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A global approach is required to identify
invasive species posing high risk impact.
195 assessors screened 819 non-native
species from 15 groups of aquatic or-
ganisms.

Risk thresholds were identified for 14
aquatic organism groups.

The resulting risk thresholds and rankings
will help management and conservation.
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ABSTRACT

The threat posed by invasive non-native species worldwide requires a global approach to identify which intro-
duced species are likely to pose an elevated risk of impact to native species and ecosystems. To inform policy,
stakeholders and management decisions on global threats to aquatic ecosystems, 195 assessors representing
120 risk assessment areas across all six inhabited continents screened 819 non-native species from 15 groups
of aquatic organisms (freshwater, brackish, marine plants and animals) using the Aquatic Species Invasiveness
Screening Kit. This multi-lingual decision-support tool for the risk screening of aquatic organisms provides
assessors with risk scores for a species under current and future climate change conditions that, following a
statistically based calibration, permits the accurate classification of species into high-, medium- and low-risk cat-
egories under current and predicted climate conditions. The 1730 screenings undertaken encompassed wide
geographical areas (regions, political entities, parts thereof, water bodies, river basins, lake drainage basins,
and marine regions), which permitted thresholds to be identified for almost all aquatic organismal groups
screened as well as for tropical, temperate and continental climate classes, and for tropical and temperate marine
ecoregions. In total, 33 species were identified as posing a ‘very high risk’ of being or becoming invasive, and the
scares of several of these species under current climate increased under future climate conditions, primarily due
to their wide thermal tolerances. The risk thresholds determined for taxonomic groups and climate zones provide
a basis against which area-specific or climate-based calibrated thresholds may be interpreted. In turn, the risk
rankings help decision-makers identify which species require an immediate ‘rapid’ management action (e.g.
eradication, control) to avoid or mitigate adverse impacts, which require a full risk assessment, and which are
to be restricted or banned with regard to importation and/or sale as ornamental or aquarium/fishery

enhancement.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The threat posed by invasive non-native species (NNS) worldwide to
native species and ecosystems requires a global approach to identify
species that pose a high risk of becoming invasive across varied geogra-
phies and climates (Gordon et al., 2008). Use of the same risk screening
protocols worldwide can provide the larger-scale information with
which to inform the decisions of policy makers and environmental man-
agers in dealing with species invasions (Early et al., 2016; Shackleton
et al.,, 2019). Indeed, reliable, evidence-based risk assessment (RA)
methods are vital to decision-making in biosecurity management at na-
tional and international levels in order to prevent or mitigate unwanted
biological invasions (Kaiser and Burnett, 2010). Ideally, the RA out-
comes should compare and prioritise NNS according to their potential
invasiveness under current and future climate conditions (Barney and
DiTomaso, 2010), which aids in identifying the underlying factors asso-
ciated with invasion hotspots (O'Donnell et al., 2012; Chapman et al.,
2020).

The first step in the NNS risk analysis process is risk screening (i.e.
hazard identification), which aims to identify the NNS that are likely
to pose an elevated threat to native species and ecosystems and, there-
fore, warrant more comprehensive (i.e. full) RA (Copp et al., 2005b).
Aquatic species that are likely to carry a high risk of becoming invasive,

hence posing a threat to native species, usually possess life-history traits
including frequent reproduction with a high incidence of ovoviviparity,
large body size and a long life span, the ability to exploit opportunisti-
cally available food resources, a history of invasion success, and a close
climate matching with the RA area (Statzner et al., 2008; Chan et al.,
2021). In addition, these species often tolerate higher salinity, broader
environmental temperatures and higher levels of organic pollution
than native species (Leuven et al., 2009). Importantly, the identification
of species posing a high risk of being (or becoming) invasive in a certain
RA area provides a basis for advice to policy, decision-makers and other
stakeholders regarding management options for existing and potential
future invasive NNS (Copp et al., 2005b, 2016b; Mumford et al., 2010;
David et al.,, 2013; David and Gollasch, 2018, 2019).

The objectives of the present study were to: (i) construct a global da-
tabase of risk screenings that span the broadest range of aquatic organ-
isms possible, given available resources, across the widest possible
geographical spread; (ii) subject the global database of screenings to
calibration and accuracy analysis; and (iii) generate global-scale risk
thresholds at the organism group and climate class/marine ecoregion
levels under both current and future climate conditions. The global-
scale thresholds identified will provide a basis against which thresholds
calibrated for specific RA areas may be interpreted and will also allow
the ‘rapid risk screening’ of individual species for a certain RA area
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whenever specific calibration is not possible. In addition, these global-
scale thresholds will place RA area-specific risk screening calibrations
within a broader, global context, also accounting for climate change pre-
dictions. In turn, this will enhance the value and scope of more localised
calibrations to inform environmental policy and decision-makers of the
relative risk rankings of aquatic NNS so as to facilitate the cost-effective
allocation of management resources.

