table 1). Selec-
tion of the species for screening was according to the following Criteria (where Criteria 
1, 2 and 5 are the same as those defined in Piria et al. 2016 and Radočaj et al. 2021):

1. Native species translocated from the Danube Basin to the Adriatic Basin (n = 2: 
Thymallus thymallus and Salmo labrax, which also includes the tentative Salmo taleri);

2. Native species translocated outside their native range, but within the Danube 
Basin (n = 1: Hucho hucho);

3. Native species translocated outside their native range, but within the Adriatic 
Basin (n = 1: Salmo obtusirostris);

4. Native species translocated from the Aegean Basin to the Danube Basin (n = 1: 
Salmo macedonicus).

5. Non-native species already present and naturalised/acclimatised in one or 
more drainage basins (n = 8: European whitefish Coregonus lavaretus, peled Coregonus 
peled, Oncorhynchus mykiss, Ohrid trout Salmo letnica, Salmo salar, Salmo trutta (sensu 
stricto), Arctic charr Salvelinus alpinus, brook trout Salvelinus fontinalis);

6. Horizon species, i.e. not yet reported, but likely to enter the risk assessment area 
in the near future (n = 4: lake trout Salvelins namaycush, lake charr Salvelinus umbla, 
Chinook salmon Oncorhynchus tshawytscha, vendace Coregonus albula). These species 
were selected by using the CABI scanning tool (www.cabi.org/horizonscanningtool) 
for each country in the risk assessment area separately and by literature searches (e.g. 
Ventura et al. 2017; Radočaj et al. 2021), including studies in the native language and 
‘grey’ literature.
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Risk screening

Risk screening was undertaken using the Aquatic Species Invasiveness Screening Kit (AS-
ISK: Copp et al. 2016, 2021), which is available for free download at www.cefas.co.uk/
nns/tools. This taxon-generic decision-support tool consists of 55 questions: the first 49 
questions comprise the Basic Risk Assessment (BRA) and address the biogeography/in-
vasion history and biology/ecology of the species under screening; the last six questions 
comprise the Climate Change Assessment (CCA) and require the assessor to predict how 
future predicted climatic conditions are likely to affect the BRA with respect to risks of in-
troduction, establishment, dispersal and impact. In this study, for the CCA component, 
local warming scenarios for the Danube and Adriatic Basins of the Balkan Peninsula were 
used. Accordingly, temperatures are expected to increase from 2030 to 2060 by 1.1–1.7 
°C in the Danube Basin (Stagl and Hattermann 2016) and by 1.5–2.5 °C in the Adriatic 
Basin (Karleuša et al. 2018). In addition, in the Adriatic Basin, an expected decrease in 
precipitation by 25 mm per decade (5–20% by 2050) would result in a 15% decrease 
of freshwaters in the Balkan Peninsula (Karleuša et al. 2018). The temperature tolerance 
ranges for each screened species were searched for in literature, although data were often 
incomplete and varied depending on the source. Screenings were undertaken on all spe-
cies initially by four independent assessors (authors AM, IŠ, TK, TR), but with the final 
screenings based on three assessors (combination 3IA: Vilizzi et al. 2022) (see Results).

To achieve a valid screening, the assessor must provide for each question a response, 
a level of confidence for the response (see below) and a justification based on literature 
sources. The outcomes are a BRA score and a (composite) BRA+CCA score, which is 
obtained after adding or subtracting up to 12 points to the BRA score or leaving it un-
changed in case of a CCA score equal to 0. Scores < 1 suggest that the species poses a ‘low 
risk’ to become invasive in the risk assessment area, whereas scores ≥ 1 indicate a ‘medium 
risk’ or a ‘high risk’. The threshold (Thr) value to distinguish between medium-risk (BRA 
and BRA+CCA score < Thr) and high-risk (BRA and BRA+CCA score ≥ Thr) species 
for the risk assessment area is obtained by ‘calibration’ based on the Receiver Operating 
Characteristic (ROC) curve analysis (see Vilizzi et al. 2022). A measure of the accuracy 
of the calibration analysis is the area under the curve (AUC) whose values are interpreted 
as: 0.7 ≤ AUC < 0.8 = acceptable discriminatory power, 0.8 ≤ AUC < 0.9 = excellent, 
0.9 ≤ AUC = outstanding (Hosmer et al. 2013). For the species classified as high risk, 
a distinction was made in this study of the ‘very high risk’ species, based on an ad hoc 
threshold weighted according to the range of high-risk score values obtained for the BRA 
and BRA+CCA. Identification of the (very) high-risk species is useful to prioritise alloca-
tion of resources in view of a full risk assessment (Copp et al. 2016). This examines in de-
tail the risks of: (i) introduction (entry); (ii) establishment (of one or more self-sustaining 
populations); (iii) dispersal (more widely within the risk assessment area, i.e. so-called 
secondary spread or introductions); and (iv) impacts (to native biodiversity, ecosystem 
function and services, and the introduction and transmission of diseases).

For the ROC curve analysis to be implemented, the species selected for screening 
must be categorised a priori as ‘non-invasive’ or ‘invasive’ using literature sources. The 
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Table 1. Extant and horizon non-native salmonids evaluated for their potential risk of invasiveness in 
the Danube and Adriatic Basins of Bosnia and Herzegovina, Croatia, Montenegro and Serbia (including 
Kosovo) – the risk assessment area. The criteria for selection of species are: 1 = Native species translocated 
from the Danube Basin to the Adriatic Basin; 2 = Native species translocated outside their native range 
but within the Danube Basin; 3 = Native species translocated outside their native range, but within the 
Adriatic Basin; 4 = Native species translocated from the Aegean Basin to the Danube Basin; 5 = Non-
native species already present and naturalised/acclimatised in one or more drainage basins; 6 = Horizon 
species, i.e. not yet reported but likely to enter the risk assessment area in the near future. For extant 
species, details about the native distribution area are provided including the location and year of intro-
duction. For all species, the a priori categorisation outcome into Non-invasive and Invasive is provided, 
based on a multi-tiered protocol (after Vilizzi et al. 2022) relying on FishBase (www.fishbase.org), the 
Global Invasive Species Database (GISD: www.iucngisd.org), the Centre for Agriculture and Bioscience 
International Invasive Species Compendium (CABI: www.cabi.org/ISC), the Invasive and Exotic Spe-
cies of North America list (IESNA: www.invasive.org) and a Google Scholar literature search whenever 
applicable. N = no impact/threat; Y = impact/threat; ‘–’ = absent; n.e. = not evaluated (but present in 
database); n.a. = not applicable.

Taxon name Common 
name

Crite-
rion

Distribution area A priori categorisation

Native Introduced Year Fish-
Base

GISD CABI IES-
NA

GScholar Out-
come

Extant

Coregonus 
lavaretus

European 
whitefish

5 Northern 
Europe

Plitvice lakes, Peruča Reservoir, 
River Cetina

1937 N – – – N Non-
invasive

Coregonus 
peled

peled 5 Northern 
Europe

Plitvice Lakes, Peruča reservoir, 
River Cetina

1937 – – – – N Non-
invasive

Hucho hucho huchen 2 Europe Rivers Đetinja, Jerma, Nišava, 
Mlava, Moravica

2001 N – – – N Non-
invasive

Oncorhynchus 
mykiss

rainbow 
trout

5 North 
America

Vlasina Reservoir 1792 Y Y Y Y n.a. Invasive

Salmo labrax Black Sea 
salmon

1 Eurasia Rivers Gacka, Vrijeka 1948 N – – – N Non-
invasive

Salmo letnica Ohrid 
trout

5 Europe, 
Lake 

Ohrid

Vlasina Reservoir 1950 N n.e. – – N Invasive

Salmo 
macedonicus

Macedo-
nian trout

4 Central 
Europe

River Jerma 2000 N – – – N Non-
invasive

Salmo obtusi-
rostris

soft-muz-
zled trout

3 Europe, 
Adriatic 
Basin

River Žrnovnica 1970s N – – – N Non-
invasive

Salmo salar Atlantic 
salmon

5,6 Northern 
Europe

Krka Estuary, rivers Sava and Drava 1980 N N Y – n.a. Invasive

Salmo trutta 
(sensu stricto)

brown 
trout

5 Western 
Europe

Rivers Gacka, Gradac, Vratna 1970 Y Y Y Y n.a. Invasive

Salvelinus 
alpinus

Arctic 
charr

5 Northern 
Europe

Plitvice lakes, River Neretva, Peruča 
accumulation, Lake Kokin Brod

1963 N – – – N Non-
invasive

Salvelinus 
fontinalis

brook trout 5 North 
America

Plitvice lakes, River Neretva, Peruča 
accumulation, Lake Kokin Brod

1960 Y Y Y – n.a. Invasive

Thymallus 
thymallus

grayling 1 Eastern 
Europe

Rivers Cetina, Gacka, Istria, 
Neretva, Rude

1960 N – – – N Non-
invasive

Horizon

Coregonus 
albula

vendace 6 – – – N Y – – n.a. Invasive

Oncorhynchus 
tshawytscha

chinook 
salmon

5 – – – – N – – N Non-
invasive

Salvelinus 
namaycush

lake charr 6 – – – N Y Y – n.a. Invasive

Salvelinus 
umbla

Alpine 
charr

6 – – – N – – – N Non-
invasive
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a priori categorisation of species was implemented as per Vilizzi et al. (2022) (Table 
1). Confidence levels in the responses to questions in the AS-ISK are ranked using a 
1–4 scale and, based on the confidence level (CL) allocated to each response, a confi-
dence factor (CF) is obtained as:

CF = ∑(CLQi)/(4 × 55) (i = 1, …, 55)

where CLQi is the CL for Qi, 4 is the maximum achievable value for confidence (i.e. 
very high: see above) and 55 is the total number of questions comprising the AS-ISK 
questionnaire (Vilizzi et al. (2022). The CF ranges from a minimum of 0.25 (i.e. all 
55 questions with confidence level equal to 1) to a maximum of 1 (i.e. all 55 questions 
with confidence level equal to 4). Based on all 55 Qs of the AS-ISK questionnaire, the 
49 Qs comprising the BRA and the six Qs comprising the CCA, the CFTotal, CFBRA and 
CFCCA are respectively computed.

Implementation of the ROC curve analysis followed the protocol described in Vilizzi 
et al. (2022), with the true/false positive/negative outcome distinction not applied to the 
medium-risk species, as they can be either included or not into a full (comprehensive) 
risk assessment depending on priority and/or availability of financial resources. The ROC 
curve fitting was in two steps. Firstly, separate ROC curves were generated for each of the 
four independent assessors and differences amongst the resulting four AUCs were statisti-
cally tested (Mann-Whitney U-statistic, α = 0.05; applet StAR available at http://melolab.
org/star/home.php: Vergara et al. 2008). As differences between assessor-specific AUCs 
were found, in the second step, a single ROC curve was generated, based on the average 
scores of those assessors whose AUC was above the acceptable discriminatory power. Fol-
lowing ROC analysis, the best threshold value that maximises the true positive rate and 
minimises the false positive rate was determined using Youden’s J statistic; whereas the 
‘default’ threshold of 1 was set to distinguish between low-risk and medium-risk species. 
Fitting of the ROC curve was with package pROC (Robin et al. 2011) for R x64 v.4.0.5 
(R Core Team 2021) using 2000 bootstrap replicates for the confidence intervals of spe-
cificities, which were computed along the entire range of sensitivity points (i.e. 0 to 1, 
at 0.1 intervals). Differences in outcome scores and CF between components (BRA and 
BRA+CCA) and assessors (AM, IŠ, TK, TR for the scores; AM, IŠ, TR for the CF) were 
tested with permutational ANOVA, based on a two-factor design with factors Component 
and Assessor crossed and both fixed. Analysis was implemented in PERMANOVA+ for 
PRIMER v.7, with normalisation of the data and using a Bray-Curtis dissimilarity meas-
ure, 9999 unrestricted permutations of the raw data and with statistical effects evaluated at 
α = 0.05, including a posteriori pair-wise comparisons in case of significance.

Results

Across all four assessors (Fig. 2): the BRA scores ranged from 0 to 38.0, with mean = 18.3, 
median = 16.8 and 5% and 95% CI (confidence interval) = 3.1 and 36.5; the BRA+CCA 
scores ranged from −6.0 to 48.0, with mean = 13.5, median = 11.5 and 5% and 95% 
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CI = −2.0 and 33.0. The mean BRA score was significantly higher than the mean 
BRA+CCA score (18.3 ± 9.6 SE vs. 13.5 ± 11.8) and the overall scores (i.e. BRA and 
BRA+CCA) for assessor AM (21.7 ± 10.9) were significantly higher than those for the 

Figure 2. Box-and-whisker plots showing the Aquatic Species Invasiveness Screening Kit (AS-ISK) out-
come scores (Basic Risk Assessment, BRA: light grey; BRA + Climate Change Assessment, BRA+CCA: 
dark grey) for the four assessors (AM = Ana Marić; IŠ = Ivan Špelić; TK = Tamara Kanjuh; TR = Tena 
Radočaj) screening the non-native salmonids for the risk assessment area (see Fig. 1).

Table 2. Permutational ANOVA results for the Aquatic Species Invasiveness Screening Kit (AS-ISK) 
outcome scores and for the confidence factor (CF) of the non-native salmonids screened for the risk as-
sessment area. Component = BRA, BRA+CCA (see Table 3).

Source of variation df MS F#/t P#

Scores
Component 1 6.431 7.177 0.009
Assessor 3 4.578 5.109 0.002
AM vs. IŠ 1 – 3.402 < 0.001
AM vs. TK 1 – 3.228 0.003
AM vs. TR 1 – 2.522 0.014
IŠ vs. TK 1 – 0.343 0.734
IŠ vs. TR 1 – 0.717 0.476
TK vs. TR 1 – 0.928 0.352
Component × Assessor 3 0.045 0.050 0.984
Residual 128 0.896
CF
Component 1 10.540 24.515 < 0.001
Assessor 2 23.664 55.040 < 0.001
AM vs. IŠ 1 – 5.058 < 0.001
AM vs. TR 1 – 10.111 < 0.001
IŠ vs. TR 1 – 5.604 < 0.001
Component × Assessor 2 0.929 2.162 0.123
Residual 96 0.430
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other assessors (13.7 ± 8.8 for IŠ, 12.8 ± 11.9 for TK, 15.3 ± 10.3 for TR). However, 
there was no interaction term, indicating that the BRA and BRA+CCA scores did not 
differ between each other depending on the assessor (Table 2).

There were differences in AUCs between AM and TK (P < 0.01), whose AUC had a 
much lower value (i.e. 0.6143, hence below acceptable discriminatory power) compared 
to the AUCs from AM, IŠ and TR (i.e. 0.9143, 0.8000 and 0.8786, respectively, hence 
with excellent to outstanding discriminatory power). As a result, the BRA score outcomes 
from TK were removed from subsequent analyses and the threshold value was computed, 
based on the mean BRA scores from AM, IŠ and TR. The ROC curve resulted in an 
AUC of 0.9286 (0.7810–1.0000 95% CI), which indicated outstanding discriminatory 
power. Youden’s J provided the threshold of 19.25, which was used for calibration of the 
risk outcomes. Accordingly, based on the BRA scores, the threshold allowed the distinc-
tion of medium-risk species with scores within the interval [1, 19.25[ from high-risk 
species with scores within [19.25, 68]; based on the BRA+CCA scores, the threshold 
allowed the distinction of medium-risk species with scores within the interval [1, 19.25[ 
from high-risk species with scores within [19.25, 80]. Low-risk species had BRA scores 
within [−20, 1[ and BRA+CCA scores within [−32, 1[ (see Table 2; combined AS-ISK 
report in Suppl. material 1). Using the above threshold:

• Based on the BRA outcome scores (Table 3): six (35.3%) species were classified 
as high risk and eleven (64.7%) as medium risk. Amongst the seven species categorised 
a priori as invasive, six were true positives (Coregonus albula, Oncorhynchus mykiss, 
Salmo salar, Salmo trutta, Salvelinus fontinalis, Salvelinus namaycush). Of the eleven 
medium-risk species, ten were a priori non-invasive and one invasive.

• Based on the BRA+CCA outcome scores, hence after accounting for climate 
change predictions (Table 3): three (17.6%) species were classified as high risk, 13 
(76.5%) as medium risk and one (5.9%) as low risk (Hucho hucho). Amongst the a 
priori invasive species, three were true positives (Oncorhynchus mykiss, Salmo trutta, 
Salvelinus fontinalis) and, amongst the ten species categorised a priori as non-invasive, 
one was a truer negative (Hucho hucho). Of the 13 medium-risk species, nine were a 
priori non-invasive and four invasive.

The highest-scoring species (BRA and BRA+CCA scores > 30, taken as an ad hoc 
‘very high risk’ threshold) were Oncorhynchus mykiss and Salmo trutta for both the BRA 
and BRA+CCA and Oncorhynchus mykiss only for the CCA. The CCA resulted in a slight 
increase in the BRA score for only one species (Oncorhynchus mykiss), in no change for an-
other species (Salmo macedonicus) and in a decrease for the remaining 15 species (Table 3).