2. Materials and methods
2.1. Risk screening procedure

For the purposes of this study, ‘invasive species’ are defined, as per
Copp et al. (2005c, p. 244), as those NNS “that spread, with or without
the aid of humans, in natural or semi-natural habitats, producing a sig-
nificant change in composition, structure, or ecosystem processes, or
cause severe economic losses to human activities”. Species were evalu-
ated for their potential to become invasive in the assessor(s)-defined RA
area using the Aquatic Species Invasiveness Screening Kit (AS-ISK: free
download at www.cefas.co.uk/nns/tools/). This is a decision-support
tool (Copp et al.,, 2016b, 2021) adapted from the Fish Invasiveness
Screening Kit (Copp et al., 2009, 2005a), which itself was derived from
the globally-applied Weed Risk Assessment of Pheloung et al. (1999).
The AS-ISK comprises questions from the generic screening module of
the European Non-native Species in Aquaculture Risk Analysis Scheme
(Copp et al., 2016a) and incorporates the ‘minimum requirements’
(Roy et al., 2018) for the assessment of invasive NNS with regard
to the 2014 EU Regulation 1143/2014 (European Union, 2014). As a
taxon-generic toolkit, the AS-ISK is applicable to any aquatic species
(other than parasites and pathogens) in virtually any climatic/marine
ecoregion zone (Copp et al., 2016b; Table 1), and allows the screening
of 27 groups of aquatic organisms in total (taxonomy after Ruggiero
et al., 2015): mammals, birds, reptiles, amphibians, fishes (freshwater,
brackish, marine), tunicates, lancelets, invertebrates (freshwater, brack-
ish, marine), ‘other’ animals (freshwater, brackish, marine), plants
(freshwater, brackish, marine), protists (freshwater, brackish, marine),
fungi (freshwater, brackish, marine), and bacteria (freshwater, brackish,
marine).

The screening protocol consists of 55 questions (Copp et al., 2016b).
The first 49 questions comprise the Basic Risk Assessment (BRA), which
are concerned with the biogeographical and biological aspects of the
species being screened. The last six questions address the Climate

Table 1
Published initial applications of the Aquatic Species [nvasiveness Screening Kit (AS-ISK) by
aquatic organismal group.

Aquatic
organismal group

Reference(s)

Reptiles Ruykys et al. (2021)

Amphibians Ruykys et al. (2021)

Freshwater fishes Glamuzina et al. (2017), Li et al. (2017), Tarkan et al. (2017a),
Tarkan et al. (2017b), Dodd et al. (2019), Suresh et al. (2019),
Interesova et al. (2020), Moghaddas et al. (2020), Zigba et al.
(2020), Glamuzina et al. (2021), Haubrock et al. (2021),
Kumar et al. (2021), Moghaddas et al. (2021), Radogaj et al.
(2021), Ruykys et al. (2021), Wei et al. (2021)
Castellanos-Galindo et al. (2018), Clarke et al. (2020)

Filiz et al. (2017a), Filiz et al. (2017b), Bilge et al. (2019),
Clarke et al. (2020), Lyons et al. (2020), Uyan et al. (2020)

Brackish fishes
Marine fishes

Tunicates Clarke et al. (2020)

Freshwater Paganelli et al. (2018), Ruykys et al. (2021), Semenchenko
invertebrates et al. (2018)

Brackish Clarke et al. (2020), Ruykys et al. (2021)
invertebrates

Marine Clarke et al. (2020), Killi et al. (2020), Stasolla et al. (2020),
invertebrates Ruykys et al. (2021)

Freshwater plants Ruykys et al. (2021)
Marine plants Clarke et al. (2020), Ruykys et al. (2021)
Marine protists Clarke et al. (2020)
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Change Assessment (CCA), which require the assessor to evaluate how
future predicted climate conditions are likely to affect the BRA with re-
spect to risks of introduction, establishment, dispersal and impact. To
achieve a valid screening, for each question the assessor must prov
a response, a level of confidence in the response, and a justification
all cases, the assessor is a specialist in the biology/ecology of the aqu.
organism under screening for the RA area under study. Upon comr-
tion of the screening, the species receives both a BRA score a
BRA + CCA (composite) score (ranging from —20 to 68 and |
—32 to 80, respectively). Scores < 1 suggest that the species isunl.
to become invasive and is therefore classified as ‘low risk’ (Pheloung
et al., 1999). Higher scores classify the species as posing either a ‘me-
dium risk’ or a ‘high risk’ of becoming invasive. Distinction between
medium-risk and high-risk levels depends upon setting a ‘threshold’
value (see Section 2.2 Data processing and analysis).

The ranked levels of confidence (1 = low; 2 = medium; 3 = high;
4 = very high) associated with each question-related response mirror
the confidence rankings recommended by the International Programme
on Climate Change (IPCC, 2005; see also Copp et al., 2016b). Based on
the confidence level (CL) allocated to each response, a confidence factor
(CF) is computed as:

CF =) (CLy)/(4%55) (i=1,...,55)

where CLg; is the confidence level for the ith Question (Qi), 4 is the max-
imum achievable value for confidence (i.e. very high: see above) and 55
is the total number of questions. Based on the 49 Qs comprising the BRA
and the six Qs comprising the CCA, the CLgra and CLcca are also com-
puted (out of the CLygy for all 55 Qs).