The mean CFTotal was 0.707 ± 0.017 SE, the mean CFBRA 0.720 ± 0.018 and the 
mean CFCCA 0.593 ± 0.020. Across the three assessors (i.e. AM, IŠ and TR), the mean 
CFBRA was significantly higher than the mean CFCCA and the overall CF (i.e. for the 
BRA and CCA) for assessor AM (0.792 ± 0.112) was significantly higher than that for 
assessors IŠ (0.663 ± 0.135) and TR (0.515 ± 0.147), which also differed significantly. 
However, there was no interaction term, indicating that CFBRA and CFCCA did not dif-
fer between each other depending on the assessor (Table 3).
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Discussion

Risk outcomes

In this study, the risk of invasiveness of 17 salmonids was determined with a very high 
level of accuracy (cf. discriminatory power), based on independent assessors. According 
to the threshold value of 19.25, based on the BRA, only six (35%) species were classi-
fied as carrying a high risk of invasiveness for the risk assessment area, whereas based on 
the BRA+CCA, this number decreased to three (17%). A similar decrease in score for 
salmonids under predicted climate change scenarios has been observed for Croatia and 
Slovenia (Radočaj et al. 2021), Turkey (Yoğurtçuoğlu et al. 2021) and even for regions 
with colder climate ranging from humid continental to sub-arctic as found in the West 
Siberian Plain (Interesova et al. 2020). In this study, the mean CF was lower for the 
CCA compared to the BRA, which agrees with other AS-ISK applications (e.g. Bilge et 
al. 2019; Interesova et al. 2020; Radočaj et al. 2021) and reflects the uncertainty in cli-
mate change predictions generally due to a dearth of literature for several of the screened 
species. On the contrary, for a species like Oncorhynchus mykiss for which the impact of 
climate change has been largely investigated (e.g. Benjamin et al. 2013; Stanković et al. 

Table 3. Risk outcomes for the non-native salmonids screened with AS-ISK for the risk assessment 
area. For each species, the following information is provided: a priori categorisation of invasiveness 
(N = non-invasive; Y = invasive: see Table 1); BRA and BRA+CCA scores with corresponding risk out-
comes (M = Medium; H = High; VH = Very high based on ad hoc threshold of 30: see text for details) 
and classification (Class: TN = true negative; TP = true positive; ‘–’ = not applicable as medium-risk: see 
text for details); difference (Delta) between BRA+CCA and BRA scores; confidence factor (CF) for all 55 
questions of the AS-ISK (CFTotal), for the 49 BRA questions (CFBRA) and for the six CCA questions (CF-

CCA). Risk outcomes are based on a threshold of 19.25 and computed as: L, within the interval [−20, 1[, 
M [1, 19.25[, H [19.25, 30[ and VH [30, 68] for the BRA; L [−32, 1[, M [1, 19.25[, H [19.25, 30[ and 
VH [30, 80] for the BRA+CCA (note the reverse bracket notation indicating in all cases an open interval).

Taxon name A priori BRA BRA+CCA Delta CF

Score Outcome Class Score Outcome Class Total BRA CCA

Coregonus albula Y 19.3 H TP 10.0 M – −9.3 0.64 0.64 0.58
Coregonus lavaretus N 18.7 M – 14.0 M – −4.7 0.74 0.77 0.54
Coregonus peled N 14.5 M – 10.5 M – −4.0 0.73 0.75 0.57
Hucho hucho N 10.0 M – 0.0 L TN −10.0 0.75 0.76 0.61
Oncorhynchus mykiss Y 33.7 VH TP 42.3 VH TP 8.7 0.86 0.88 0.72
Oncorhynchus tshawytscha N 17.5 M – 13.5 M – −4.0 0.70 0.70 0.68
Salmo labrax N 19.2 M – 15.2 M – −4.0 0.70 0.71 0.64
Salmo letnica Y 15.8 M – 11.2 M – −4.7 0.64 0.65 0.60
Salmo macedonicus N 18.3 M – 17.0 M – −1.3 0.57 0.58 0.44
Salmo obtusirostris N 8.0 M – 2.0 M – −6.0 0.72 0.72 0.75
Salmo salar Y 22.2 H TP 17.5 M – −4.7 0.65 0.68 0.44
Salmo trutta Y 32.8 VH TP 26.8 H TP −6.0 0.76 0.78 0.58
Salvelinus alpinus N 19.2 M – 13.2 M – −6.0 0.72 0.73 0.61
Salvelinus fontinalis Y 29.8 H TP 24.5 H TP −5.3 0.76 0.79 0.53
Salvelinus namaycush Y 24.5 H TP 15.8 M – −8.7 0.66 0.67 0.57
Salvelinus umbla N 9.8 M – 3.8 M – −6.0 0.63 0.63 0.63
Thymallus thymallus N 14.8 M – 8.8 M – −6.0 0.80 0.82 0.58
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2015), the CF value for the CCA was the highest amongst all species in this study (0.72: 
Table 3), similar to screenings for this species in other risk assessment areas compared to 
other salmonids (e.g. Tarkan et al. 2017: 0.74; Moghaddas et al. 2021: 0.77).

Of the screened species, seven were found to pose a high to very high risk of invasive-
ness for the RA area under current climate conditions (BRA). However, after accounting 
for predicted climate change conditions (CCA), for four of these species, the risk of inva-
siveness decreased from high to medium (Table 3). Specifically, only Oncorhynchus mykiss 
was classified as very high risk for both the BRA and BRA+CCA, whereas Salmo trutta, 
which was classified as very high risk for the BRA, became of high risk after accounting 
for climate change. Both species belong to the List of the 100 World’s Worst Invasive 
Alien Species (GISD 2021), likely as a result of their vagility, life history, phenotypic 
plasticity, broad water temperature tolerance and highly adaptive behaviour, as docu-
mented worldwide (Crowl et al. 1992; Hardy 2002; Hasegawa 2020). Finally, Salvelinus 
fontinalis was the only species classified as high risk for both the BRA and BRA+CCA.

Oncorhynchus mykiss is a top predator whose negative effects in its introduced 
range resulting from its carnivorous diet have been documented worldwide (Skelton 
1987; Young et al. 2010; Juncos et al. 2013). In the risk assessment area, this 
species’ impact is mostly reflected on the endemic minnow-like fishes (Zupančič et 
al. 2008), which has led to the near-extinction of Telestes metohiensis from the River 
Ljuta near Dubrovnik in Croatia (Piria et al. 2016). In its native range, O. mykiss 
is an anadromous species that can tolerate high salinities and a wide range of water 
velocities (Leitwein et al. 2017), and for this reason it is found even in catches 
of commercial fishers from the Adriatic Sea (M. Piria, pers. obs.). Although it is 
generally presumed that O. mykiss cannot establish viable populations in the risk 
assessment area, there are some documented cases of its reproduction dating back 
to the early 20th century in Slovenia (Franke 1913; Mršić 1935), the early 1970s in 
Croatia (MacCrimmon 1971), plus several more recent reports (e.g. Stanković et 
al. 2015; Mihinjač et al. 2019). In addition, there is evidence of reproduction in 
a population of O. mykiss in the Međimurje area (P. Simonović, pers. obs.), in the 
rivers of southern Croatia (D. Zanella, pers. obs.) and in southern Greece on the 
Island of Crete (Koutsikos et al. 2012; Stoumboudi et al. 2017).

Salmo trutta (sensu stricto) is one of the most attractive recreational salmonids in the 
risk assessment area that, however, poses a major threat to the native salmonids because 
of genetic contamination. Introgression of alien Atlantic haplotypes into the indigenous 
Salmo labrax and Salmo obtusirostris gene pool has already been documented (Simonović 
et al. 2014, 2015; Tošić et al. 2016; Škraba et al. 2017; Kanjuh et al. 2020, 2021; Škraba 
Jurlina et al. 2020), with the size of the intact native populations of these two species 
still remaining unknown. Although the score for Salmo trutta decreased as a result of the 
CCA, this species remains at high risk for the risk assessment area probably because of 
its dispersal mechanisms, which are often deliberate through farming and stocking for 
recreational purposes. In this respect, the first stocking of this species in the risk assess-
ment area occurred in early 20th century and has become quite intensive in recent times 
(Simonović et al. 2014; Piria et al. 2018).
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Salvelinus fontinalis is a valuable species for angling both in the risk assessment 
area and worldwide (Lenhardt et al. 2011; CABI 2021). There are known cases where 
the presence of introduced S. fontinalis has negatively affected populations of native 
amphibians in France and Spain (Orizaola and Braña 2006). In addition, this species 
has been found to overlap its diet with native Salmo trutta populations in southern 
France with which it also interferes in terms of reproductive success and hybridisa-
tion (Cucherousset et al. 2007, 2008), though resulting in sterile offspring (Hisar et 
al. 2003). There is evidence that S. fontinalis may exert detrimental impacts on native 
Salmo trutta in Sweden, leading to extinction of some native populations (Spens et al. 
2007). All of this confirms that this species carries several undesirable life-history traits, 
which is in line with its high-risk ranking.

The three a priori invasive species Coregonus albula, Salmo salar and Salvelinus 
namaycush gained a high risk of invasiveness under current climate conditions (cf. 
BRA) whereas under the BRA+CCA, their risk became medium. Coregonus albula and 
Salmo salar are characterised by behavioural and developmental plasticity, which makes 
them capable to react and potentially adapt to variation in environmental conditions. 
However, there are limitations to these capacities, especially over short periods of time 
(Garcia de Leaniz et al. 2007; Muir et al. 2013; Karjalainen et al. 2015, 2016). In this 
regard, water temperature is fundamental in regulating fish physiology and environ-
mental variation during development can play a crucial role in generating variability 
in offspring through phenotypic plasticity (Little et al. 2020). Migratory fishes, such as 
S. salar, are particularly vulnerable to warming environments as the appropriate time 
of transition between habitats is fine-tuned to specific environmental cues (Crozier et 
al. 2008), with the success of these transition periods having consequences on subse-
quent survival. Salvelinus namaycush is known to migrate to deep cold-water habitats 
and generally occupies temperatures within its optimum range (10 °C ± 2 °C: Plumb 
and Blanchfield 2009). This is aside from brief forays into shallow warm-water habitats 
to forage (Morbey et al. 2006) or to avoid limiting oxygen conditions at high depths 
(Guzzo and Blanchfield 2017). Therefore, increasing temperatures would drastically 
affect populations of S. namaycush by reducing suitable summer thermal habitats and 
by increasing exposure to sub-optimal temperatures and thermal stress (Ficke et al. 
2007; Guzzo and Blanchfield 2017), thereby limiting growth and condition (Plumb et 
al. 2014; Guzzo et al. 2017).

Salmo letnica was the only a priori invasive species found to carry a medium risk 
of invasiveness likely due to its low dispersal mechanism traits, but also to the scarce 
data available to answer the AS-ISK questions about ‘undesirable traits’ (see Copp 
et al. 2016). Coregonus lavaretus, Coregonus peled, Oncorhynchus tshawytscha, Salmo 
labrax, Salmo macedonicus, Salmo obtusirostris, Salvelinus alpinus, Salvelinus umbla 
and Thymallus thymallus were all classified as medium-risk for both the BRA and 
BRA+CCA, with the risk for Hucho hucho becoming low after accounting for the 
CCA. The latest outcome is expected because Hucho hucho is an already threatened 
species due to the relatively long period of time to reach maturity during which it is 
intolerant of pollution and damming (Weiss and Schenekar 2016).
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Climate change

As cold-water species, salmonids are likely to be strongly affected by climate change. An 
increase in temperature and a decrease in precipitation can directly influence water levels 
in rivers and lakes (e.g. Schindler 2001), with consequent changes in other water-related 
characteristics, such as food amount and composition, acidity and other chemical param-
eters (Cochrane et al. 2009). These changes could trigger a range of negative responses 
in salmonid fishes and especially in those species with complex life-histories consisting 
of several developmental stages (Crozier et al. 2008). Studies on the potential effects of 
climate change on salmonids have shown complex behavioural responses in Oncorhynchus 
mykiss exposed to different seasonal temperatures, acidity, nitrogen and food supply (Mor-
gan et al. 2001; Ficke et al. 2007). Higher air temperatures could affect productivity or 
even cause mortality in aquaculture ponds via increased water temperatures, especially for 
salmonids with a narrow water temperature range (Cochrane et al. 2009). Although most 
salmonid ponds have a flow-through system with frequent water exchange that can miti-
gate increases in temperature, climate change can affect water regime by causing drought 
or flood events. With global warming, more precipitation events occurs as rainfall instead 
of snowfall, snow melts earlier and there is increased runoff and risk of flooding in early 
spring, but increased risk of drought in summer, especially in continental areas (Trenberth 
2011; Karleuša et al. 2018). Overall, warming conditions in temperate regions across the 
Globe will probably not only narrow the distribution of wild salmonid stocks, but also 
reduce the number of appropriate sites for salmonid farming (Cochrane et al. 2009).

Implications for aquaculture

The most suitable streams for salmonid farming in the risk assessment area are in Mon-
tenegro, western Croatia and Bosnia-Herzegovina because of the presence of extensive 
areas with higher altitudes and boreal climate conditions. Interestingly, all salmonid 
farming in the risk assessment area and surrounding countries (i.e. Albania, Bulgaria, 
North Macedonia) is based on non-native species with Oncorhynchus mykiss being 
predominant (Koutsikos et al. 2019), followed by Salmo trutta (sensu stricto) (Piria 
et al. 2018). Other non-native farmed salmonid species include Coregonus lavaretus, 
Coregonus peled, Salvelinus alpinus and Salvelinus fontinalis. However, due to current 
aquaculture strategies and proposed diversification of species, farmers are trying to 
diversify their production with more profitable species (Ministry of Agriculture 2020). 
For example, in Croatia, there is an attempt to introduce Salmo salar in aquaculture. 
However, because of: (i) Regulation (EU) no. 1143/2014 of the European Parliament 
and of the Council on the prevention and management of the introduction and spread 
of invasive alien species and (ii) Council Regulation (EC) No 708/2007 of 11 June 
2007 concerning the use of alien and locally absent species in aquaculture, plus (iii) na-
tional law, the introduction of new species for aquaculture in countries which are part 
of the European Union is becoming increasingly difficult (Piria et al. 2017, 2021a).

Overall, it is advised that non-native species introductions should be brought to a 
minimum or avoided altogether and that every introduction of a new species should 
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be conducted only after a full risk assessment (e.g. Tarkan et al. 2020, 2022), because 
any new fish species in aquaculture carries a risk of escape (De Silva 2012). However, in 
countries that are not part of the EU (e.g. Bosnia-Herzegovina and Serbia), hence do not 
need to abide by the above EU regulations (Piria et al. 2021a), the introduction of new 
species in aquaculture relies only on local laws and regulations, which do not include any 
risk assessment. If an escape eventually occurs, monitoring programmes could be used 
as an early-warning system before the new species becomes established. This is especially 
true of large river systems, where an introduced species can be detected early so that any 
adverse impact can be contained (Radočaj et al. 2021). Furthermore, accidental escapees 
from fish farms can be a source of pathogen transmission to wild stocks (Krkošek et al. 
2007; Rosenberg 2008) and this is another important threat still understudied (Wood 
et al. 2021). Despite tight trade measures, established customs and quarantine methods 
and protocols related to transboundary aquatic diseases in the Member States of the EU, 
introductions of new pathogens into aquaculture are still occurring (Peters et al. 2018; 
Pofuk 2021). Similarly, biosecurity regulations in the countries of the risk assessment 
area are well-developed for aquaculture, although inspection and control do not function 
well, whereas regulations remained completely undeveloped for the purposes of open-
water re-stocking (Pofuk 2021).

Management actions

In the countries of the risk assessment area, freshwater fishing is regulated by different 
fisheries acts. For example, in Serbia, stocking is limited by law to native species only 
(Official Gazette 2018) with penalties for misdemeanours as in the case of stocking oc-
curring not under professional control (Official Gazette 2005). Similarly, in Croatia, 
Montenegro and Bosnia-Herzegovina, local fisheries acts and mandatory management 
plans regulate stocking activities and prevent or limit possibilities for the stocking of 
non-native species (Vehanen et al. 2020; Piria et al. 2021a). Despite existing legislation 
in the countries of the risk assessment area to prevent stocking of rivers and streams 
with non-native fish, there are still possible pathways that mediate new (unauthorised) 
introductions by anglers and escapees from aquaculture (Britton et al. 2011; Cerri et al. 
2018). These pathways of introduction are especially important for salmonids because 
of their value for local aquaculture and angling (Simonović et al. 2015). In particular, 
in the risk assessment, area stocking with non-native species is still possible into isolated 
water bodies without access to inland waters, where such species are already naturalised 
and have been present for a long time. Such introductions are still legally supported and 
prescribed in anglers’ management plans. The best example of this practice is in the karst 
region of the River Lika in Croatia, where more than 90% of fishes are of non-native 
origin (i.e. mostly translocated from another basin but within the same country) and 
anglers’ management plans are based on re-stocking with ‘native’ fish species, which in 
fact have never been native to the region (Piria et al. 2021b). On the contrary, in other 
connected river systems and inland waters of the risk assessment area, this practice is 
prohibited, so that all recent introductions with non-native fishes (if any) are considered 
illegal and there is no available information on such practices.
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Possibly the most challenging (and still unrecognised) problem for the Balkan Pen-
insula is the legal stocking of salmonid streams with Salmo trutta (sensu stricto), which 
poses a threat to native genetic integrity (Kanjuh et al. 2020; Piria et al. 2020; Buj et al. 
2021). Salmo trutta (sensu stricto) is considered a native species by law in all countries 
of the risk assessment area. This is because management plans for salmonid re-stocking 
require performing obligatory stocking by S. trutta, although without any specifica-
tion of which lineage. In the risk assessment area, only S. trutta (sensu stricto) is found 
for aquaculture and there are no producers of native Salmo sp. for re-stocking (Piria et 
al. 2020). If anglers do not re-stock based on this management plan, a misdemeanour 
report by the inspectorate will follow. Thus, decision-makers cannot prohibit re-stock-
ing with a species that is prescribed to be re-stocked, even if it belongs to a different 
lineage. Clearly, the problem of genetic contamination is still not well recognised by 
decision-makers and stakeholders and currently, in the risk assessment area, S. trutta 
(sensu stricto) interacts with Salmo obtusirostris, Salmo labrax and Salmo macedonicus by 
changing their original gene pool.