2.2. Data processing and analysis

Data consisted of: (i) individual contributions to the present study
by assessors invited to screen one (or more) NNS belonging to one or
more aquatic organismal groups of choice (i.e. falling within their ex-
pertise) for a certain RA area; and (ii) datasets from more comprehen-
sive screening studies of NNS for a certain RA area, both published
(see Table 1) and unpublished. For each species screened, the scien-
tific name used in the original contribution or study was updated
to the most recent taxonomy after the World Register of Marine
Species (www.marinespecies.org), else after the Integrated Taxonomic
Information System (www.itis.gov/) or FishBase (www.fishbase.org).
This was followed by ‘cross-checking’ for the existence of at least one
peer-reviewed publication that used the updated scientific name in
case of a change in taxonomy. A notable exception was the retention
of the original name Crassostrea gigas instead of the recently proposed
Magallana gigas for the Pacific oyster (see Bayne et al., 2017).
Taxonomic details of the corresponding Order and Family were also re-
trieved for each species screened.

Except for marine regions, for each RA area the corresponding
Koppen-Geiger climate class (i.e. Tropical, Dry, Temperate, Continental,
Polar: Peel et al., 2007) was identified, noting that in several cases more
than one climate class applied to the same RA area. For marine regions,
the classification by Spalding et al. (2007) was used including: (i) Arctic,
(ii) Temperate Northern Atlantic and Temperate Northern Pacific
(grouped in the present study into ‘Temperate marine’), and (iii)
Central Indo-Pacific, Tropical Atlantic, Tropical Eastern Pacific and
Western Indo-Pacific (grouped in the present study into ‘Tropical
marine’).

The shape of the global distribution of the BRA and BRA + CCA
scores was tested in R x64 v3.6.3 (R Development Core Team, 2020)
using the package 'moments' v0.14 (Komsta and Novomestky, 2015),
with normality, skewness and kurtosis evaluated by the Jarque-Bera
(JB), D'Agostino and Anscombe tests, respectively. Computation of risk
outcomes was based on receiver operating characteristic (ROC) curve
analysis (Bewick et al., 2004). An ROC curve is a graph of sensitivity vs
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1 - specificity for each threshold value, where in the present context
sensitivity and specificity will be the proportion of a priori invasive
and non-invasive species, respectively, correctly identified as such. For
ROC curve analysis to be implemented, the species selected for screen-
ing must be categorised a priori as non-invasive or invasive using inde-
pendent literature sources.

The a priori categorisation was as follows (see also Clarke et al.,
2020): (i) a first search was made of FishBase for any reference to the
species' threat, with the species categorised as non-invasive if listed as
‘harmless’, categorised as invasive if listed as ‘potential pest’, or scored
as absent if either not evaluated or not listed in the above database;
(ii) a second search was made of the Centre for Agriculture and Biosci-
ence International Invasive Species Compendium (CABI ISC: www.
cabi.org/ISC) and the Global Invasive Species Database (GISD: www.
iucngisd.org), with the species categorised as invasive if it appeared in
any of such lists or scored as absent if not listed; (iii) a third search
was made of the Invasive and Exotic Species of North America list
(www.invasive.org), with the species categorised as invasive if it ap-
peared in any of such lists or scored as absent if not listed; (iv) except
for those species categorised as invasive in any (or all) of the previous
three steps, a Google Scholar (literature) search was performed to
check whether at least one peer-reviewed reference is found that ‘dem-
onstrates’ (hence, not ‘assumes’) invasiveness/impact. The latter was
then taken as ‘sufficient evidence’ for categorising the species as
invasive; whereas, if no evidence was found, then the species was
categorised as non-invasive. Overall, the advantage of this method is
that, by virtue of its meta-analytical foundation, it draws upon and com-
bines previous approaches into a multi-tiered protocol. This maximises
the amount of information collectable about the NNS under screening,
thereby increasing the accuracy of the screening outcomes (Vilizzi,
Copp and Hill, unpublished).

A measure of the accuracy of the calibration analysis is the Area
Under the Curve (AUC), which ranges from 0 to 1: a model whose pre-
dictions are 100% correct has an AUC of 1, one whose predictions are
100% wrong has an AUC of 0. In the former case there are neither
‘false positives’ (a priori non-invasive species classified as high risk,
hence false invasive) nor ‘false negatives’ (a priori invasive species clas-
sified as low or medium risk, hence false non-invasive); in the latter
case, the test cannot discriminate between ‘true positives’ (a priori inva-
sive species classified as high risk, hence true invasive) and ‘true nega-
tives' (a priori non-invasive species classified as low or medium risk,
hence true non-invasive). Following ROC curve analysis, the best
threshold value that maximises the true positive rate and minimises
the false positive rate was determined using Youden's J statistic.

Because of sample size constraints (see Vilizzi et al., 2019), group-
specific thresholds for both the BRA and BRA + CCA were fitted to
those groups of aquatic organisms for which >10 species were
screened. Consequently, for mammals and birds for which there were
low numbers of taxa a combined threshold was computed by pooling
together the screened species for these groups with those screened for
reptiles and amphibians. This rendered the respective thresholds
statistically significant, permitting their use for distinguishing between
high-risk and low-to-medium risk species until such time that RA-
area-specific calibrations can be undertaken for those taxonomic
groups. To highlight ‘very high risk’ species for the aquatic organismal
groups with large enough sample sizes, ad hoc thresholds for the BRA
and BRA + CCA were set weighted according to the range of scores
for the high-risk species (see Clarke et al., 2020) and with the constraint
that the species was screened for a ‘representative’ number of RA areas
(i.e. weighted according to the corresponding organismal group).
Additionally, climate class-specific thresholds were computed for fresh-
water fishes, and marine ecoregion-specific thresholds for marine fishes
and invertebrates - the aquatic organismal groups with large enough
sample size for successful computation of such thresholds. In all cases,
ROC curve analysis was carried out with the package 'pROC' (Robin
et al., 2011) for R x64 v3.6.3 using 2000 bootstrap replicates for the
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confidence intervals of specificities, which were computed along the en-
tire range of sensitivity points (i.e. 0 to 1, at 0.1 intervals).

Following Smith et al. (1999), three measures of accuracy were
defined:

1) for a priori invasive species: A; = (I/I;) x 100, where I,.is the num
of a priori invasive species rejected, and I; the total number of a pr
invasive species screened;

2) for a priori non-invasive species: A, = (Na/N;) x 100, where N, i
number of a priori non-invasive species accepted and N; the
number of a priori non-invasive species screened;

3) overall: A, = (Ng + I,)/(N; + I).

In all cases, values above 50% are indicators of the accuracy of the
screening tool.

3. Results

In total, 1730 screenings were conducted by 195 assessors (the co-
authors of this study) on 819 taxa comprising 798 species, nine sub-
species, three hybrids, and nine genera (Supplementary data Table S1).
Of these taxa (hereafter, loosely termed ‘species’), 562 (68.6%) were
categorised a priori as non-invasive and 257 (31.4%) as invasive
(Supplementary data Table S1) and were screened relative to 120 RA
areas (Supplementary data Tables S2 and S3) across all six inhabited con-
tinents (Fig. 1). The RA areas consisted of extensive geographical areas,
regions, countries, parts of countries, states, other political entities,
water bodies, river basins, lake drainage basins, and marine regions
(Supplementary data Table S2). Screenings encompassed 15 groups of
aquatic organisms (Fig. 2) in 104 Orders (Supplementary data
Table S2), with 24 species assigned to two different groups depending
on the RA area's aquatic habitat (Supplementary data Table S4).

The BRA scores ranged from —15.0 to 55.0, with a mean = 18.6, a
median = 18.0, and 5th and 95th percentiles = —4.0 and 42.5. Their
distribution was not normal (JB = 36.664, P < 0.001), not skewed
(skewness = 0.076, z = 1.230, P = 0.195), but platykurtic (kurtosis =
2.305,z = —9.359, P < 0.001) (Fig. 3a). The BRA + CCA scores ranged
from —27.0 to 67.0, with a mean = 22.3, a median = 22.0, and 5th
and 95th percentiles = —5.6 and 51.1. Their distribution was not nor-
mal (JB = 16.378, P < 0.001), not skewed (skewness = —0.039, z =
—0.675, P = 0.499), but platykurtic (kurtosis = 2.531, z = —5.210,
P < 0.001) (Fig. 3b). The majority of delta values (i.e. differences be-
tween BRA + CCA and BRA scores, hence accounting for climate change
predictions) were equal to 0, 4, 6 and 10 (>10% of the total in all cases),
and overall the proportion of the positive differences was much larger
than that of the negative differences (68.8% vs 16.7%) (Fig. 3c). Across
all species, the mean CL values were: Clyoey = 2.73 + 0.01, Clgra =
2.78 4+ 0.01, and CLcca = 2.25 4+ 0.02, indicating in all cases medium
to high confidence (Supplementary data Table S5).

Thresholds were computed for all screened groups of aquatic organ-
isms except those represented by <10 species (Table 2). For reptiles,
amphibians, freshwater and marine fishes, tunicates, freshwater and
brackish invertebrates and marine protists, the BRA threshold was
lower than the BRA + CCA one, whereas the opposite was true for
brackish fishes, marine invertebrates, and freshwater and marine
plants. Except for marine protists (BRA), the mean AUC values (in
Table 2) were in all cases > 0.5 — this confirmed the ability of the toolkit
to differentiate between a priori invasive and non-invasive species.
After pooling, BRA and BRA + CCA thresholds could be computed for
mammals and birds, and in both cases the BRA threshold was lower
than the BRA + CCA one (Table 2).

Based on the aquatic organismal group-specific thresholds (excluding
the pooled ones), all three measures of accuracy had a mean value >50%
for all groups except tunicates (BRA + CCA only), marine plants and ma-
rine protists (both BRA and BRA + CCA) - a result of the relatively small
sample sizes (Table 3). The number (and proportion) of true positives
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Fig. 1. Map of the risk assessment areas for which species were screened with the Aquatic Species Invasiveness Screening Kit (AS-ISK; see also Supplementary data Table S2).

was consistently larger than that of the false negatives, which in all cases
accounted for only 0-5.6% of the screened species for each group
(Table 4). Similarly, the proportion of false positives was in most cases
smaller than that of the true positives, and the proportion of the
medium-risk species was always relatively high. In total, 33 species
were identified as carrying a very high risk of invasiveness: 26 species
based on both the BRA and BRA + CCA, four on the BRA only, and three
on the BRA + CCA only (Fig. 4a, b).