Control and containment of introduced salmonids, once established, is the only 
advisable approach, since eradication is virtually impossible in river systems and 
large lakes (Britton et al. 2011). However, containment (e.g. by artificial barriers 
preventing migration) and control (e.g. by gillnets and electrofishing) can be very 
costly endeavours and may sometimes conflict with local legislation, thereby making 
them not feasible across the risk assessment area. A possible solution for the control of 
established populations of salmonids in the long term could be to encourage anglers to 
remove non-native salmonids from the wild. Another solution could be the obligation 
by fishing clubs to use exclusively native lineages of salmonids for stocking local river 
systems, although in this case it would be necessary to encourage farmers to produce 
indigenous salmonids. Decision-makers may follow for example the farming of Hucho 
hucho in Bosnia and Herzegovina and in Slovenia for stocking in rivers where the 
species is indigenous (Andreji and Stráňai 2013; Muhamedagić and Habibović 2013) 
or of marble trout Salmo marmoratus by banning stocking of Salmo trutta (sensu stricto). 
This could be achieved by revising fishing regulations for anglers and genetically testing 
brood stock from hatcheries for stocking phenotypic and pure young-of-the-year 
S. marmoratus (Berrebi et al. 2022).
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Abstract
Impact assessments can help prioritising limited resources for invasive species management. However, 
their usefulness to provide information for decision-making depends on their repeatability, i.e. the consist-
ency of the estimated impact. Previous studies have provided important insights into the consistency of 
final scores and rankings. However, due to the criteria to summarise protocol responses into one value (e.g. 
maximum score observed) or to categorise those final scores into prioritisation levels, the real consistency 
at the answer level remains poorly understood. Here, we fill this gap by quantifying and comparing the 
consistency in the scores of protocol questions with inter-rater reliability metrics. We provide an overview 
of impact assessment consistency and the factors altering it, by evaluating 1,742 impact assessments of 60 
terrestrial, freshwater and marine vertebrates, invertebrates and plants conducted with seven protocols ap-
plied in Europe (EICAT; EPPO; EPPO prioritisation; GABLIS; GB; GISS; and Harmonia+). Assessments 
include questions about diverse impact types: environment, biodiversity, native species interactions, hy-
bridisation, economic losses and human health. Overall, the great majority of assessments (67%) showed 
high consistency; only a small minority (13%) presented low consistency. Consistency of responses did 
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not depend on species identity or the amount of information on their impacts, but partly depended on the 
impact type evaluated and the protocol used, probably due to linguistic uncertainties (pseudo-R2 = 0.11 
and 0.10, respectively). Consistency of responses was highest for questions on ecosystem and human 
health impacts and lowest for questions regarding biological interactions amongst alien and native spe-
cies. Regarding protocols, consistency was highest with Harmonia+ and GISS and lowest with EPPO. The 
presence of few, but very low, consistent assessments indicates that there is room for improvement in the 
repeatability of assessments. As no single factor explained largely the variance in consistency, low values 
can rely on multiple factors. We thus endorse previous studies calling for diverse and complementary ac-
tions, such as improving protocols and guidelines or consensus assessment to increase impact assessment 
repeatability. Nevertheless, we conclude that impact assessments were generally highly consistent and, 
therefore, useful in helping to prioritise resources against the continued relentless rise of invasive species.

Keywords
Alien species policy, biological invasions, ecological impact, epistemic uncertainty, inter-rater reliability, 
linguistic uncertainty, repeatability, socio-economic impact

Introduction

Invasive alien species are one of the greatest threats to biodiversity, economy and public 
health (Bellard et al. 2016; Mazza and Tricarico 2018; Diagne et al. 2020; Pyšek et 
al. 2020; Smith 2020). Concern about invasive species is growing due to the relent-
less increase in introductions and their spread, mostly associated with environmental 
change and increasing trade (Seebens et al. 2015, 2017; Chapman et al. 2017; Sardain 
et al. 2019). Although there are significant national and international efforts to reduce 
introductions, spreads and their impacts (Keller and Perrings 2011; Turbelin et al. 
2017), human operational capacity to avert new invasions is limited (Genovesi and 
Shine 2004; Keller et al. 2007; Early et al. 2016). Thus, reliable tools to prioritise and 
underpin invasive species research, management and policy are required (Roberts et al. 
2018; Booy et al. 2020). Under this urgent need, systematic semi-quantitative impact 
assessment protocols, based on available scientific evidence to rank and prioritise man-
agement of alien species are of paramount usefulness (e.g. Genovesi and Shine 2004; 
McGeoch et al. 2016; Vilà et al. 2019; Vilizzi et al. 2021).

The large number of protocols developed with similar objectives, as well as the 
substantial body of research comparing their outputs, shows the pivotal role of proto-
col choice in assessments (Glamuzina et al. 2017; Turbé et al. 2017; Vilà et al. 2019; 
Sohrabi et al. 2021). While this is important, there are also other crucial and more 
undervalued aspects in impact assessments. Previous studies have frequently illustrated 
the varying consistency of results when evaluating the same species with the same 
protocols (McGeoch et al. 2012; Almeida et al. 2013; Lawson et al. 2015; Turbé et al. 
2017; González-Moreno et al. 2019; Vilizzi et al. 2019; Clarke et al. 2021; but see Vol-
ery et al. 2021). This finding raises doubts as to whether the choice of the evaluator can 
affect management prioritisations and, thus, whether risk assessments are reliable for 
providing information for decision-making. The fluctuating consistency is partly to be 
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expected as assessments in the end rely on the judgement of experts (Regan et al. 2002; 
Burgman et al. 2011; McGeoch et al. 2012; Vanderhoeven et al. 2017) which depend 
on their experience, i.e. amount and bias of knowledge and their subjective interpreta-
tion of evidence (Kumschick et al. 2017; Dorrough et al. 2018; Bindewald et al. 2020; 
Clarke et al. 2021). Certainly, there have been advances to control this subjectiveness 
(e.g. refinement of guidelines and protocol questions, as well as peer review and con-
sensus process; Hawkins et al. 2015; Matthews et al. 2017; Vanderhoeven et al. 2017; 
Dorrough et al. 2018; Volery et al. 2020). However, information on the overall severity 
and extent of consistency in responses is still missing. For instance, information on the 
factors underlying different degrees of consistency is mostly theoretical (Regan et al. 
2002; Vanderhoeven et al. 2017; Latombe et al. 2019; Probert et al. 2020), while the 
limited empirical information focuses mainly on consistency in final scores and rank-
ings (e.g. Perdikaris et al. 2016; González-Moreno et al. 2019). However, the protocol’s 
criteria for synthesising scores (e.g. the mean or maximum value for choosing a final 
score) and the subjective threshold value for ranking species into different categories 
(Almeida et al. 2013; D’hondt et al. 2015; González-Moreno et al. 2019; Vilà et al. 
2019) add unintuitive noise to the real consistency in answers. To date, studies focused 
on protocol questions are limited to a single taxon and a single protocol (e.g. Clarke et 
al. 2021; Volery et al. 2021). Thus, empirical information on the factors influencing 
the consistency across assessors remains poorly understood.

To fill both knowledge gaps, we addressed two objectives. Objective 1: To pro-
vide generalisable results on consistency in individual protocol questions, we evalu-
ated consistency when assessing a wide range of taxa (invasive plants, vertebrates and 
invertebrates), as well as when using multiple protocols. We measured consistency in 
scores of protocol questions using inter-rater reliability metrics (Hallgren 2012; Gwet 
2014) benefiting from one of the most comprehensive datasets on impact assessment 
of invasive species in Europe (described in González-Moreno et al. 2019). By explor-
ing a wide range of taxa and protocols, our results will provide information for the 
overall reliability of impact assessments that support decision-making. Objective 2: 
To evaluate which factors may influence the consistency of responses, we evaluated 
the relationship between the consistency and the protocol choice, impact type (e.g. 
environmental, socio-economic), taxonomic group, species identity and the amount of 
scientific literature available about species impacts. The evaluation of these factors, ex-
cept for protocols, aims to answer if consistency varies due to epistemic uncertainties, 
such as if assessors had different knowledge about impacts or responded with greater 
subjectivity (e.g. due to bias, limited or inconsistent knowledge; McGeoch et al. 2012, 
2016; Kumschick et al. 2017). The evaluation of protocol choice aims to detect if con-
sistency is associated with protocol properties (e.g. number of questions per protocol 
and of responses per question) or with linguistic uncertainties (e.g. clarity or vagueness 
of the questions). For details on epistemic and linguistic uncertainties, see Regan et 
al. (2002), Leung et al. (2012), Latombe et al. (2019) and Probert et al. (2020). Alto-
gether, these results can form the basis of future studies to provide information for the 
design or update of impact assessment protocols for invasive species.
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Materials and methods

Assessors, species and impact assessment protocols

Within the Alien Challenge COST Action, 78 assessors with variable experience in 
biological invasions (PhD or PhD candidates; hereafter assessors) evaluated 60 inva-
sive species with seven different risk assessment protocols (hereafter protocols) to pro-
vide information about the agreement of scores in protocols (González-Moreno et al. 
2019). In total, we used 1,742 of those impact assessments.

Assessors were grouped according to their taxonomic expertise, under the coor-
dination of a taxonomic leader. Assessors selected by consensus a list of 60 invasive 
species that covered a wide range of habitat types and biological characteristics: 
terrestrial plants (n = 10), freshwater plants (5), terrestrial vertebrates (10), ter-
restrial insects (13), other terrestrial invertebrates (4), freshwater invertebrates (6), 
freshwater fish (3), marine invertebrates (6) and marine vertebrates (3). See details 
in Suppl. material 1: Table S1. In our analyses, we focused on the level of species 
and the three higher taxonomic groups: vertebrates (n = 29 species), invertebrates 
(16) and plants (15).

Each assessor scored a minimum of three and a maximum of nine species (me-
dian = 3) and each species was assessed by a minimum of three and a maximum of 
eight evaluators (median = 5). Not all assessors evaluated all species of their expertise 
group; thus, the study design was neither crossed nor nested, an important point in 
understanding how to measure consistency (see below).

The seven protocols used were developed or applied in Europe: European Plant 
Protection Organisation-Environmental Impact Assessment for plants (EPPO Brunel 
et al. 2010); EPPO-Prioritisation scheme (EPPO-Prioritisation; Kenis et al. 2012); 
German-Austrian Black List Information System (GABLIS; Essl et al. 2011); Great 
Britain Non-native Species Risk Assessment (GB-NNRA; Baker et al. 2008; Mum-
ford et al. 2010); Generic Impact Scoring System (GISS; Nentwig et al. 2010, 2016); 
Belgian risk screening tools for potentially invasive plants and animals (Harmonia+; 
D’hondt et al. 2015) and Environmental Impact Classification of Alien Taxa (called 
at that time GISS IUCN and now EICAT; Blackburn et al. 2014). The selection of 
protocols does not consider updates that have become available after 2015 (e.g. for EI-
CAT Volery et al. 2020). For details on protocols and the template used, see González-
Moreno et al. (2019).

Before filling the spreadsheets, the assessors read the protocol guidelines and asked 
questions directly to the protocol developers, if needed. To conduct the assessments, 
experts decided on their own sources of information (i.e. scientific literature, own ex-
pertise or alternative sources). The assessors considered Europe as the risk assessment 
area. We provided the scores provided by each assessor in each impact assessments, 
i.e. combination of protocol and species, in Suppl. material 2 as an R list object called 
“list_impact_assessments.RData”.
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Classification of impact types

Even if some protocols assessed all four components of the invasion process: intro-
duction, establishment, spread and impacts, we only evaluated the latter. To evaluate 
whether consistency in responses systematically varies across impact types, we grouped 
the questions into six categories: ecosystem processes, biodiversity, species interactions, 
hybridisation with native species, economic losses and human health (Table 1 and 
Suppl. material 1: Table S2). These impacts were further grouped into two coarse im-
pact types: environmental (i.e. biodiversity, species interaction, hybridisation, ecosys-
tems) and socio-economic (i.e. economic losses and human heath).

Quantifying consistency

We measured the consistency of responses across assessors with inter-rater reliability 
metrics, which quantify the proportion of the variance in the scores associated with 
assessors (Furr 2021). The values range from 0 to 1 intuitively indicating a low or high 
consistency in the responses, respectively. For instance, a value of 0.8 would indicate that 
20% of the variance observed is due to assessor choice (Hallgren 2012). See an overview 
on inter-rater reliability metrics provided by Hallgren (2012) and Gwet (2014).

Estimation of inter-rater reliability metrics is influenced by the structure of the 
data (i.e. which assessors evaluated which species; Putka et al. 2008; Koo and Li 2016). 
As our study design was neither crossed nor nested, we used the coefficient G (Putka 
et al. 2008). This coefficient G is based on generalisability theory (G-theory; Brennan 
2001; Putka et al. 2008), which is focused on disentangling the sources of error using 
analyses of variance methods (Brennan 2001). To calculate the coefficient G, we first 
require estimating the variance associated with raters (e.g. assessors) and ratees (e.g. 
protocol questions). We did it with a mixed model using the identities of the raters and 
ratees as random variables (Putka et al. 2008). To address our objectives, we calculated 

Table 1. Number of questions regarding different types of impacts of invasive species considered by the 
seven impact assessment protocols considered. Range of levels indicates the minimum and maximum 
number of available responses for each question of a given protocol. P-V-I = number of plant, vertebrate 
and invertebrate species evaluated with each protocol. See the questions and their classification in Suppl. 
material 1: Table S2. For details on protocols, see González-Moreno et al. (2019).

Protocol Ecosystem Biodiversity Species 
interaction

Hybridi-sation Economic 
losses

Human 
health

Range of levels P-V-I

EICAT 2 3 4 1 1 0 5-5 15-16-29
EPPO 4 2 1 1 0 0 3-3 15-0-0
EPPO-Prioritisation 1 1 1 0 2 1 3-3 15-0-0
GABLIS 1 2 2 1 1 1 3-4 15-16-29
GB-NNRA 3 2 2 2 1 1 5-5 15-16-29
GISS 1 2 3 1 5 1 6-6 15-16-29
Harmonia+ 1 4 6 2 5 3 3-6 15-16-29
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two types of coefficient G: one for the consistency of assessors scoring each question of 
a protocol for a given species, i.e. the overall consistency in an impact assessment (here-
after GProt-Spp) and a second coefficient G for the consistency of assessors scoring a given 
impact (i.e. protocol question) across all species of a given taxonomic group (hereafter 
GQuest-Taxon). We differentiated between taxonomic groups, because impact knowledge 
may vary across them. We used the coefficient GProt-Spp to provide information on the 
general consistency in a particular impact assessment (Objective 1), as well as to dis-
entangle the effect of species identity, taxonomic groups and amount of published 
scientific articles on species impacts in consistency (Objective 2). We used GQuest-Taxon to 
disentangle the effect of impact types (Objective 2). In addition, we used both GProt-Spp 
and GQuest-Taxon in complementary analyses to unravel whether the influence of proto-
cols relies on methodological aspects, such as the number of questions per protocol and 
of available answers per question or whether the variability could be potentially more 
associated with linguistic uncertainties (Objective 2). See Table 2 for details.

In the following sections, we explain the calculations of the coefficient GProt-Spp and 
GQuest-Taxon. We advance that some mixed models to estimate the variance associated 
with raters and ratees had convergence issues (e.g. identifiability and singularity) and 
failed to calculate some coefficients G. We also explain in different sections the meth-
odological approximations to disentangle the influence of each factor on consistency 
of scores.

Calculation of coefficient GProt-Spp

We calculated a GProt-Spp for each combination of protocol and species (i.e. an impact 
assessment). A way to visualise the data required is a two-dimension array, where the 
columns are the assessors evaluating a given species, the rows the impact questions 
of a given protocol and the values within the matrix the scores estimated. For each 
array, we performed a mixed model to extract the variance associated with the asses-
sors and the protocol questions (Putka et al. 2008; see Table 2 ). Second, following 
Putka et al. (2008), we used the estimated variances to calculate the coefficient G. 
See mathematical details of the coefficient G in Putka et al. 2008 and our R code 
(Suppl. material 2).

Table 2. Interpretation and use of GProt-Spp and GQuest-Taxon. Linear mixed models = formulation used to 
estimate the variances required for the calculation of the coefficients G. The formulation is the one used 
to run the models with the R function lmer of the R package lme4.

Metric Interpretation Linear mixed models Use
GProt-Spp Level of agreement in 

each impact assessment. 
(Protocol-Species combination).

Scores ~ (1|ID Question) + 
(1|ID assessor)

Objective 1: To quantify the general consistency of 
assessors in impact assessments. 

Objective 2: To evaluate if the consistency varies with 
the taxonomic group or species evaluated, the amount 
of published information on species impacts and the 

protocol choice or the number of questions per protocol.
GQuest-Taxon Level of agreement in each question 

of a given protocol. (Question-
Taxonomic group combination)

Scores ~ (1|ID Species) + 
(1|ID assessor)

Objective 2: To evaluate if the consistency varies with 
the impact types and the number of available responses 

per protocol question. 
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In calculating the GProt-Spp values of 330 combinations of species and protocols, 
we found convergence issues in the mixed models for 66 cases, reflecting in 65 cas-
es of singular models. These issues were not systematically related to species (Chi-
squared = 58.69, p-value = 0.52; Chi-squared test with Monte Carlo simulations), but 
were related to specific protocols (Chi-squared = 53.51, p-value < 0.001; specifically, 
to EPPO Priorisation and GABLIS protocols). We performed our subsequent analyses 
with the remaining 264 GProt-Spp values. However, to ensure that excluding values from 
models with singularity issues had no effects on our inferences, we also evaluated dif-
ferences in GProt-Spp between taxonomic groups and protocols without removing the 65 
values of the singular models (i.e. sensitivity analysis), which showed similar results.