Of the 82 non-marine region RA areas, 56 included one climate class.
To these RA areas, an additional four were added for which the second
climate class (namely, Continental) was only marginally represented
(Supplementary data Table S2), whereas the only RA area represented

Mammals

Birds

Reptiles

Amphibians
Freshwater fishes
Brackish fishes
Marine fishes
Tunicates

Freshwater invertebrates
Brackish invertebrates
Marine invertebrates
Freshwater plants
Marine plants

Marine protists

Marine bacteria

by the Dry climate was removed from further analysis (noting that the
Polar climate was found only in combination with the Temperate and/
or Continental climates, hence could not be analysed separately regard-
less of sample size). In total, 59 non-marine region RA areas were there-
fore considered. For freshwater fishes in tropical, temperate and
continental climates, both the BRA and BRA + CCA thresholds were
higher for the tropical climate, lower for the temperate and even
lower for the continental climate, whereas the BRA + CCA was similar
to the BRA in all cases (Table 5). Of the 38 marine ecoregion RA areas,
four fell within the Arctic ecoregion, 24 in the Temperate grouping
(including 23 RA areas in the Temperate Northern Atlantic and one in
the Temperate Northern Pacific ecoregions), and ten in the Tropical

T T T T
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Fig. 2. Number (and corresponding percentage) of species screened according to aquatic organismal group.
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Fig. 3. (a) Frequency distribution of the Basic Risk Assessment (BRA) scores for the species screened with AS-ISK; (b) same for the BRA + CCA (Climate Change Component) scores;
(c) same for delta CCA values (i.e. differences between BRA + CCA and BRA scores for each of the species screened) with corresponding percentage.
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Table 2
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Basic Risk Assessment (BRA) and BRA + Climate Change Assessment (CCA) AS-ISK thresholds from receiver operating characteristic curve analysis for the groups of aquatic organisms
screened in the present study (Marine bacteria added for completeness). For each aquatic organismal group, the following is provided: number of screened species (n), threshold
(Thr) values for the BRA and BRA + CCA [the Area Under the Curve (AUC) values are >0.5, and therefore are statistically valid, including for Mammals, Birds, Reptiles and Amphibia
with the latter two groups pooled together with Mammals and Birds for computation of the thresholds|, with corresponding mean, lower confidence interval (LCl) and upper confidt
interval (UCI) for the AUC, very high risk threshold (VH Thr) and minimum number of risk assessment areas (RAAs) for selection of the very high risk species. Note that threshold va

are given in increments of 0.05 and rounded to the first or second decimal (as applicable, following AS-ISK threshold notation).

Aquatic organismal group n BRA BRA + CCA

Thr Mean LCl ucI VH Thr RAAs Thr Mean LCl ucl VH Thr Ri
Mammals 2 255 0.7180 0.5834 0.8525 - - 31.6 0.6639 0.5223 0.8056 - -
Birds 4 255 0.7180 0.5834 0.8525 - - 31.6 0.6639 0.5223 0.8056 - -
Reptiles 30 285 0.6550 0.4176 0.8924 - 2 36.5 0.5975 0.3489 0.8461 - 2
Amphibians 24 15.5 0.7983 0.6144 0.9822 - 3 19.5 0.7815 0.5934 0.9696 - 3
Freshwater fishes 259 14.7 0.8446 0.7957 0.8936 30 10 17.7 0.8213 0.7691 0.8735 36 10
Brackish fishes 17 38 0.7917 0.5542 1.0000 - - 29.5 0.6875 0.3969 0.9781 - -
Marine fishes 127 12.75 0.8254 0.7089 0.9420 - 3 19 0.7819 0.6541 0.9096 - 3
Tunicates 22 225 0.6417 0.3943 0.8890 - 2 36.75 0.5792 03119 0.8464 - 2
Freshwater invertebrates 144 13.25 0.8243 0.7185 0.9301 30 4 25.75 0.8199 0.7076 0.9322 36 4
Brackish invertebrates 11 15 0.6111 0.0247 1.0000 - - 26.9 0.7222 0.4142 1.0000 - -
Marine invertebrates 151 15.1 0.8842 0.8333 0.9351 30 3 14.25 0.8483 0.7859 0.9107 36 3
Freshwater plants 15 245 0.8611 0.6697 1.0000 - 12.5 0.9028 0.7522 1.0000 -
Marine plants 15 32 0.6161 0.3098 09224 - - 27.25 0.6250 03197 0.9303 - -
Marine protists 18 34 0.4545 0.1639 0.7452 - - 4275 0.5779 0.2899 0.8659 - -
Marine bacteria 1 - - - - - - - - - - - -

grouping (including three RA areas in the Central Indo-Pacific, four in
the Tropical Atlantic, one in the Tropical Eastern Pacific, and two in
the Western Indo-Pacific ecoregions) (Supplementary data Table S2).
However, owing to low sample sizes, thresholds could not be computed
for any aquatic organismal group in the Arctic ecoregion. For marine
fishes, the BRA and BRA + CCA thresholds were higher for the temper-
ate relative to the tropical ecoregion grouping, and the BRA + CCA
threshold was higher than the BRA threshold in both cases (Table 5).
For marine invertebrates, the BRA and BRA + CCA thresholds
were higher for the tropical relative to the temperate ecoregion
grouping, and the BRA threshold was similar to the BRA + CCA
for the temperate ecoregion grouping but lower for the tropical
ecoregion grouping (Table 5). In all cases, the mean AUC values
were well above 0.5.

Based on the climate/marine ecoregion-specific thresholds, all
three measures of accuracy had a mean value well above 50% in all
cases and for both the BRA and BRA + CCA (Table 6). The number
(and proportion) of true positives was consistently larger than that
of the false negatives, which always accounted for only 0-1.6% of
the screened species for each combination (Table 7). Similarly, the
proportion of false positives was in most cases smaller than that of
the true positives, and the proportion of medium-risk species was al-
ways relatively high.

Table 3

Accuracy measures for screenings on the groups of aquatic organisms for which BRA and
BRA + CCA thresholds were directly computed (cf. Table 2). A; = accuracy for a priori in-
vasive species; A, = accuracy for a priori non-invasive species; A, = overall accuracy (see
text for details). In italics, values < 50%.

Aquatic organismal group BRA BRA + CCA
A; An Ag A An Ag

Reptiles 70.0 75.0 733 70.0 75.0 733
Amphibians 100.0 70.6 79.2 50.0 50.0 50.0
Freshwater fishes 839 74.7 78.0 77.4 7.7 73.7
Brackish fishes 62.5 100.0 824 62.5 889 76.5
Marine fishes 88.9 752 772 722 79.8 787
Tunicates 80.0 583 68.2 40.0 91.7 68.2
Freshwater invertebrates 769 839 82.6 65.4 95.8 90.3
Brackish invertebrates 889 50.0 81.8 66.7 100.0 727
Marine invertebrates 86.4 783 81.5 83.1 75.0 78.1
Freshwater plants 833 100.0 88.9 58.3 100.0 72.2
Marine plants 429 875 66.7 28.6 75.0 53.3
Marine protists 429 364 38.9 714 27.3 44.4

4. Discussion
4.1. Risk screening extent

In this study, fishes and invertebrates represented the largest pro-
portion of screened aquatic species, thus reflecting the composition of
introduced animal species recorded for e.g. European waters (Alcaraz
et al., 2005; Gherardi et al., 2009; Katsanevakis et al., 2013) but also
the relative number of experts (cf. assessors) in the various aquatic or-
ganismal groups. After freshwater fishes, freshwater and marine inver-
tebrates comprised the second most-widely screened group of aquatic
organisms, with the marine invertebrates including a large proportion
of Decapoda - an Order that comprises several of the world's worst in-
vasive species (Lowe et al., 2000; Souty-Grosset et al., 2006). The large
number of screenings for freshwater fishes in this study can be at-
tributed to the importance of inland waters as providers of ecosys-
tem services for human societies (e.g. Wilson and Carpenter, 1999)
and to the fact that these habitats are under high human-induced
pressure, including NNS introductions (e.g. Hughes et al., 1998;
Rahel, 2000). The broad geographical spread of most of the screened
freshwater fish species reflects the increasing homogenisation of
aquatic fauna and flora as a result of worldwide introductions (e.g.
McKinney, 1998; Rahel, 2000). Further, the taxonomic Orders that
were more frequently screened are those usually ecologically flexi-
ble, able to withstand adverse ecological conditions, generally wide-
spread over large spatial scales, and often of economic importance
(e.g. Hulme, 2009).

Despite the large number of aquatic species screened in this study,
bacteria were represented by only one species and no screenings for
fungi were contributed. Risk screenings of these groups of aquatic or-
ganisms would require the participation of experts in the fields of mi-
crobiology and mycology, respectively. This points to the need for
greater multi-disciplinarity in future risk identification/assessment stud-
ies, which is particularly important as both aquatic bacteria and fungi are
known to exert in some cases severe ecological impacts once established
and spread in their invasive range (Litchman, 2010), similar to their ter-
restrial counterparts (Alderman, 1996; Loo, 2008). Regardless, it must be
noted that pathogenic and parasitic organisms are normally evaluated
separately from other NNS using risk assessment protocols specific to in-
fectious agents (e.g. Peeler et al.,, 2007; D'hondt et al., 2015; Copp et al.,
2016a). In addition, the diminutive size of these taxa could cause their
presence to go un-noticed, thereby limiting knowledge of their spread
and extent of invasiveness.
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Table 4

Risk outcomes (given as number of screened species and corresponding percentage) for
the BRA and BRA -+ CCA for the groups of aquatic organisms for which risk thresholds
were directly computed. Species are categorised a priori as either Non-invasive or Invasive
(see Supplementary data Table S2). Medium-risk and high-risk outcomes for each group
are based on the thresholds given in Table 2, whereas low-risk outcomes are based on a
‘default’ threshold of 1.