Calculation of coefficient GQuest-Taxon

We calculated GQuest-Taxon to evaluate the association between different impact types and 
levels of consistency. As consistency in answering the diverse impact types can vary across 
taxonomic groups, we calculated a GQuest-Taxon for each combination of taxonomic group, 
protocol and question of each protocol. A way to visualise the data required is a two-di-
mension array, where the columns are the assessors evaluating a given impact question for 
any species of a given taxonomic group, the rows, the species of a given taxonomic group 
and the values within the matrix, the scores estimated. Thus, for the same impact question, 
we have one to three databases depending on whether the impact can be applied to some 
or all taxonomic groups (i.e. plants, invertebrates and vertebrates; Table 1). For each array, 
we performed a linear mixed model to extract the variance associated with the assessors and 
species identity. Later, we used those variances to calculate GQuest-Taxon (Putka et al. 2008).

In calculating the GQuest-Taxon values of the 188 combinations of taxonomic groups, 
protocols and questions, we found convergence issues in the mixed models for 22 cas-
es. These issues were not systematically associated with protocols (Chi-squared = 5.78, 
p-value = 0.45), neither impact types (six impact types: Chi-squared = 3.21, p-val-
ue = 0.65; two higher impact types: Chi-squared = 0.25, p-value = 0.70). As there 
was no systematic removal of protocols or impact types, unlike GProt-Spp, we did not 
perform sensitivity analyses including the values with warnings about singularity. We 
performed our subsequent analyses with the remaining 166 GProt-Quest values: 64 on 
plant impacts, 59 on invertebrate impacts and 43 on vertebrate impacts.

Generality and extent of consistency in impact assessments

To interpret GProt-Spp values, we classified them into three decision-meaningful catego-
ries: low, medium and high consistency in impact assessments. We followed Krip-
pendorff (1980), who considered that impact assessments should be discarded for 
decision-making if G values were lower than 0.67, impact assessments can tentatively 
be used for decision-making if G values were between 0.67 and 0.80 and impact assess-
ments can definitively be used for decision-making if G values were above 0.80 (low, 
medium and high, respectively). To provide information on the general consistency in 
impact assessments, we discussed the relative frequency of these three categories.
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Species

Testing for differences in the consistency of scores between species is challenging due to 
the relative low amount of protocols and, thus, of GProt-Spp values per species. The number 
of available protocols for each vertebrate and invertebrate species is five and seven for plant 
species (Table 1). Moreover, for some species, the number of GProt-Spp values was lower due 
to convergence issues (see Table S3 for GProt-Spp values estimated). Therefore, we conducted 
two complementary approximations to test expectations of the influence of species from 
different perspectives. We called these analyses: permutation test and descriptive analysis. 
The permutation test is a statistical analyses focused on the proportion of low consistent 
assessments, while the descriptive analyses is focused on the distribution of raw values.

In the permutation test, we statistically tested if low consistent assessments were as-
sociated with few specific species. If true, the number of observed species with a large 
proportion of low consistent assessments (GProt-Spp < 0.67) should be lower than those 
expected by chance. We focused on the proportion of low consistent assessments, instead 
of using the correlation with all GProt-Spp values, since that is the subset challenging the 
reliability and usefulness of impact assessments. To test it, we performed 1,000 permuta-
tions swapping the GProt-Spp between species and protocols at random but maintaining 
the number of GProt-Spp values per species and protocol. We later compared, between the 
observed data and permuted data, the frequency of species with a proportion above 50% 
of low consistent assessments (GProt-Spp < 0.67). We looked for statistical differences using 
the unconditional Boschloo’s test with the function exact.test of the R package Exact (Cal-
houn 2021). We performed inferences, based on the distribution of the 1,000 p-values. 
To ensure that our results did not depend on thresholds when calculating the frequency 
of species with low consistent assessments, we also used the thresholds 30 and 40% to cal-
culate the proportions of low consistent assessments. When sample size is reduced, small 
variations in the frequency of events have important effects on proportions. We, there-
fore, conducted the permutation tests with those species with four or more assessments.

In the descriptive analysis, we visually assessed the mean and standard deviations of 
GProt-Spp across species. If consistency depends on species identity, we expect to observe 
species with different means and non-overlapping standard deviations. Complementarily, 
large standard deviations (> 0.20), reflecting that the consistency in impact assessments for 
a same species are in different categories (low, medium and high), support the influence of 
factors associated with the protocols (e.g. linguistic differences or impact types asked). See 
Suppl. material 1: Table S4 for a summary of the goals and expectations of all analysis (Per-
mutation test = Target 1; Descriptive analyses = Target 2 in Suppl. material 1: Table S4).

Amount of information available on species impacts

We examined the relationship between the proportions of assessments with low con-
sistency per species (GProt-Spp < 0.67) with the number of scientific articles on impacts 
per species recorded in the Web of Science (hereafter correlation test). We expected 
that the number of articles per species reflects the amount and diversity of knowledge 
on species impacts and should, therefore, correlate negatively with the proportion of 
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assessments with low consistency (Target 3 in Suppl. material 1: Table S4). We used 
a generalised linear model using the Poisson family with the R package (Bates et al. 
2015; Wickham et al. 2019; R Core Team 2021). To search the scientific articles, 
we used the advanced search of ISI Web of Science (11 July 2020). We used a query 
with three complementary sections. Two sections were fixed and indicated terms for 
searching (TS) papers about invasive species and their impacts, while the other section 
indicated synonyms of a species. See the following example: TS = (“Cameraria oridella” 
OR “Cameraria ohridella”) AND TS = (“Alien” OR “Invasive” OR “Non-native” OR 
“Non native” OR “Invasion”) AND TS = (“Impact” OR “Damage” OR “Harm”). See 
Suppl. material 1: Table S5 for details on the searches of each species.

Taxonomic groups and protocols

To statistically test whether consistency in assessments varied across taxonomic groups 
and protocols, we modelled GProt-Spp with beta regression models using the R package glm-
mTMB (Brooks et al. 2017; Targets 4 and 5 in Suppl. material 1: Table S4). We modelled 
both the mean and the precision in the models. While the mean refers to the effect we are 
interested in, the precision considers a variable dispersion along the explanatory variables 
(see details in Cribari-Neto and Zeileis 2009; Ferrari et al. 2011; Zhao et al. 2014). When 
modelling, we also considered that GProt-Spp may be influenced by other factors beyond our 
interest, such as the number of assessors considered in the calculation of the inter-rater 
metric (Hallgren 2012). Although we did not include the number of protocol questions 
due to convergence issues, we performed additional analyses to explore the relationship 
between the variables protocol and number of questions per protocol (see below; Target 
6 in Suppl. material 1: Table S4). To model the mean, we used models representing all 
combinations of three explanatory variables: the taxonomic group to which the species 
belongs, the protocol used in the impact assessment and the number of assessors who 
evaluated each species with each protocol. To model the precision, we included all com-
binations of two variables: the taxonomic group and protocol identity. Additionally, we 
controlled the non-independency of data by including in all models the species identity as 
a random intercept. In total, we performed 28 models. See all models in Suppl. material 
1: Table S6. For our inferences, we considered the models with ΔAICc ≤ 4 (models with 
an AICc equal or lower than the minimum observed AICc plus 4). See Targets 4 and 5 in 
Suppl. material 1: Table S4 for a summary of the main and sensitivity analyses.

We interpreted that statistical differences between taxonomic groups reflect diverse 
epistemic uncertainties across taxa. In contrast, statistical differences between protocols 
may reflect linguistic uncertainties, but also three other factors: the number of ques-
tions per protocol, the number of responses per question or the impact types evaluated 
in each protocol. To discuss the origin of protocol variability, we jointly interpreted the 
results of these beta regression models with three complementary analyses: one focused 
on GProt-Spp (number of questions in a protocol) and two focused on GQuest-Taxon (the 
number of responses in the questions and the impact type evaluated; see following sec-
tions; Targets 6, 8 and 9 in Suppl. material 1: Table S4). We considered that differences 
in consistency when using different protocols that are not explained by the number of 
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questions, number of responses per question or the impact types, might support the 
influence of linguistic uncertainties. In the complementary analyses to quantify the 
influence of the number of questions per protocol, we repeated the previous 28 beta re-
gression models (Suppl. material 1: Table S6), but exchanging the variable protocol for 
the variable number of impact questions per protocol. We later compared the marginal 
pseudo-R2 associated with the variable protocol and number of questions per protocol 
(Target 6 in Suppl. material 1: Table S4).

Impact types

To evaluate the influence of impact type, we used GQuest-Taxon, i.e. the metric provid-
ing information on the consistency when scoring a given protocol question across the 
species of a particular taxonomic group (Table 2). For each combination of protocol 
question and taxonomic taxon, we have its GQuest-Taxon value and its association with a 
detailed or coarse impact (see above; Suppl. material 1: Table S2). As some questions 
fell into several categories of impact types, we controlled this pseudo-replication in 
subsequent analyses (see below). In total, we analysed 76 GQuest-Taxon values for plants, 
71 GQuest-Taxon values for invertebrates and 51 GProt-Quest values for vertebrates.

We modelled GQuest-Taxon in relation to impact types and taxonomic groups to consider 
differences in the knowledge of impact types across taxonomic groups. In the analyses, we 
controlled four co-variables that can also affect GQuest-Taxon values: the number of species 
used to calculate GQuest-Taxon, the number of assessors used to calculate GQuest-Taxon, the pro-
tocol to which each question belongs and the specificity of the question (if it asked about 
one or more types of impact; binomial). In total, we used six variables to study variability 
in GQuest-Taxon. The number of combinations of our four categorical variables were relatively 
large for our amount of data (166 GQuest-Taxon values for 252 combinations of levels; impact 
type = 6 levels; taxonomic group = 3; protocols = 7 and specificity = 2). To reduce over-
parametrisation, we conducted two nested models. First, we modelled the variance associ-
ated with the four co-variables (two categorical and two continuous variables; hereafter, 
first nested model). Later, we modelled its residuals with the impact type and taxonomic 
group (hereafter, second nested model). We avoided overparametrisation, but assigned to 
the co-variables any potential variance shared with our variables of interest. Therefore, the 
detected effect of the taxonomic group and impact types may be conservative.

These first nested models were beta regressions since GQuest-Taxon values ranges from 
0 to 1. We modelled GQuest-Taxon with all combinations of the four co-variables, in the 
mean and precision parameter. We chose the best model, based on the corrected Akai-
ke’s Information Criterion approach (AICc; Target 10 in Suppl. material 1: Table S4). 
We then extracted its residuals and modelled them with the taxonomic group and im-
pact types by using a linear mixed model. We explored five models: a) interactive effects 
of the impact types and taxonomic groups; b) additive effects of the impact types and 
taxonomic groups; c) single effect of impact types; d) single effect of taxonomic groups; 
and e) null model with just the intercept (Target 11 in Suppl. material 1: Table S4). 
Since the same question can be answered for multiple taxonomic groups (Table 1), 
we also included the identity of the question as a random effect. For our inferences, 
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we considered the models within the ΔAICc ≤ 4. We obtained the proportion of the 
variance in GQuest-Taxon explained by the explanatory variables by applying the function 
summary of the R package base to the output of the models (R Core Team 2021). See 
Suppl. material 1: Table S7 for details on models.

To account for pseudo-replication due to the classification of some questions into mul-
tiple impact types (Suppl. material 1: Table S2), we repeated the previous steps 1,000 times 
by choosing in each one a single impact type per question at random. We called these tests 
randomisation tests. Note the difference with the permutation tests where we swapped GProt-

Spp (see sensitivity analyses in Targets 10 and 11 in Suppl. material 1: Table S4). To consider 
the uncertainty in the results, we calculated the proportion of times each of the five models 
from the second nested model were selected: (i) interactive effect; (ii) additive effect; (iii) 
single effect of impact type; (iv) single effect of taxonomic group; or (v) just the intercept 
(Suppl. material 1: Table S7). Later, we calculated the averaged estimated marginal means 
of the models included in each of the five sets. We conducted these analyses twice, once 
considering the detailed impact types and another considering the coarse impact types.

Complementarily, we considered that evaluating questions that are not common 
across the three taxonomic groups limits our ability to quantify the influence of the 
impact type and taxonomic group. Thus, we also repeated all the previous steps, but 
using only the common questions across the taxonomic groups (see sensitivity analyses 
in Targets 10 and 11 in Suppl. material 1: Table S4).

We ran the beta regression models with the R package glmmTMB to include ran-
dom effects (Brooks et al. 2017). We extracted the residuals with the R package stats 
(R Core Team 2021). We performed the linear mixed models with the R package lme4 
(Bates et al. 2015). We evaluated the performance of models by evaluating their residu-
als with the function simulateResiduals of the R package DHARMa (Hartig 2020; see 
its vignette for details). We evaluated the differences between the different variables by 
studying the estimated marginal means. We calculated the estimated marginal means 
of its factor levels in all iterations by using the functions emmeans and immeans of the 
R package emmeans, depending on whether the model has single effects or interactive 
effects. We performed the Tukey post-hoc test with the function pairs of the R package 
emmeans (Lenth 2021). We quantified the proportion of the variance explained by the 
model as the pseudo-R provided by Johnson (2014).

Factors associated with protocols

We also used GQuest-Taxon to complement the main analyses on the protocol variable 
(Target 5 in Suppl. material 1: Table S4). We explored whether the potential signal 
in the variable protocol can reflect the different impact types evaluated or number 
of responses in the questions in each protocol (Targets 8 and 9 in Suppl. material 1: 
Table S4). We calculated the variance partitioning of two sets of beta regressions mod-
elling GQuest-Taxon. In one set of beta regressions, we modelled the mean and the disper-
sion with the variables protocol and number of responses. In the second set of beta 
regressions, we modelled the mean and the dispersion with the variables protocol and 
impact types. In both models, we calculated the pseudo-R2 of the saturated model and 
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compared it with the pseudo-R2 of the models containing only one of the variables. We 
considered that no shared variance supports the influence of linguistic uncertainties in 
explaining the consistency in responses between protocols.

Results

Species

The mean GProt-Spp was high for 40 out of 60 species (GProt-Spp ≥ 0.8; 19 invertebrates, 12 
plants and nine vertebrates), medium for 13 species (GProt-Spp ≥ 0.67 and < 0.8); seven in-
vertebrates, five vertebrates and one plant) and low for seven species (GProt-Spp < 0.67; three 
invertebrates, two plants and two vertebrates; Fig. 1). Only in five assessments, assessors 
scored impacts with a very low consistency (GProt-Spp < 0.3; Hydrocotyle verticillata and Perc-
non gibbesi, both evaluated with GABLIS; Craspedacusta sowerbii and Phasianus colchicus 
with GB; and Solanum elaeagnifolium with EPPO). See all GProt-Spp values in Suppl. mate-
rial: Table S3. In some cases, GProt-Spp varied largely (standard deviations > 0.2). Species 
with low mean GProt-Spp values tended to have larger standard deviations (Spearman corre-
lation between the mean and the standard deviation = -0.82; Fig. 1). However, in general, 
the standard deviations of the different species overlapped. See Target 2 in Table 3.

The permutation tests showed that the concentration of low consistent assessments 
(GProt-Spp < 0.67) could be observed by chance, indicating that assessments with low con-
sistency were not associated with few specific species (Target 1 in Table 3). The p-value 
of unconditional Boschloo’s test was below 0.05 in 0 cases of the 1,000 randomisations, 
independently of the threshold used to calculate the proportions (30%, 40% and 50%).

Amount of information available on species impacts

The correlation test showed a negative relationship between the proportion of low 
consistent assessments and the number of published articles on species impact (Esti-
mate = -1.85; Z-value = -14.49; p-value < 0.001). However, the variance explained was 
low (pseudo-R2 ≈ 0.05).

Taxonomic groups and protocols

From the 28 beta regression models used to evaluate the influence of the taxonomic 
group or the protocols, we identified three best models (Suppl. material 1: Table S8). 
We focused our results on the model with the variables protocol and taxonomic group 
because it is the simpler and included our two variables of interest. Nevertheless, the 
results of the common variable protocol were similar to those of the best models (Sup-
pl. material 1: Tables S9 and S10).

The analyses of the residuals showed no significant deviations from uniformity and 
homogeneity assumptions for the variable taxonomic group (Kolmogorov-Smirnov test: 
D = 0.10, p-value = 0.30; uniformity test of each level had a p-value > 0.08; Levene’s 
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test for homogeneity of variance: F value = 0.14, p-value = 0.87) or the variable protocol 
(Kolmogorov-Smirnov test: D = 0.14, p-value = 0.30; uniformity test of each level had a 
p-value > 0.20; Levene’s test for homogeneity of variance: F value = 0.85, p-value = 0.54). 
The variable protocol explained greater variance in GProt-Spp than the taxonomic group 
(marginal pseudo-R2 ≈ 0.10 and ≈ 0.03, respectively). See Targets 4 and 5 in Table 3.

Assessors tended to score plant impacts with high consistency, while invertebrate 
and vertebrate impacts were moderately consistent, although confidence intervals over-
lap with G = 0.80 (Fig. 2A). There were statistical differences between plants and ver-
tebrates (Estimate = -0.551, SE = 0.174, p-value = 0.005) and plants and invertebrates 
(Estimate = -0.422, SE = 0.155, p-value = 0.019), but not between vertebrates and 
invertebrates (Estimate = -0.129, SE = 0.164, p-value = 0.711). For the protocols, as-
sessors tended to score impacts highly and consistently when using Harmonia+, GISS 
and EICAT protocols, moderately with GB, moderately-low with GABLIS and low 
consistently with EPPO. Consistency when using EPPO prioritisation, a protocol that 
only considered three questions on impacts and with many singularities issues when 
estimating GProt-Spp, was highly variable (Fig. 2B; see statistical differences between pairs 
of protocols in Suppl. material 1: Table S9; Tukey post-hoc test).

The sensitivity analysis, i.e. a repetition of the beta regressions, but also including the 
GProt-Spp values from the mixed models with a warning about singularity, showed greater 
differences between the levels of the variables protocol and taxonomic group (Suppl. ma-
terial 3: Fig. S1). However, uniformity and homoscedasticity assumptions were violated.

On the other hand, our complementary analysis to evaluate whether the variable 
protocol reflected variations in the number of questions per protocol (Target 6 in 
Suppl. Material 1: Table S4), showed that a model including the variable number of 

Figure 1. Mean ± standard deviations of the degree of assessor consistency when scoring the impacts 
of the same species across different protocols (GProt-Spp). The colours represent different taxonomic groups 
(green = plants, brown = invertebrates, purple = vertebrates). The number of protocols used to assess each 
species is indicated between brackets. See complete names of species in Suppl. material 1: Table S3.
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questions was worse (AICcquestions -387.21 Vs AICcProtocol -416.53). In addition, the mar-
ginal pseudo-R2 of the model including the number of questions was approximately 
half of the model including the protocol.

Impact types

Our analyses found no statistical differences in GQuest-Taxon between questions on the 
coarser impacts (i.e. environmental vs. socio-economic). However, when focusing 

Table 3. Summary of the main results. Target = Factor evaluated. See details on hypotheses and expecta-
tions in Suppl. material 1: Table S4.

Target Analyses Result Interpretation
1) Species Permutation test The frequency of species with large proportions of low-

consistent assessments can be obtained by chance.
There is no evidence that low-consistent 
assessments are associated with particu-

lar species and, thus, no evidence of 
clear epistemic uncertainty on species.

2) Species Descriptive 
analyses

Visually, the standard deviations overlap across species. There are no differences in the consist-
ency of responses when assessing 

different species. 
3) Species Correlation test Negative correlation between the number of published 

articles and the proportion of low-consistent assessments. 
The pseudo-R2 was low (pseudo-R2 ≈ 0.05).

The number of published articles is of 
little relevance for explaining differences 

observed.
4) Taxon 
group

Beta regression Consistency evaluating plants tended to be larger than when 
evaluating vertebrates and invertebrates. However, variance 

explained is small (pseudo-R2 ≈ 0.03).

Factors associated with taxonomic 
groups (e.g. epistemic uncertainties) are 
not relevant to explain the consistency 

in assessments. 
5) Protocol Beta regression Consistency in assessments varied when using different 

protocols. The protocol explained a low, but relevant 10% 
of the variance.

Factors associated with protocols are 
partly relevant to explain the consistency 

in assessments.
6) Protocol 
(number of 
questions per 
protocol)

Beta regression The number of protocol questions explains half as much 
variance as the protocol variable.

Factors associated with protocols are im-
portant to some extent. However, some 
relevance of the protocols is unrelated 

to the number of questions per protocol 
(e.g. linguistic uncertainties; see comple-

mentary analyses in Targets 8 and 9).
7) Protocol Descriptive 

analyses
Some species showed large standard deviations Factors associated with protocols are 

important for the impact assessments of 
some species.

8) Protocol 
(number of 
responses per 
question)

Beta regression Small variance shared between the number of response ques-
tions and the protocol.

The signal observed in protocol (target 
5) is not due to number of responses 
per question and could be caused by 

linguistic uncertainties.
9) Protocol 
(Impact 
type)

Beta regression Small variance shared between the impact types and the 
protocol.

The signal observed in protocol (target 
5) is not due to the impact types asked 

in each protocol and could be caused by 
linguistic uncertainties.

10) Impact 
types

Beta regression 
(Nested 1)

Not interesting result. Analysis to avoid overparameterisa-
tion. See results on nested linear models 2 (Target 11). 

11) Impact 
types

Linear model 
(Nested 2)

As for the coarse impacts, the 1,000 iterations selected as the 
best model is the one including just the intercept.

Impact type partly explains the variance 
in consistency. However, the disappear-
ance of the signal when using the com-
mon questions to the three taxonomic 

groups, suggests the importance of 
questions specific for each taxon.

As for the detailed impacts, only 12.7% of the models 
showed a statistical signal on impact types. In those cases, 

impact type explained ≈ 10% of the variance.
Sensitivity analyses

When using only the common questions for the three taxo-
nomic groups, there is no signal on impact types.
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on the detailed impacts, there were no statistical differences in 87.3% of the 1,000 
randomisations, i.e. the best model included just the intercept, but there were some 
differences in the remaining 12.7%. In this reduced subset of models, the consen-
sus of average estimated marginal means showed that assessors most consistently 
scored questions about impacts on ecosystems and human health and least con-
sistently scored questions about hybridisation and biological interaction amongst 
species (Fig. 3; see consensus Tukey posthoc-test in Suppl. material 1: Table S11). 
The single effect of the impact types explained on average 11.4% of the variance 
in GProt-Quest. In our sensitivity analyses using only the common questions amongst 
the three taxonomic groups, there were neither statistical differences between taxo-
nomic groups nor impact types at the coarse and detailed levels. See Targets 10 and 
11 in Table 3.

Our complementary analyses to unravel if the signal about the protocol reflect-
ed differences in the number of responses per question or the impact types asked in 
each protocol, showed that the variable protocol shared an irrelevant variance with the 
variables number of responses per protocol question or the impact types asked (see 
variance partitioning in Suppl. material 1: Table S12; see Targets 8 and 9 in Table 3).

For similarity with results on GProt-Spp, we indicated which questions had the high-
est and lowest consistency (GQuest-taxon). The questions with the highest consistency 
(GQuest-taxon > 0.80) belonged to protocols Harmonia+ (20 combinations of questions 
and taxonomic group), GB (20), GISS (20), EICAT (10), GABLIS (4) and EPPO (1); 
while those with the lowest consistency (GQuest-taxon < 0.30) belonged to protocols Har-
monia+ (8), EICAT (2) and GABLIS (2). See the complete list of GProt-Spp and GQuest-taxon 
values in Suppl. material 1: Tables S3 and S13.

Figure 2. Estimated inter-rater reliability (GProt-Spp values) when scoring species belonging to different 
taxonomic groups (A) or using different protocols (B). Values averaged over the levels of the variable 
taxonomic group and protocol, A and B, respectively, included in the beta regression model (i.e. aver-
age estimated marginal means). The dot depicts the mean and the brackets the confidence level at 95%. 
X-axis values apply the R function emmeans with type ‘response’. The vertical dotted lines represent the 
thresholds used to categorise the coefficients G as low, medium and high consistent.
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Discussion

We provide the first empirical overview of the consistency amongst assessors in scoring 
particular questions of invasive species impacts in risk assessment. The broad cover-
age of this study (60 species from three major taxonomic groups and seven protocols) 
makes our results highly generalisable, while the focus on particular questions, beyond 
final scores and rankings, provided accurate estimates of the importance of the assessor 
in risk assessment, as well as evidence on the importance of the drivers, such as the im-
pact types evaluated. In summary, this study provides new and essential information on 
one of the many sides of the complex prism that is repeatability in impact assessments.

Our most important finding is that assessor consistency was generally high, with up 
to 67% of the species studied showing high consistency. Thus, it is reasonable to con-
clude that impact assessments are largely reproducible and reliable. Our results both sup-
port and contrast with those of the limited number of existing studies on the consistency 
of assessments protocols at the answer level (Volery et al. 2021 and Clarke et al. 2021, 
respectively). However, comparisons are difficult because of the focus of previous studies 
on a single protocol (EICAT) and taxonomic group (Volery et al. 2021 = alien ungu-
lates; Clarke et al. 2021 = insects), as well as because of the differences in the number of 
assessors involved or in the guidelines used (Volery et al. 2021 = similar number; Clarke 
et al. 2021 = two assessors). Another important point is that the methods for calculat-
ing consistency vary and the criteria for considering responses as high or low consistent 
were not explicit as here. Therefore, to move forward with confidence in this field of 
knowledge, we call for an intuitive and general criterion for measuring the consistency 

Figure 3. Assessor consistency when scoring different impact types. Results from the 12.7% of the 1,000 
randomisations, i.e. models including only the single effect of the detailed impact types as explanatory 
variable, when using the dataset including all protocol questions on impact (GQuest-Taxon). The unit of the 
x-axis is residuals; note that these estimates are from a model using the residuals of a previous model as 
dependent variable. The dot depicts the mean and the brackets the confidence level at 95%. See consensus 
Tukey adhoc-test in Suppl. material 1: Table S11.
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of impact assessments, such as the inter-rater reliability metric, as well as to set standards 
for the values at which consistency is considered high enough to underpin management.

No species had all its assessments with low consistency and the number of spe-
cies with a large proportion of low-consistent assessments could have been caused 
by chance (Targets 1 and 2 in Table 3). This lack of support for the importance of 
epistemic uncertainties may contrast a priori with the observed negative correlation 
between the number of published articles on species impacts and the proportion of 
low-consistent assessments in those species or by the different consistency of assessors 
scoring impacts of the diverse taxonomic groups (Targets 3 and 4 in Table 3). However, 
the variance explained by both was very low. Thus, although the invasive species ana-
lysed here are not a random subset of all alien species, but arbitrarily selected, epistemic 
factors associated with particular species and taxonomic groups may be less relevant 
than expected (Leung et al. 2012; McGeoch et al. 2012).

As for impact types, a small fraction of our nested randomised models (12.7%) 
suggested that assessors scored questions on ecosystem and human health impacts more 
consistently than questions on hybridisation and biological interactions with native spe-
cies (Target 11 in Table 3). These results may be surprising as previous studies have shown 
how scientific evidence for plant impacts on species is greater and more consistent than 
for ecosystems (Vilà et al. 2011). Our results also support the fact that, although infor-
mation on economic impacts is sometimes relatively detailed or more readily available 
than on ecological ones (e.g. Pimentel et al. 2005; Vilà et al. 2010; Roberts et al. 2018; 
Diagne et al. 2020), the consistency when answering impacts may not be one of the 
highest due to the also frequent knowledge gaps (McLaughlan et al. 2014; Renault et al. 
2021) and context dependency (Haubrock et al. 2021). Human health impact questions 
showed the highest consistency, which might be related to the well-known health impact 
of certain species (e.g. hay fever and disease transmission; Mazza and Tricarico 2018). 
However, these inferences must be taken with care as most of the nested randomised 
models (87.3%) did not show statistical differences amongst impact types (i.e. the best 
second nested model included just the intercept). Moreover, the complete disappearance 
of the signal in the impact types when considering only the common questions across 
the three taxonomic groups (sensitivity analyses) can also support that variability in con-
sistency can depend on impacts associated with particular taxa. Therefore, these results 
can highlight the need for quantitative species-specific evidence (Hulme et al. 2013) and 
for evaluating the degree of confidence on taxon-specific tools (Glamuzina et al. 2017).

As for protocols, our results support previous studies observing high consistency in 
assessments using the Harmonia+, GISS and EICAT protocols (Essl et al. 2011; Kenis 
et al. 2012; Turbé et al. 2017; Volery et al. 2021), while EPPO and GABLIS protocols 
showed less consistency (Target 5 in Table 3). Our complementary analyses to discern 
the source of the variability associated with the protocols showed that a relative impor-
tant part of the variance associated with protocols was not explained by the number 
of questions per protocol, the number of responses per question or the impact types 
asked in each protocol (Targets 6, 8 and 9 in Table 3). Potentially, the ability of some 
protocols to consider knowledge gaps in their responses can partly explain differences in 



Rubén Bernardo-Madrid et al.  /  NeoBiota 76: 163–190 (2022)180

consistency when using alternative protocols (a hypothesis that we did not explore sta-
tistically). However, if that is the case, the protocols GABLIS and GISS should have the 
highest consistency, as they are the only ones considering the response “unknown im-
pact”. While this is true for GISS, we, however, observed the contrary result for GAB-
LIS. Thus, our results open the door to the possibility that some variability associated 
with protocols may be due to linguistic factors, such as the form of the question and 
language clarity (Turbé et al. 2017; White et al. 2019; Clarke et al. 2021). Although our 
analyses provide some insights into the role of linguistic uncertainties for consistency, 
their unravelling would require multidisciplinary collaboration (between ecologists and 
sociologists). In the meantime, our results call into question whether uncertainty in the 
alien species lists is almost exclusively epistemic (McGeoch et al. 2012) and support the 
view that there is still room for improvement of protocols and guidelines (Hawkins et 
al. 2015; Kumschick et al. 2017; Sandvik et al. 2019; Volery et al. 2020).

Despite the commented differences when scoring different impact types or when us-
ing diverse protocols, we note that most impact assessments were highly consistent and 
that no single factor explained variance to a large extent, important points to prioritise ef-
forts against invasive species. The lack of a clear major factor may suggest that the variabil-
ity in consistency may be due to different causes and that increasing consistency requires 
multiple and complementary approaches. To explore this possibility, we conducted ad-
ditional visual and non-statistical inspections of the nature of the disagreements amongst 
assessors of the raw data. We observed that the reason of inconsistencies in GProt-Spp were 
diverse, such as the awareness of impacts (e.g. unknown vs. known impacts; GABLIS 
protocol) or the severity (e.g. low vs. medium in EPPO and GB protocols). Similarly, 
we observed that low consistencies in GQuest-taxon were due to assessors disagreeing on the 
impact severity (e.g. EICAT), the strength of evidence (e.g. “yes” vs. “evidence-based as-
sumption”; GABLIS), or applying the guidelines wrongly (e.g. inapplicable vs. low; Har-
monia+). These observations, not shown here, support that the lack of consistency can 
be due to multiple factors already commented upon in literature (McGeoch et al. 2012; 
Turbé et al. 2017; White et al. 2019; Probert et al. 2020; Clarke et al. 2021).

Although addressing this question adequately requires analyses beyond the goal of our 
study, the consistency in scores may be increased by following recommendations from lit-
erature. At the assessors group level, it may be promoted by the organisation of iteration-
consensus meetings amongst assessors within taxa and across taxa (e.g. horizon scanning; 
Roy et al. 2014; Gallardo et al. 2016), the use of the same information (Volery et al. 
2020), the use of working groups and of peer review panels with clear feedback between 
assessors and reviewers (Burgman et al. 2011; D’hondt et al. 2015; Vanderhoeven et al. 
2017; Volery et al. 2021). At the assessor level, information gathered from scientific lit-
erature can be requested to support scores (Vanderhoeven et al. 2017; Vilà et al. 2019) or 
promote the training of assessors (González-Moreno et al. 2019), an aspect not considered 
in our dataset, but currently done in some assessments (e.g. EICAT). At the protocol level, 
it would be desirable to provide clear explanations and guidelines on the information 
requested for scoring impacts (D’hondt et al. 2015; Turbé et al. 2017; Vilà et al. 2019; 
Volery et al. 2020), to foment closed-ended questions and improve their wording to avoid 
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ambiguity (Turbé et al. 2017; Vilà et al. 2019) and, at the level of the information used, 
to foment studies without the presence of confounding factors and with details on data 
quality and type of the impact observation (see more details in Volery et al. 2020).

In summary, there is still room for improvement in impact assessments and may 
require multiple and complementary approaches, such as those described above. How-
ever, impact assessments are highly consistent and, therefore, reliable to underpin de-
cision-making. This is a positive and hopeful message, since in view of the expected 
increase in non-native species introductions (Seebens et al. 2021), we will have to 
prioritise management and tools, such as impact assessments, will play a key role.
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Abstract
Species introductions are a major concern for ecosystem functioning, socio-economic wealth, and human 
well-being. Preventing introductions proved to be the most effective management strategy, and various 
tools such as species distribution models and risk assessment protocols have been developed or applied 
to this purpose. These approaches use information on a species to predict its potential invasiveness and 
impact in the case of its introduction into a new area. At the same time, much biodiversity has been lost 
due to multiple drivers. Ways to determine the potential for successful reintroductions of once native but 
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used to reconstruct a species’ feeding ecology and trophic interactions within communities. Recently, this 
method has been used to predict potentially arising trophic interactions in the absence of the target spe-
cies. Here we propose the implementation of stable isotope analysis as an approach for assessment schemes 
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Introduction

Species introductions are an increasing concern for global biodiversity conservation 
(Doherty et al. 2016; Ricciardi et al. 2017; Bradley et al. 2019). This includes foremost 
the introduction of alien species, i.e. those species accidentally or intentionally moved 
outside their natural geographic range by humans, which shows no sign of saturation 
(Seebens et al. 2017). Introduced species often interact (Veselý et al. 2021), in many 
cases facilitating each other’s establishment (Simberloff and Von Holle 1999), increas-
ing their impacts due to interactions with anthropogenic stressors such as pollution 
(Crooks et al. 2011) and climate change (Hellmann et al. 2008; Rahel and Holden 
2008; Beaury et al. 2020) and thereby become invasive. In addition to impacts on 
ecosystems (Ehrenfeld 2010), negative effects on human health (Mazza and Tricarico 
2018) and ecosystem services (Walsh et al. 2016), as well as increasing economic costs 
due to direct damages (Ahmed et al. 2021a, b; Angulo et al. 2021) and associated 
management (Bradshaw et al. 2016; Diagne et al. 2021) are increasingly recognized.

To be effective, efforts to control invasive species should follow the hierarchical 
approach of the 2002 Convention on Biological Diversity, with prevention as the best 
option (Simberloff et al. 2013; Roy et al. 2019). For this purpose, risk screenings 
that identify which species should undergo a comprehensive risk assessment as well 
as standardized risk assessment protocols to identify potentially arising new threats 
have been developed (Essl et al. 2011; Vilizzi et al. 2021). These primarily aim at the 
identification of the most harmful species, pathways, and susceptible (invadable) sites 
whose protection should be prioritized (McGeoch et al. 2016). Risk assessments are 
usually designed for specific taxonomic groups (Copp et al. 2009; Brunel et al. 2010), 
vectors (Gollasch and Leppäkoski 2007), ecosystems (Leidenberger et al. 2015), or 
geographic regions (Baker et al. 2008), although more comprehensive protocols have 
been proposed (Copp et al 2016; Davidson et al. 2017). Overall, these protocols at-
tribute a total score summing the separate scores of assessments of species traits, eco-
logical impacts, distribution, and control feasibility, for each of which an uncertainty 
level is provided (Dahlstrom et al. 2011; Srėbalienė et al. 2019).