Aquatic organismal group BRA BRA + CCA
Non-invasive Invasive Non-invasive Invasive
n % n % n % n %
Reptiles
Low 0 0.0 1 33 0 0.0 1 33
Medium 15 50.0 2 67 15 500 2 67
High 5 16.7 7 233 5 16.7 7 233
Amphibians
Low 1 42 0 00 12 500 0 00
Medium 11 45.8 0 00 5 208 7 292
High 5 20.8 7 292 17 7038 7 292
Freshwater fishes
Low 43 16.6 2 08 50 193 3 12
Medium 81 313 13 50 69 266 18 69
High 42 16.2 78 301 47 181 72 278
Brackish fishes
Low 0 0.0 0 00 0 0.0 0 0.0
Medium 9 529 3 176 8 471 3 176
High 0 0.0 5 294 1 5.9 5 294
Marine fishes
Low 36 283 1 0.8 33 260 1 08
Medium 46 36.2 1 0.8 54 425 4 3.1
High 27 213 16 12.6 22 173 13 10.2
Tunicates
Low 0 0.0 0 00 0 00 0 00
Medium 7 31.8 2 91 11 500 6 273
High 5 22.7 8 364 1 4.5 4 18.2
Freshwater invertebrates
Low 14 97 0 00 1 0.7 0 00
Medium 85 59.0 6 42 112 778 9 63
High 19 13.2 20 139 5 35 17 118
Brackish invertebrates
Low 0 0.0 0 00 0 0.0 0 0.0
Medium 1 9.1 1 9.1 2 182 3 273
High 1 9.1 8 727 0 0.0 6 545
Marine invertebrates
Low 15 99 0 00 16 106 0 00
Medium 57 37.7 8§ 53 53 351 10 6.6
High 20 13.2 51 338 23 152 49 325
Freshwater plants
Low 1 5.6% 0 0.0% 4 22.2% 1 5.6%
Medium 5 27.8% 2 11.1% 2 11.1% 4 22.2%
High 0 0.0% 10 55.6% 0 0.0% 7 38.9%
Marine plants
Low 0 0.0 0 00 0 0.0 0 00
Medium 7 46.7 4 26.7 6 400 5 333
High 1 6.7 3 200 2 133 2 133
Marine protists
Low 0 0.0 0 00 0 0.0 0 0.0
Medium 4 222 4 222 3 16.7 2 111
High 7 38.9 3 16.7 8 444 5 278

4.2. Risk outcomes under current and future climate conditions

The high proportion of positive ‘delta’ values (i.e. after accounting for
climate change predictions: Fig. 3¢) is in line with findings that climate
change is likely to exacerbate the risk of introduction, establishment,
dispersal and impact of several NNS, though some species might re-
spond negatively to changes in climate conditions (Kernan, 2015).
With predicted warmer temperatures, reduced lake ice cover, altered
flow regimes, increased salinity due to changes in precipitation and
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saltwater intrusion, and increased environmental disturbances, climate
change is likely to favour the spread of NNS along their invasion path-
ways as these conditions present opportunities for enhanced survival
and lower invasion resistance of the invaded habitats (Rahel ¢
Olden, 2008). Further, climate change may result in altered transf
and/or introduction mechanisms or reduced effectiveness of cont
strategies (Hellmann et al., 2008).

Several of the top (i.e. ‘very high risk’) species under current cli
conditions achieved an even higher score under conditions of cli1
change (Fig. 4). Of these species, most are either primarily w:
water/tropical or have wide thermal tolerances. For example, the red-
eared slider Trachemys scripta scripta is a very common semi-aquatic
turtle native to the south-eastern USA (Florida to south-eastern
Virginia: Powel et al,, 1991) and in its introduced range occurs in a
wide variety of habitats, including slow-flowing rivers, floodplain
swamps, marshes, seasonal wetlands and permanent ponds (Scriber
et al., 1986). Both goldfish Carassius auratus and gibel carp Carassius
gibelio are known to establish across a wide geographical and climatic
range. These species are widespread and locally invasive both in
Europe's more northerly parts, such as Finland and Poland (e.g.
Grabowska et al., 2010; Puntila et al., 2013), across the Mediterranean
region (e.g. Crivelli, 1995; Tarkan et al., 2012), and further afield in
Australia (e.g. Beatty et al., 2017) and the Americas (Magalhdes and
Jacobi, 2013; Halas et al., 2018). The common lionfish Pterois miles is an-
other highly invasive species, especially since its invasion of the western
Atlantic and Mediterranean Sea, which has been unprecedentedly rapid
(Bariche et al., 2017; Schofield, 2010). The channelled applesnail
Pomacea canaliculata is native to South America and has been intro-
duced as an ornamental species in Europe and the Mediterranean
area, but also elsewhere in the world through aquaculture (https://
www.cabi.org/isc/datasheet/68490). Phyllorhiza punctata is native to
the tropical Western Pacific, i.e. from Australia to Japan (Rippingale
and Kelly, 1995) and has been reported across the Mediterranean
Region (Abed-Navandi and Kikinger, 2007; Boero et al., 2009; Cevik
et al., 2011; Gueroun et al., 2014; Deidun et al., 2017). An in-depth,
species-specific description of all the ‘very high risk’ species identified
in this study (Fig. 4) is provided in the Supplementary data, Appendix
Al.