Together with predictive models, which use the ecological niche of an invasive 
species to probabilistically predict its future invaded range (Mainali et al. 2015; Uden 
et al. 2015), risk assessments are the main tools used to inform decision-makers and 
wildlife managers and provide fundamental information for legislations that prevent 
further invasions (Fournier et al. 2019), also in the context of future climate change 
scenarios (Chai et al. 2016). More recently, risk assessments and species distribution 
models have been used in combination, increasing the realism and accuracy of the 
predictions (Chapman et al. 2019; Yoğurtçuoğlu et al. 2021). Alternative taxa-spe-
cific approaches are trait-based models that scan a species list using ecological traits 
from known invasive species to identify potential new invaders (Howeth et al. 2016; 
Fournier et al. 2019). However, information is often missing, scarce, or anecdotal, 
particularly on impacts, leading to the assignment of “no potential impact” (Davidson 
and Hewitt 2014; Davidson et al. 2017) or “data deficient” (Kumschick et al. 2020).
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On the other hand, species reintroductions, i.e. the translocation of individuals to 
areas in which a species became extinct with the aim of re-establishing a self-sustaining 
population, are of considerable value for conservation efforts (Haase and Pilotto 2019) 
but rarely successful – mostly due to life-cycle complexity or unpredictable external 
stressors (abiotic stress; biotic stress such as competition and predation; for a detailed 
account see Jourdan et al. 2019). Indeed, following the local extinction of a species, 
multiple factors can inhibit the occurrence of natural recolonization (Kail et al. 2012). 
For this reason, habitat restoration projects are often undertaken (Loch et al. 2020), 
although they too may fail due to various unforeseen factors (Bond and Lake 2003; 
Roni et al. 2018). Nevertheless, reintroductions are commonly used as a tool for wild-
life rehabilitation (Armstrong and Seddon 2008), while the effectiveness of such rein-
troduction attempts themselves will depend on several intrinsic and extrinsic factors 
(Jourdan et al. 2019). Particularly, the interactions with other unwanted co-occurring 
species (i.e. alien species) can lead to failure of the reintroduction efforts (Cochran‐Bie-
derman et al. 2015).

Similar hurdles are faced by new conservation methods that have been proposed, 
like assisted migrations, i.e. the translocation of individuals to areas where they are 
predicted to move according to climate change but are not able to do so naturally 
(Hällfors et al. 2017). Some threatened species that could naturally move into new 
areas in accordance with their environmental and ecological requirements are inhibited 
to do so by limited time or human disturbances. For example, the presence of artificial 
barriers to natural dispersion can impede the ability of a species to respond to climate 
change and maintain its populations (Schwartz et al. 2012). Assisted migrations allow 
individuals to overstep such barriers in reasonable times to aid the species avoiding 
extinction (Schwartz et al. 2012). Although this approach has already been used (Wil-
lis et al. 2009), its application is still largely debated (Pérez et al. 2012; Schwartz et al. 
2012) and depends on a trade-off between costs and benefits (Hoegh-Guldberg et al. 
2008). For example, assisted migrations may lead to conservation paradoxes of spe-
cies considered as endangered in their native range but recognized as invasive in their 
introduced range (Marchetti and Engstrom 2016; Marková et al. 2020). Accordingly, 
other criteria like feasibility of the translocation and collateral impacts (including the 
arising biotic interactions) need to be considered (Richardson et al. 2009; Hällfors et 
al. 2017). Therefore, the implementation of biotic outcomes prediction is crucial to 
assess whether assisted migration is an advantageous conservation strategy (Peterson 
and Bode 2021).

In all these cases – ranging from biological invasions to conservation biology – the 
arising biotic interactions, such as trophic relationships, are difficult to predict, while 
representing a crucial point for effective forecasting. In particular, what is still lacking is 
a fine-scale prediction of potential trophic impacts (in terms of predation and competi-
tion) on the recipient community and trophic pressures that focal species will encoun-
ter. Here we propose the use of stable isotope analysis as a tool for assessment schemes 
to predict such trophic relationships, and discuss the requirements, advantages, and 
assumptions of such an approach.
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Stable isotope analysis (SIA)

General description

Stable isotope analysis (SIA) of carbon (δ13C) and nitrogen (δ15N) can reveal long-term 
and time-mediated information of a community’s trophic structure and connectance 
(Boecklen et al. 2011; Layman et al. 2012; Middelburg 2014). Moreover, SIA can be 
used to quantify ecological niches, reveal trophic interactions as well as feeding prefer-
ences (Kelly 2000; Newsome et al. 2007), and enable the estimation of trophic levels 
(Post 2002; Quezada-Romegialli et al. 2018). Carbon signatures relate to the major 
energy sources, while nitrogen to the trophic position of a consumer within a food web 
(Fry 2006; Layman et al. 2012) due to predictable changes in the isotopic signal from 
prey to consumer, being enriched by 1‰ for carbon and by 2.5–5‰ for nitrogen 
between consecutive trophic levels (Post 2002; Vanderklift and Ponsard 2003). Us-
ing mixing models, it is also possible to determine the contributions of different prey 
items to the diet of a consumer (Phillips et al. 2014), with the possibility of including 
literature-based information or diet analysis data as priors to increase the analysis ac-
curacy (Parnell et al. 2013).

Stable isotope analysis has been proven to be a useful tool in the field of invasion 
ecology (Vander Zanden et al. 1999). It is often used to assess the impacts of intro-
duced species on other taxa in term of predation (Haubrock et al. 2019a; Gaiotto et 
al. 2020; Oe et al. 2020) and competition with native (Balzani et al. 2016) and other 
alien species (Balzani et al. 2020; Haubrock et al. 2020a). Moreover, it can be used to 
reveal the role of new alien prey in the diet of resident predators (Juarez-Sanchez et 
al. 2019; Stellati et al. 2019), compare trophic levels between introduced and native 
populations of invasive species (Balzani et al. 2021), as well as to disentangle trophic 
relationships among alien species in invaded communities (Haubrock et al. 2019a; 
Bissattini et al. 2021). Finally, SIA can be used to identify links between terrestrial and 
aquatic environments and depict changes in either one following alterations in the 
other (Gregs et al. 2014). However, the potential of SIA in this research field has not 
been fully explored yet (Bodey et al. 2011), and new applications have recently been 
suggested (McCue et al. 2020).

Predicting biotic interactions

Recently, SIA and associated mixing models have been proposed as a new and versatile 
approach in assessing potential risks arising from feeding pressure by invasive species, 
thus enabling to forecast the possible outcomes of the reintroduction of once native 
species (Haubrock et al. 2019b) and unravelling the role of species introductions on 
native species extinction (Haubrock et al. 2020b).

These seminal studies were carried out in an aquatic system, namely the model 
community of Lake Arreo, Northern Spain, which is currently dominated by alien 
species (Haubrock et al. 2018). In the first study (Haubroch et al. 2019b), the isotopic 
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niche of the European eel Anguilla anguilla from a German lake with a similar com-
munity composition (Dörner et al. 2009) was projected onto the isotopic community 
structure of Lake Arreo, where this fish species was once native. The aim was to assess 
the effectiveness of this predator as biocontrol agent for the aquatic alien species. To 
allow comparisons, data from both eel and the Arreo community were standardized us-
ing the baseline organism (primary producer, Phragmites australis) that occurs in both 
ecosystems. In the other study (Haubrock et al. 2020b), isotopic data from a vertebrate 
(the common tench Tinca tinca) and one invertebrate (a whirligig beetle Gyrinus sp.) 
species once native but now locally extinct, were extrapolated from suitable literature 
and projected in the community to model biological effects (predation, competition) 
that potentially lead to their demise.

As such, these studies determined a considerable biotic pressure, mostly driven 
by both predation from the occurring (introduced) top predator, the largemouth bass 
Micropterus salmoides, and competition with native and other introduced species. 
Furthermore, the potentially arising trophic web was conceptually depicted consider-
ing the potentially consumed prey of the reintroduced eel, and thus, its effect on the 
recipient community. These studies thereby highlighted the opportunity for a new 
research line that exploits the potential of isotopic data to assess specific impacts at lo-
cal scales. For example, the analysis of isotopic niches and resource utilization can be 
used to predict interspecific interactions (i.e. either competition or predation) after the 
potential introduction of a global invader in other areas or locations.

Here, we propose the application of this approach as a tool to use within risk analy-
sis frameworks, including horizon scanning and risk screening and further assessments, 
to prevent new invasions, and to optimize reintroduction as well as assisted migration 
efforts by assessing the probable trophic relationships arising. Therefore, we discuss the 
requirements, advantages, and assumptions of this application.

SIA impact assessment

Requirements

Trophic links between species are the result of specific local conditions, as for example 
the number of trophic levels and the biomass within each – and, thus, prey avail-
ability and competition – depend on the productivity of ecosystems (Leibold et al. 
1997). Each community differs and is unique due to various factors such as species 
composition and abundance, behavioural differences and local adaptations, different 
energy pathways as well as connectance with the surrounding ecosystems, and ulti-
mately abiotic variables (e.g. substrate, altitude, climate). Although consumers show 
a certain degree of behavioural and dietary plasticity (Lehmann et al. 2013; Svanbäck 
et al. 2015; Mavraki et al. 2020), it can be assumed that under similar abiotic condi-
tions, communities with similar species would reflect similar trophic positions and 
structures (Haubrock et al. 2020b). Therefore, it is important to accurately choose 
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data from communities as similar as possible to the focal community (Haubrock et al. 
2019b). Moreover, the standardization of isotopic data using local baselines (i.e. pri-
mary producers or, preferably, primary consumers) is needed to make data comparable 
(McMahon and McCarthy 2016). However, the two data sources should rely on the 
same energy pathway (i.e. terrestrial vs. aquatic, C3 plants vs. C4 plants), otherwise 
the result would lead to a meaningless confounding effect (Haubrock et al. 2020b). 
The goodness of the similarity can be checked by testing whether the projected data 
falls into the community total hull area (Layman et al. 2007) after being standardized 
(Haubrock et al. 2019b).

Beside spatial, also temporal differences in species diet and relative abundance (e.g. 
insects boosts) and consequently in community structure must be considered when 
choosing data. This refers to natural seasonal changes but also to the time since intro-
duction for already established populations, as the diet of a species can change during 
its invasion process (Tillberg et al. 2007), depending on resource availability (Ruffino 
et al. 2011).

Finally, it is well known that the carbon isotopic signature is depleted by some 
compounds, mostly lipids (Post et al. 2007). A plethora of methods such as lipid chem-
ical extraction have been used to deal with this bias (Arostegui et al. 2019). Therefore, 
isotopic data from samples treated in the same way are needed, whereas untreated and 
lipid-extracted samples should not be compared, because this could lead to misinter-
pretations due to the incorrect topology of the projected data in the isotopic space.

Advantages

There are three main advantages that this predictive method can offer. First, the impact 
of a potentially introduced alien species on the native community in terms of preda-
tion can be estimated using mixing models (Parnell et al. 2013). Knowing the species 
composition of the host community, mixing models will allow to estimate which taxa 
could be mostly predated. If some of the mainly potentially predated taxa are of con-
servation concern, this will result in a high potential impact. On the other hand, if 
sensitive taxa are not likely to be heavily predated, this will reduce the risk associated 
with the potential introduction of a species.

Another important advantage is the estimation of feeding competition potentially 
occurring with other, already present, species. The overlapping resource use can be 
inferred by using models that investigate the proportion (Stasko et al. 2015) of poten-
tially arising isotopic niche overlap (e.g. Bayesian or corrected standardized ellipse area 
or Kernel isotopic niche, Jackson et al. 2011; Eckrich et al. 2020). Isotopic niches are a 
multivariate (usually bidimensional) representation of the Hutchinson’s n-dimensional 
ecological niche (Newsome et al. 2007). As discussed above, the niche defined by δ13C 
and δ15N reflects the trophic niche, so the degree of trophic niche overlap provides an 
index of potential competition between species. When niches are overlapped to some 
degree, competition is likely to occur, particularly when trophic resources become lim-
iting (Pianka 1981).
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Finally, hurdles for the reintroduction of native species as well as assisted migration 
projects can be identified and addressed a priori given the composition of the com-
munity where the reintroduction is planned (Haubrock et al. 2020b), informing the 
choice of most suitable sites where these actions will be most likely to succeed, mini-
mizing the management costs and maximizing the success probability.

Assumptions

The most important assumption this approach relies on is the niche conservatism of the 
focal species. The trophic niche of a species in different ecosystems can vary (especially 
for generalist species) depending e.g. on the availability of different resources, com-
munity composition and habitat type (Balzani et al. 2021; Haubrock et al. 2021a,b) 
and ultimately on climate change (Bestion et al. 2019). Moreover, invasive species are 
known for their plasticity (Courant et al. 2017; Loureiro et al. 2019; Rolla et al. 2020), 
thus limiting the reliability of predictive modelling. Despite this, consistent patterns in 
feeding preferences of introduced populations have been well documented in some in-
vasive species (Tillberg et al. 2007; Wilder et al. 2011). To address this issue, we suggest 
the use of data from other invasive populations, when available, as these can provide 
more reliable predictions (Barbet-Massin et al. 2018). However, these assumptions 
are the same as for other existing tools used in the prevention of potentially invasive 
species. Indeed, both predictive models and risk assessment protocols use information 
(e.g. behavioural or biological traits, impacts) on a species from its native or introduced 
ranges and project this information to predict potential impacts and geographic spread 
that could arise (Bacher et al. 2018; Roy et al. 2019; Liu et al. 2020).

Second, species should be at equilibrium in their new range and maintain their 
ecological niche (Gallien et al. 2012; Hattab et al. 2017). Moreover, the output is 
highly sensitive to uncertainties, errors, and deficient data (Katsanevakis and Mous-
takas 2018). Even the suggested species distribution model implementation us-
ing eDNA similarly presents some limits and potential biases (Muha et al. 2017). 
Alternative approaches have been proposed, such as comparative functional respons-
es (Dick et al. 2017a,b), that showed predictive power across multiple study sys-
tems comprising different taxonomic groups and geographic regions (Cuthbert et 
al. 2019). Further, this approach allows the rapid assessment of ecological impacts, 
while incorporating context-dependencies such as warming (Haubrock et al. 2020c) 
and can be combined with field abundances and reproductive traits to scale-up and 
predict population-level impacts (Dick et al. 2017a; Dickey et al. 2020). However, 
the general applicability of this method to measure the impacts of a species remains 
debated (Dick et al. 2017c; Vonesh et al. 2017a, b). Nevertheless, these tools can 
provide good predictions, especially when data are derived from other invasive popu-
lations (e.g. Barbet-Massin et al. 2018).

True limitations are linked to stable isotope data availability, however with the 
increase in SIA studies, the available data are rapidly increasing, offering new opportu-
nities. Pauli et al. (2015, 2017) have called for a global stable isotope database, which 
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would prove very useful in this context, together with open access publications and 
data repositories. If data are available, further information can be considered to refine 
the predictions. For instance, stable isotope data of a potential prey species could be 
partitioned according to size classes to improve the resolution of applied mixing mod-
els, and predators’ diet, gape size or habitat use could be used as priors in Bayesian mix-
ing models. Such a repository for isotopic data (IsoBank) has recently been launched 
(https://isobank.tacc.utexas.edu/), making feasible all the possibilities above discussed.

Application and potential outlook

With all the discussed potential insights provided by SIA-based risk assessments to 
improve management programmes, this approach potentially presents a unique way 
to inform practitioners in the fields of biological invasions and conservation biology 
to better inform stakeholders and governmental institutions. In practical terms, SIA-
based risk assessments could be integrated in already existing tools such as EICAT 
and/or SEICAT as well as AS-ISK (Hawkins et al. 2015; Copp et al. 2016; Bacher et 
al. 2018), which have been widely adopted (also in combination, see Haubrock et al. 
2021c), and new ad hoc tools can also be developed.

Other future developments could derive from this conceptually simple framework. 
For example, the availability of present and past environmental data, as well as future pre-
dictions (under climate change scenarios), integrated with SIA on museum samples will 
allow to include a temporal view on this approach, considerably improving its accuracy.

One interesting avenue that will surely show its potential in the invasion ecology 
field is the compound-specific stable isotope analysis (CS-SIA) of amino acids. In the 
context of our theoretic framework, this promising recent methodology will undoubt-
edly help in solving the issue of data standardisation and availability. This technique 
allows a more precise estimation of a consumer’s trophic position based solely on the 
consumer’s amino acid isotopic ratios (Chikaraishi et al. 2009). This releases the iso-
topic data from the need to be referenced by a correct baseline to be useful for projec-
tions. Indeed, the baseline presents potentially large spatial and temporal variations 
that are reflected in primary producers and, consequently, in upper trophic levels along 
the food web (Ishikawa 2018). CS-SIA makes the isotopic data from different popula-
tions directly comparable and increases the usable datasets (i.e. including those with-
out baseline data available). Another advantage of CS-SIA is that different tissues do 
not present different isotopic signatures (e.g. Cherel et al. 2019), leading to an “abso-
lute” isotopic signature of the animal. This also favours the usability and comparability 
of data from different tissues, without the need of utilising the same tissue. Further, 
CS-SIA on museum specimens can be used to reconstruct past food webs, helping in 
management and restoration efforts (Blanke et al. 2018). Although this technique is 
still costly, the decreasing costs of eDNA analysis suggest similar price reductions for 
the application of CS-SIA in the near future.
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Conclusions

Projecting stable isotope data onto the isotopic space of the focal community has the 
potential to predict impacts accompanying a newly introduced species as well as the 
success of species reintroduction and assisted migration. Despite some required as-
sumptions, the approach can have high utility from a scientific as well as management 
perspective by identifying trophic biological impacts of a wide range of taxonomic 
groups and habitats. Such results can thus be used to inform risk-based management 
programmes and make an important contribution to impact assessments, allowing a 
better prioritisation. Finally, optimising the chances of success of reintroduction as 
well as assisted migration efforts, will turn in a considerably better resource utilization.
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Abstract
Electronic decision-support tools are becoming an essential component of government strategies to tackle 
non-native species invasions. This study describes the development and application of a multilingual 
electronic decision-support tool for screening terrestrial animals under current and future climate 
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conditions: the Terrestrial Animal Species Invasiveness Screening Kit (TAS-ISK). As an adaptation of the 
widely employed Aquatic Species Invasiveness Screening Kit (AS-ISK), the TAS-ISK question template 
inherits from the original Weed Risk Assessment (WRA) and related WRA-type toolkits and complies 
with the ‘minimum requirements’ for use with the recent European Regulation on invasive alien species of 
concern. The TAS-ISK consists of 49 basic questions on the species’ biogeographical/historical traits and its 
biological/ecological interactions, and of 6 additional questions to predict how climate change is likely to 
influence the risks of introduction, establishment, dispersal and impact of the screened species. Following 
a description of the main features of this decision-support tool as a turnkey software application and of 
its graphical user interface with support for 32 languages, sample screenings are provided in different risk 
assessment areas for one representative species of each of the main taxonomic groups of terrestrial animals 
supported by the toolkit: mammals, birds, reptiles, amphibians, annelids, insects, molluscs, nematodes, 
and platyhelminths. The highest-scoring species were the red earthworm Lumbricus rubellus for the Aegean 
region of Turkey and the New Zealand flatworm Arthurdendyus triangulatus for Croatia. It is anticipated 
that adoption of this toolkit will mirror that of the worldwide employed AS-ISK, hence allowing to share 
information and inform decisions for the prevention of entry and/or dispersal of (high-risk) non-native 
terrestrial animal species – a crucial step to implement early-stage control and eradication measures as part 
of rapid-response strategies to counteract biological invasions.

Keywords
AS-ISK, biological invasions, decision-makers, turnkey application, TAS-ISK, WRA

Introduction

The steady increase in recent times in the number of invasive non-native species world-
wide and its implications for wildlife conservation emphasise the importance of de-
veloping user-friendly decision-support tools for scientists to inform decision-makers 
about the prioritisation of management actions in response to non-native species’ im-
pacts (Dana et al. 2014; González-Moreno et al. 2019). The identification and assess-
ment of hazards is a crucial aspect of environmental risk analysis, which consists of 
three steps: risk screening (identification), risk assessment, and risk communication 
and management (Canter 1993; UK Defra 2003; Booy et al. 2017; Robertson et al. 
2021). In the risk analysis process applied to non-native species, risk screening identi-
fies which non-native species are likely to be invasive in a given risk assessment area. 
This facilitates the development of policy and management procedures for that risk 
assessment area to prevent and/or mitigate the impacts of biological invasions (Copp et 
al. 2016a). In particular, risk screening of non-native species assists decision-makers in 
the allocation of resources to predict which species pose an elevated threat to native spe-
cies and ecosystems and therefore require full (follow-up) risk assessment. This involves 
detailed examination of the likelihood and magnitude of risks of introduction, estab-
lishment, dispersal and impacts of a non-native species (Copp et al. 2005, 2016a; Baker 
et al. 2008; Mumford et al. 2010). To this end, it is crucial to distinguish between risk 
screening and risk assessment: this distinction is often overlooked in environmental 
risk analysis, where decision-support tools are often compared and evaluated together 
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(e.g. González-Moreno et al. 2019; Marcot et al. 2019; see also Hill et al. 2020). In this 
regard, the present study will focus on the first step of the risk analysis process, i.e. the 
risk screening, and this will include discussion of any related decision-support tools.

Decision-support tools have been developed for screening aquatic and terrestrial 
non-native species as well as pathogens (Pheloung et al. 1999; Copp et al. 2005, 
2009, 2016b, 2021; D’hondt et al. 2015; Drolet et al. 2016). Amongst the most 
widely applied is the Weed Risk Assessment (WRA) for terrestrial plants (Pheloung 
et al. 1999) and its adaptations to various biogeographic regions and to the screen-
ing of aquatic plants (Gordon et al. 2008). The WRA question template formed the 
basis to create the Fish Invasiveness Screening Kit (FISK) for freshwater fish (Copp et 
al. 2005; Vilizzi et al. 2019) and its ‘sister’ -ISK toolkits for other aquatic organisms 
(Copp 2013). More recently, the -ISK toolkits were combined into the taxon-generic 
Aquatic Species Invasiveness Screening Kit (AS-ISK) to screen freshwater, brackish 
and marine aquatic organisms under current and future climate conditions (Copp et 
al. 2016b; Vilizzi et al. 2021). Other risk screening tools include Harmonia+ and Pan-
dora+ (D’hondt et al. 2015) for plants, animals and their pathogens, and the Canadian 
Marine Invasive Screening Tool (CMIST: Drolet et al. 2016) for marine organisms.

A common feature of these risk screening tools is their availability in spreadsheet 
format, but with the AS-ISK only being designed as a ‘turnkey’ application (Copp et al. 
2016b). This is contrary to the ‘automated workbook’ format of the other toolkits, which 
can make their usage time-consuming, if not counter-intuitive, to the end user. For this 
reason, the recent development of the AS-ISK as a user-friendly, dialog-driven electronic 
decision-support tool (Copp et al. 2016b) has resulted not only in a shortening of the 
risk screening process and, possibly, the follow-up decision-making (Matthies et al. 2007) 
but has also ensured exchangeability and seamless deployment of data and information 
across users (Copp et al. 2021). A ‘fully fledged’ electronic decision-support tool such as 
the AS-ISK, however, is currently available only for the screening of aquatic organisms. 
In contrast, for terrestrial organisms the (semi-automated) spreadsheet-based WRA (and 
its various adaptations: Gordon et al. 2008) is the only available tool for screening weeds 
(Dana et al. 2014). At the same time, most decision-support tools have been developed 
mainly in English (see Copp et al. 2021). This limitation increases the linguistic uncer-
tainty associated with risk screenings undertaken by non-native English assessors (scien-
tists) who ultimately need to communicate the risk outcomes to decision-makers in the 
country’s native/official language. To meet these requirements, the 32 languages available 
to users of the AS-ISK are meant to enhance communication of non-native species’ risks to 
local authorities and within/amongst non-English-speaking countries (Copp et al. 2021).

Despite the successful adoption and implementation of the WRA-type toolkits 
worldwide (Gordon et al. 2008; Vilizzi et al. 2019, 2021), there is currently no similar 
decision-support tool for screening terrestrial animals, as exemplified by the recent use 
of the AS-ISK as a ‘surrogate’ for screening terrestrial reptiles (Kopecký et al. 2019). 
To address this gap, this paper describes the development and application of a ‘sibling’ 
toolkit to the AS-ISK that will allow to share information and inform decision-makers 
about the prevention of entry and/or dispersal of (high-risk) non-native terrestrial animal 
species – a crucial step to implement early-stage control and eradication measures as part 
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of rapid-response strategies to counteract biological invasions (Piria et al. 2017; Copp 
et al. 2021). The aims of this study were threefold: (i) to develop a turnkey application 
based on the AS-ISK template to produce the Terrestrial Animal Species Invasiveness 
Screening Kit (TAS-ISK) and describe the main elements of the toolkit’s interface and 
functionality (including some additional features introduced since the release of AS-ISK 
v1: Copp et al. 2016b); (ii) to review the questions and guidance for aquatic species in 
the AS-ISK template for adaptation to non-native terrestrial animal species in the TAS-
ISK; and (iii) to implement a trial screening of the TAS-ISK on one representative species 
for each of the main terrestrial animal taxonomic groups supported by this new toolkit.

Methodology

Toolkit features

As an ‘offshoot’ of the AS-ISK, the TAS-ISK is also designed to comply with the ‘mini-
mum standards’ for screening non-native species under EC Regulation No. 1143/2014 
on the prevention and management of the introduction and spread of invasive alien spe-
cies (EU 2014). The TAS-ISK consists of 55 questions (Qs). The first 49 Qs comprise the 
Basic Risk Assessment (BRA) and address the biogeography/invasion history and biolo-
gy/ecology of the screened species. The last 6 Qs include the Climate Change Assessment 
(CCA) and require the assessor to predict how predicted (future) climatic conditions are 
likely to affect the BRA with respect to risks of introduction, establishment, dispersal and 
impact. The BRA questions consist of two sections with eight categories: Section A Bio-
geography/Invasion History including Categories Domestication/Cultivation, Climate, 
distribution and introduction risk, and Invasive elsewhere; Section B Biology/Ecology, 
including Categories Undesirable (or persistence) traits, Resource exploitation, Repro-
duction, Dispersal mechanisms, and Tolerance attributes. The CCA questions comprise 
Section C (and Category) Climate change (see Suppl. material 1: Table S1).

To achieve a valid screening, the assessor must provide for each question a 
response, a level of confidence for the response (see below), and a justification based 
on literature sources. The outcomes are a BRA score, which ranges from –20 to 68, 
and a (composite) BRA+CCA score, which ranges from –32 to 80 (i.e. after adding or 
subtracting up to 12 points to the BRA score or leaving it unchanged in case of a CCA 
score equal to 0). Confidence levels in the responses to questions are ranked using a 
1–4 scale (1 = low; 2 = medium; 3 = high; 4 = very high) as per the Intergovernmental 
Panel on Climate Change (see Copp et al. 2016a). Based on the confidence level (CL) 
allocated to each response, a confidence factor (CF) is obtained as:

CF = ∑(CLQi)/(4 × 55) (i = 1, …, 55)

where CLQi is the CL for Qi, 4 is the maximum achievable value for confidence 
(i.e. very high: see above) and 55 is the total number of questions comprising the 
TAS-ISK questionnaire. The CF ranges from a minimum of 0.25 (i.e. all 55 Qs with a 
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confidence level equal to 1) to a maximum of 1 (i.e. all 55 Qs with a confidence level 
equal to 4). For the CF, the CFTotal, CFBRA and CFCCA (based on all 55 Qs, on the 49 
Qs comprising the BRA, and on the 6 Qs comprising the CCA, respectively) are com-
puted. For further details about implementation of the overall risk screening process, 
see Vilizzi et al. (2022).

Toolkit development

Questions and related guidance of the AS-ISK v2.3.x template (noting that this toolkit 
is now available in its release v2.3.2: www.cefas.co.uk/nns/tools) were critically re-
viewed for application to terrestrial animal taxa. Following modification to the relevant 
questions and related guidance for adaptation to terrestrial animals, the resulting tem-
plate was finalised by a consensus meeting to improve clarity, conciseness and accuracy 
in the text of both questions and guidance. The final template was then circulated 
amongst the author-translators (see below) for translation into the corresponding na-
tive language of the parts of text modified relative to the original AS-ISK template.

Similar to the AS-ISK, the TAS-ISK is designed as a ‘turnkey application’ (sensu 
Walkenbach 2007). This represents the most advanced level of Excel VBA software de-
velopment as it allows complete distinction (separation) between graphical user inter-
face, business logic, and data access/storage tiers. This is ensured by separating the data 
(i.e. the spreadsheet) and the graphical user interface (consisting of tightly controlled 
dialogs) from the underlying code. All these features offer major benefits: (i) for the 
end user, by allowing the assessor to work seamlessly on the database spreadsheet(s) lo-
cated on the local computer or accessible from a network (e.g. under a ‘cloud system’); 
and (ii) for the developer, by facilitating provision of feedback and support by software 
updates that will replace previous releases of the toolkit whilst ensuring full backward 
compatibility in data access. The TAS-ISK graphical user interface is available in 32 
languages, which allows it to be used in some 161 countries worldwide (see also Copp 
et al. 2021): English, Albanian, Arabic, Bulgarian, Chinese (simplified), Croatian, 
Czech, Dutch, Filipino, French, Georgian, German, Greek, Hebrew, Hungarian, Ital-
ian, Japanese, Korean, Macedonian, Persian, Polish, Portuguese, Romanian, Russian, 
Slovak, Slovenian, Spanish, Swedish, Thai, Turkish, Urdu, Vietnamese. This extent of 
language support is the most advanced allowed by the Excel VBA code (Walkenbach 
2007), as it includes support of right-to-left languages (i.e. Arabic, Hebrew, Persian, 
Urdu) and double-byte-character-set languages (i.e. Chinese, Japanese, Korean).

The TAS-ISK is available for download at www.cefas.co.uk/nns/tools in its release 
v2.3.2. This first release number of the toolkit mirrors that of the latest version of the 
AS-ISK (see above), with which the TAS-ISK, as already emphasised, shares most of 
the underlying code. The TAS-ISK allows the screening of nine taxonomic groups 
of terrestrial animals (classification mainly after Zoological Record indexing service: 
https://www.ebsco.com/products/research-databases/zoological-record): Mammals, 
Birds, Reptiles, Amphibians, Annelids, Insects, Molluscs, Nematodes, Platyhelminths, 
Other arthropods, Other eukaryote taxa.
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Trial screenings

Trial screenings were conducted for one representative taxon (hereafter, for simplicity 
‘species’) of each of the main taxonomic groups of terrestrial animals (i.e. except for 
‘Other arthropods’ and ‘Other eukaryote taxa’). In total, eight experts (= assessors) 
were involved in the resulting nine screenings, with seven species screened each by a 
single assessor, one species screened by two joint assessors and another species screened 
by three joint assessors. One assessor screened two species and another assessor four 
species (Table 1). Notably, each assessor chose the non-native species for screening in 
which they were more knowledgeable in terms of its environmental biology and risk 
assessment area.

Each species was categorised a priori into non-invasive or invasive based on a search 
made of: (i) the Centre for Agriculture and Bioscience International Invasive Species 
Compendium (CABI ISC: www.cabi.org/); (ii) the Global Invasive Species Database 
(GISD: www.iucngisd.org); and (iii) the Invasive and Exotic Species of North America 
list (IESNA: www.invasive.org). If the species was not categorised as invasive in any (or 
all) of the previous three databases, a Google Scholar (literature) search was performed 
to check whether at least one peer-reviewed reference was found that ‘demonstrates’ 
(hence, not ‘assumes’) invasiveness/impact. The latter was then taken as ‘sufficient evi-
dence’ for categorising the species as invasive; whereas, if no evidence was found in this 
last step, then the species was categorised as non-invasive (see also Vilizzi et al. 2022).

As a result of the a priori categorisation, there were eight species categorised a priori 
as invasive: the aoudad/Barbary sheep Ammotragus lervia (Mammals), the common 
pheasant Phasianus colchicus (Birds), the common house gecko Hemidactylus frenatus 
(Reptiles), the red earthworm Lumbricus rubellus (Annelids), the western corn root-
worm Diabrotica virgifera virgifera (Insects), the Spanish slug Arion vulgaris (Molluscs), 

Table 1. Taxa evaluated with the Terrestrial Animal Species Invasiveness Screening Kit (TAS-ISK) for 
their potential risk of invasiveness in different risk assessment areas. For each species, the a priori categori-
sation outcome into Non-invasive and Invasive is provided (after Vilizzi et al. 2022).

Taxonomic 
group

Taxon name Common name Assessor(s) Risk assessment area A priori 
categorisation

Mammals Ammotragus lervia aoudad/Barbary 
sheep

NS, TR, 
MP

Europe Invasive

Birds Phasianus colchicus common pheasant TR Croatia Invasive
Reptiles Hemidactylus frenatus common house 

gecko
BS, MP Pannonian region of 

Hungary
Invasive

Amphibians Bombina variegata yellow-bellied toad OC Anatolia (Turkey) Non-invasive
Annelids Lumbricus rubellus red earthworm NK Aegean region of Turkey Invasive
Insects Diabrotica virgifera 

virgifera
western corn 

rootworm
DL Croatia Invasive

Molluscs Arion vulgaris Spanish slug IŠ Croatia Invasive
Nematodes Ditylenchus destructor potato rot nematode MP Croatia Invasive
Platyhelminths Arthurdendyus 

triangulatus
New Zealand 

flatworm
MP Croatia Invasive
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the potato rot nematode Ditylenchus destructor (Nematodes), and the New Zealand 
flatworm Arthurdendyus triangulates (Platyhelminths). The only species categorised 
a priori as non-invasive was the yellow-bellied toad Bombina variegata (Amphibians). 
For seven species the risk assessment area was Europe or part of it, and for two species 
it was Anatolia and Aegean regions of Turkey in Asia (Table 2).

Differences in CF between components (BRA, BRA+CCA) were tested with per-
mutational ANOVA. Analysis was implemented in PERMANOVA+ for PRIMER v7, 
with normalisation of the data and using a Bray-Curtis dissimilarity measure, 9999 
permutations of the raw data, and with statistical effects evaluated at α = 0.05.

Results

Toolkit development

Modification of the original AS-ISK questionnaire (template) for adaptation to terres-
trial animals resulted in changes only to the text for one question, only to the guidance 
for 14 questions, and to both text and guidance for 10 questions. This resulted in 25 
questions being modified out of the 55 in total (i.e. 45.5%), with changes to the text 
involving all Sections and Categories therein except for the six climate change ques-
tions for which only a minor removal of text from the guidance to Q53 was sufficient. 
In particular: for Domestication/Cultivation, changes involved the guidance for Qs 1 
and 2; for Climate, distribution and introduction risk, only the guidance for Q8; for 
Invasive elsewhere, the text and guidance for Q11 and guidance for Q13; for Undesir-
able (or persistence) traits, the text and guidance for Qs 15 and 23, text for Q18, and 
guidance for Qs 19, 22 and 24; for Resource exploitation, the guidance for Q26; for 
Reproduction, the guidance for Qs 28, 32 and 34; for Dispersal mechanisms, the text 
and guidance for Qs 36–39 and guidance for Q41; for Tolerance attributes, the text 
and guidance for Qs 44, 45 and 48 and guidance for Q47; for Climate change, the 
guidance for Q53 (Suppl. material 1: Table S1).

The graphical user interface of the TAS-ISK consists of six ‘dialogs’ (i.e. user in-
terface elements that enable communication and interaction between the user and the 
software program). Below, a concise description of the dialogs is provided (for a full 
description see the User Guide downloadable with the toolkit):

• Start – TAS-ISK requires a spreadsheet (Database tab) and offers the options 
of opening either an Existing or a New spreadsheet. The user can select to carry out 
the screening in any of the 32 available Language options, noting that the toolkit will 
open by default in the language of the Excel version installed on the local computer. 
The Colour scheme of choice (seven options) can also be selected. Two new features 
(relative to AS-ISK v1) are the Background (tab) shading (light to dark) and the size of 
the Dialogs view (tab), which automatically resize to adapt to low-resolution screens.

• Main Assessment Workspace – This is the core dialog (launched from Start) 
where all screening-related data information is displayed and data manipulations can 



Risk screening toolkit for non-native terrestrial animals 219

be performed (i.e. Wizard, Assessment, Thresholds, Report, Utilities tabs). As a new 
feature (relative to AS-ISK v1), the Report tab offers the option to generate the report 
for the screened species in Excel spreadsheet format, PDF or MHTML.

• Wizard – This new dialog (relative to AS-ISK v1) allows the assessor to gener-
ate the basic template quickly for one or (usually) more screenings as part of the risk 
screening of several species for the risk assessment area under study.

• New/Edit – In this dialog, the assessor provides all details of the screened spe-
cies, either by creating a new screening, editing an existent screening, or batch-editing 
multiple screenings.

• Replicate – In this dialog, replication of a screening selected from the Main 
Assessment Workspace is generally performed as part of the risk screening of several 
species for the risk assessment area under study.

• Q&A – In this dialog, the screening for the species selected from the Main As-
sessment Workspace is carried out by responding to the 55 questions, ranking the level 
of confidence/certainty associated with the response, and providing references and/or 
other information as justification for each question-related response.

Trial screenings

The highest scoring (a priori invasive) species were Lumbricus rubellus for the Aegean 
region of Turkey and Arthurdendyus triangulatus for Croatia (Table 2). Both species 
were recognised as ‘invasive elsewhere’ and obtained the highest score amongst all 
screened species for the Biology/Ecology section, with Arthurdendyus triangulatus also 
achieving the highest possible increase (+12 points) for the CCA. The other a priori 
invasive species Arion vulgaris, Diabrotica virgifera virgifera, Ditylenchus destructor 
and Phasianus colchicus, all screened for Croatia, and Ammotragus lervia, screened for 
Europe, obtained BRA scores ≥ 22. These species have been recognised as invasive 
elsewhere and gained overall high scores for their Undesirable (or persistence) traits. 
The CCA increased the BRA score for Ammotragus lervia, Diabrotica virgifera virgifera 
and Ditylenchus destructor, but decreased that of Arion vulgaris. At the same time, there 
was no change in outcome score relative to the BRA (cf. BRA+CCA) for Phasianus 
colchicus. For Hemidactylus frenatus screened for the Pannonian region of Hungary, 
there was a substantial increase in the BRA+CCA relative to the BRA score. Finally, 
the a priori non-invasive Bombina variegata screened for Anatolia (Turkey) obtained 
the lowest outcome score of all species (Table 2). The TAS-ISK combined report for 
the nine screened species is provided as Suppl. material 2.

The highest confidence factor in responses for the BRA was found for Diabrotica 
virgifera virgifera and Ditylenchus destructor, and for the CCA for Ammotragus lervia 
and Arion vulgaris. Bombina variegata and Phasianus colchicus had confidence factors 
for both components below 0.60 (Table 2). The mean CFTotal was 0.697 ± 0.034 SE, 
the mean CFBRA 0.699 ± 0.036 SE, and the mean CFCCA 0.672 ± 0.043 SE, and 
there were no differences in CF between BRA and CCA (FMC = 0.002, PMC = 0.970; 
MC = Monte Carlo permutational value, best for small sample sizes).
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Discussion

Toolkit development

The successful employment of the WRA-type toolkits for screening weeds (cf. WRA and 
its derivatives) and aquatic organisms (cf. WRA, -ISK toolkits and AS-ISK) is testified by 
the vast number of applications worldwide (Gordon et al. 2008; Vilizzi et al. 2019, 2021, 
2022). An additional value of these risk screening applications is the high degree of ac-
curacy (cf. discriminatory power sensu Hosmer et al. 2013) achieved in the classification 
of low-to-medium- and high-risk species for a variety of risk assessment areas in different 
climates and biogeographic regions and, since the development of the AS-ISK, under 
both current and predicted future climate conditions (Vilizzi et al. 2019, 2021, 2022).

The advantages of a multilingual decision-support toolkit have been described in 
detail in Copp et al. (2021). In the case of the screening of terrestrial animals with 
the TAS-ISK, the same benefits are expected in terms of enhanced communication of 
species-specific risk outcomes between assessors (scientists) and decision-makers by 
providing screening reports in the native language. This has already been exemplified 
by some of the AS-ISK applications conducted in the native language of the country’s 
risk assessment area (Vilizzi et al. 2021), including publication and discussion of the 
corresponding risk outcomes also in the native language (i.e. Moghaddas et al. 2020; 
IAVH 2021; Li et al. 2021; Wei et al. 2021b).

Trial screenings

The risk outcomes for the nine non-native terrestrial animal species screened with the 
TAS-ISK highlighted which species are likely to pose the greatest threat of invasiveness 
(e.g. Lumbricus rubellus and Arthurdendyus triangulatus), hence should be prioritised 
for full (follow-up) risk assessment and potentially targeted by prevention measures 
and related management strategies (Copp et al. 2016a). Confidence in the BRA ques-
tions was similar to that in the CCA questions, which reflected the large availability of 
literature resources for the screened species and the overall knowledge/expertise by the 
assessors in both the screened species and related risk assessment areas.

Lumbricus rubellus was the highest scoring of the species screened – a finding that 
is likely to apply to risk assessment areas with warm-temperate and continental climate 
other than Anatolia (Tiunov et al. 2006). Lumbricus rubellus has been introduced in 
many continents outside its native range in Western Europe, but it is considered invasive 
only in North America and New Zealand (Greiner et al. 2012; Kim et al. 2015). The 
species’ native distribution is still unclear, as it may originate from the Pyrenees, with its 
native range extending across France, southern Germany, Austria, Hungary and Roma-
nia (Gates 1972). The uncertainty about the origin of L. rubellus is to be ascribed to the 
extensive agricultural and fishing activities that have occurred over the last 2000 years 
involving the unintentional transport of this species in the soil (i.e. by transportation of 
plants rooted in soil contaminated with different life stages of this species) and as fish 
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bait (Keller et al. 2007; Crumsey et al. 2014). Lumbricus rubellus is harmful in forest 
ecosystems (Crumsey et al. 2014) and its introduction may change soil structure and 
chemistry, nutrient dynamics, microbial community content, and even plant commu-
nity composition (Greiner et al. 2012). Furthermore, the species’ hermaphroditism, tol-
erance of low pH (3.0–7.7) and resistance to low temperatures are all traits that increase 
the chance for its successful colonisation of novel environments (Tiunov et al. 2006; 
Wironen and Moore 2006; Kopp et al. 2012). Climate change appears to increase the 
competitiveness of L. rubellus because of its high tolerance of a wide range of tempera-
tures, though not of a reduction in soil water content (Singh et al. 2019).

The second highest scoring species Arthurdendyus triangulatus is not yet found in 
Croatia (the risk assessment area in this study). The species’ high risk of invasiveness 
confirms recent findings using a different risk assessment tool (Thunnissen et al. 2022) 
and justifies its inclusion in the Invasive Alien Species of Union Concern C/2019/5360 
(European Commission 2019). Arthurdendyus triangulatus is a free-living terrestrial 
flatworm native to New Zealand introduced mainly by trade in containerised plants to 
the British Isles and the Faroe Islands (Murchie and Gordon 2013). This species is con-
sidered harmful mainly due to its predation on earthworms with consequent reduction 
of soil fertility and earthworm-feeding wildlife (Thunnissen et al. 2022). Based on the 
Köppen-Geiger climate classification system (Peel et al. 2007), A. triangulatus could 
become established in the northern part of Europe including The Netherlands, Den-
mark, Sweden and also Iceland due to its tolerance of the Cfb-type (warm-temperate, 
fully humid, warm summer) climate (Boag and Yeates 2001; Thunnissen et al. 2022). 
As this species prefers Cs-type (i.e. warm-temperate) climate conditions (typical of its 
native range on the South Island of New Zealand), it is very likely to establish in Croa-
tia, where a similar climate is present. Although A. triangulatus is expected to become 
less widespread in the U.K. due to climate change (Hulme 2017), in Croatia it may 
considerably increase its establishment success as winter temperatures in New Zealand 
are milder compared to other areas of similar latitude (Sturman and Wanner 2001).

The two agricultural pests Ditylenchus destructor (not yet present in Croatia) and 
Diabrotica virgifera virgifera (already introduced to Croatia) gained similarly high BRA 
and BRA+CCA scores. Ditylenchus destructor and D. virgifera virgifera may cause severe 
crop damage resulting in financial losses and management expenditures (Tinsley et al. 
2013; Benjamin et al. 2018). Ditylenchus destructor is a harmful endoparasite of roots 
and underground-modified plant parts in Europe and North America and is character-
ised by behavioural plasticity (Spencer et al. 2009; EFSA Panel on Plant Health 2016). 
Economically, it is the most important pest of the potato Solanum tuberosum, although 
it acts also as a pest of the sweet potato Bulbous iris, cultivated mushrooms, garlic Allium 
sativum, and several other cultivated plants (EFSA Panel on Plant Health 2016; Dobosz 
et al. 2020). Although the impact of D. destructor on crops in Europe is negligible due to 
precautionary measures, in Australia this species is regarded as posing a potentially high 
risk of invasiveness (Singh et al. 2015; EFSA PLH Panel 2016). Plants for potting are a 
pathway for the introduction and spread of D. destructor, which may cause severe impacts 
on their intended use. Climate conditions in Europe are favourable to the completion 
of the species’ life cycle, and all of its developmental stages can overwinter successfully 
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throughout Europe (EFSA Panel on Plant Health 2016). Diabrotica virgifera virgifera 
was introduced by at least five independent events from northern USA into Europe 
(Ciosi et al. 2008), where it is currently successfully established, including in the risk 
assessment area of Croatia (Lemic et al. 2015). This species is a major pest of corn Zea 
mays but may also affect alternative host species such as soybean Glycine max or crops 
of pumpkin Cucurbita sp. (Manole et al. 2017a, b). Diabrotica virgifera virgifera poses a 
challenge to management actions because of its invasive nature and adaptability (Toepfer 
and Kuhlmann 2006; Toth et al. 2020). Climate is one of the most critical environmen-
tal factors for the species’ colonisation success (Aragón et al. 2010; Dupin et al. 2011), 
and as a result of climate change the future distribution of this species may extend north-
ward with the resulting risk of outbreaks at higher latitudes (Aragón and Lobo 2012).

Ammotragus lervia is native to North Africa and established in Croatia, Czechia, Italy 
and Spain following intentional introductions for hunting purposes (Šprem et al. 2020). 
Phasianus colchicus, partly native to Europe, has a long history of introductions and re-in-
troductions with populations established across the continent (Ashrafzadeh et al. 2021). 
Both A. lervia and P. colchicus are highly adaptable and plastic in their use of available food 
resources, resulting in their distribution expanding rapidly (Hoodless et al. 2001; Šprem 
et al. 2020). Phasianus colchicus is already widespread across Europe including the risk as-
sessment area (Croatia), where it may be favoured by proximity to human-affected land 
cover (i.e. agriculture, orchards and plantation forests; Ashoori et al. 2018). It has been 
observed that populations of P. colchicus in Croatia have been declining for the past 30 
years. However, intended population reinforcements with captive-bred individuals may 
have negatively affected population size by outbreeding depression, introduction and fast 
spread of diseases and parasites from birds introduced from foreign sources (Ashrafzadeh 
et al. 2021). As a result, it seems that further population expansion of this species is not to 
be expected under current conditions. Also, the distributional range of P. colchicus already 
covers a variety of climate conditions and habitats (Ashoori et al. 2018); hence, further 
benefits in terms of range expansion under climate change conditions in the risk assess-
ment area remain low. On the contrary, the intense desertification process that is taking 
place in Mediterranean regions (cf. south-east Spain) as a result of lowered rainfall re-
gimes and increased mean annual temperatures, may result in substantial habitat changes 
that may favour the expansion of a desert caprid such as A. lervia (Acevedo et al. 2007). 
Thus, particularly in the Mediterranean region of European countries, the threat posed 
by A. lervia population expansion under future climate conditions may become higher.

The native distributional range of Arion vulgaris is still uncertain as this species 
is thought to be native to the Iberian Peninsula (Zemanova et al. 2016) and south-
ern France (Zając et al. 2020). Arion vulgaris has extended its distributional range 
to several European countries (Zemanova et al. 2016) and is classified as one of the 
100 most invasive terrestrial invertebrate species in Europe (Vilà et al. 2009). Arion 
vulgaris may pose severe damage to agriculture and horticulture, is responsible for 
the defoliation of wild plants and trees and has also caused severe impacts in terms 
of decline in abundance and also disappearance of its congener red slug A. rufus as a 
result of hybridisation (Zemanova et al. 2017). However, mitochondrial diversity of 
A. vulgaris is lower than that of its congeners with a weak association of genetic struc-
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turing amongst geographically distant populations in Europe, which suggests a hu-
man contribution to the species’ ongoing expansion (Zemanova et al. 2016). Based on 
predicted future temperature increase scenarios for Europe, the broad range of suitable 
areas for the establishment of A. vulgaris may slightly decrease (Zemanova et al. 2018).

There is still no evidence of established populations in Europe of Hemidactylus 
frenatus, which is native to Southeast Asia, although specimens have been recorded in 
Italy and Portugal as hitchhikers (Weterings and Vetter 2018). This species has been 
classified as highly invasive in tropical regions of America, Africa, Asia and Australasia 
(Lei and Booth 2014) due to its competition for food and space with native geckos and 
transmission of endo- and ecto-parasitic mites (Dame and Petren 2006; Diaz et al. 2020). 
Recently, several adult specimens of H. frenatus were found in Hungary (B. Szajbert, 
unpulbished data) but it was assumed that this species cannot overwinter outdoors due to 
its intolerance to the low winter temperatures present in the Pannonian region (Lei and 
Booth 2014). However, it was recently noted that H. frenatus captured in winter has cold 
tolerances 1–2 °C lower than those captured in summer, suggesting that tropical invaders 
can adjust their temperature tolerance downwards via phenotypic plasticity (Lapwong 
et al. 2021). Such changes may allow tropical invaders to expand their geographic range 
into colder regions of their non-native ranges (Lapwong et al. 2021). This could increase 
the probability of establishment of H. frenatus in the Pannonian region of Hungary 
under future climate change conditions (Rödder et al. 2008).

The lowest scoring species Bombina variegata is protected under the EU Habitat 
Directive and has been classified as ‘Least concern’ in the IUCN Red List of Threatened 
Species since 2004 (Kuzmin et al. 2009). The Atlantic and continental populations of 
B. variegata are classified as in ‘bad’ condition and others in ‘poor’ condition, with only 
a Greek lineage of this species being reported as self-sustaining on a long-term basis 
and classified as in ‘good’ condition (https://eunis.eea.europa.eu/species/638#threat_
status). The B. variegata lineage (subspecies B. variegata scabra) originating from Greece 
(Sotiropoulos 2020) has recently extended its distributional range to Kurtkaya-Enez 
(Edirne) in Turkey, where it has established self-sustaining populations (Bülbül et al. 2016). 
According to the Köppen-Geiger climate system, areas with suitable climate conditions 
will increase in the risk assessment area of Anatolia (Rubel and Kottek 2010), thereby 
favouring the dispersal of B. variegata. This species has been introduced to Great Britain 
and Northern Ireland (Roy et al. 2020), where no detrimental impacts have been observed. 
The lowest score amongst the screened species obtained by B. variegata in this study is a 
further indicator of the applicability and reliability of the newly released TAS-ISK.

Conclusions

Given the current dearth of risk screening applications for non-native terrestrial animals 
(but see Baiwy et al. 2015; Schaffner and Ries 2019; Ries et al. 2021; Thunnissen et al. 
2022), it is anticipated that the availability of the TAS-ISK as a multilingual turnkey 
application will allow for a ‘quantum leap’ in this field of research in conservation biol-
ogy. Accordingly, prospective applications of this newly released decision-support tool 
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may focus on: (i) lists of potentially invasive non-native species (both extant and horizon) 
for selected risk assessment areas, which would allow for local ‘calibration’ (i.e. setting 
of a threshold to distinguish between low-to-medium and high-risk species) (e.g. Clarke 
et al. 2020; Interesova et al. 2020; Killi et al. 2020; Uyan et al. 2020; Li et al. 2021; 
Moghaddas et al. 2021; Radočaj et al. 2021; Ruykys et al. 2021; Wei et al. 2021a, b), 
(ii) global (meta-analytical) studies for setting taxonomic group and/or climate-specific 
thresholds (e.g. Tarkan et al. 2021; Vilizzi et al. 2021), and (iii) individual non-native 
and (potentially) invasive species regarded as ‘high priority’ in terms of e.g. importation/
commercial exploitation/evaluation of existing impacts for a specific risk assessment area 
(e.g. Castellanos-Galindo et al. 2018; Suresh et al. 2019; Baduy et al. 2020; Zięba et al. 
2020; Haubrock et al. 2021; Kumar et al. 2021; Yoğurtçuoğlu et al. 2021).
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