Overall, the responses to climate-change questions tended to in-
crease scores as well as thresholds for most taxonomic groups in most
climatic regions. Species with broad distributions tended to possess
broad thermal tolerances, suggesting that those species are likely to be
able to expand their ranges, and thus impacts, poleward under future
climate conditions. For example, six freshwater fish species not native
to Great Britain were predicted to benefit from the forecasted future cli-
mate conditions, thus offering the potential to expand their ranges
(Britton et al.,, 2010), which in Great Britain would be northward. Such
poleward shifts in marine species distributions were initially deemed
likely (VanDerWal et al., 2013), based in part on shifts observed in pre-
vious warm periods (Drinkwater, 2006), and they have been predicted
for some freshwater fishes, e.g. channel catfish Ictalurus punctatus
(McCauley and Beitinger, 1992). Indeed, poleward shifts have been doc-
umented in a recent meta-analysis of marine species distributions
(Chaudhary et al., 2021). As such, tropical species are likely to expand
poleward into temperate regions (e.g. Quero, 1998; Scavia et al.,
2002), and temperate species to expand poleward into continental re-
gions (Root et al., 2003; Hickling et al., 2006). Whereas, species with
more limited thermal tolerances are likely to undergo shifts in their dis-
tributions (and thus impacts), which are characterised by range reces-
sions and range expansions in a poleward direction (Roessig et al.,
2004; Rahel and Olden, 2008; Eissa and Zaki, 2011; Renaud et al.,
2012). Wide thermal tolerances may be enhanced by local adaptation,
such as is apparent in the cold-adapted population of eastern mosquitofish
Gambusia holbrooki, which has established a self-sustaining population in
Normandy, France (Beaudouin et al., 2008). This reflects the wide geo-
graphical distribution of Gambusia holbrooki in its native range, which
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Fig.4. (a) Very high risk species based on the BRA score (+SE) and screened for a representative number of risk assessment areas; (b) Same for the BRA + CCA. In dark gray, very high risk
species for both the BRA and BRA + CCA. Black circle (+): listing in the Centre for Agriculture and Bioscience International Invasive Species Compendium (CABI ISC); black square (w): listing
in the Global Invasive Species Database (GISD). R = Reptiles; A = Amphibians; FF = Freshwater fishes; MF = Marine fishes; T = Tunicates; FI = Freshwater invertebrates; Ml = Marine
invertebrates. Within each aquatic organismal group, species are ordered according to decreasing score. See Table 2 for very high risk thresholds and number of risk assessment areas

criteria.

extends along the Mississippi River basin from the Gulf of Mexico north-
ward to midway up the states of Indiana and Illinois (Aislabie et al., 2019).

Thus, in many cases, increased scores for BRA + CCA for freshwater
species are warranted. Further, this phenomenon, which is based on the
interaction of climate and physiology, should pertain also to species in
different aquatic environments such as brackish and marine systems.
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For example, red lionfish Pterois volitans scores in Florida (USA) in-
creased slightly from the BRA to the BRA + CCA, with modest increases
mainly due to a greater potential for the species to survive inshore in the
northern Gulf of Mexico during winter, thereby extending annual im-
pacts (Lyons et al., 2020). Conversely, within tropical climate zones,
warmer conditions under climate-change scenarios are not likely to
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Table 5
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BRA and BRA + CCA thresholds from receiver characteristic curve analysis for freshwater fishes relative to three climate classes (after Peel et al,, 2007) and for marine fishes and inver-
tebrates relative to two marine ecoregion groupings (modified after Spalding et al., 2007). Abbreviations and notation as in Table 2.

Climate/marine ecoregion n BRA BRA + CCA

Thr Mean LCI uct Thr Mean LCI uct
Freshwater fishes
Tropical 63 184 09153 0.8370 0.9936 19.6 0.8986 0.8088 0.9/
Temperate 200 15.9 0.8685 0.8197 09174 16.0 0.8493 0.7974 0.9
Continental 58 12.9 0.7844 0.6579 09110 13 0.7387 0.5992 0.8
Marine fishes
Temperate 46 195 0.8083 0.6422 0.9745 315 0.8208 0.6589 0.9828
Tropical 83 125 0.8521 0.6994 1.0000 234 0.8016 0.6390 0.9643
Marine invertebrates
Temperate 97 15.1 0.9236 0.8643 0.9829 15.6 0.8871 0.8153 0.9588
Tropical 63 35.75 0.7386 0.6085 0.8688 23.25 0.7279 0.5895 0.8662

incite large alterations to the spread, abundance, or impacts of tropical
species. The same can be said for continental climate zones with regard
to cold-water species due to their existing adaptations to that climate
types. Whereas range recession of a species' distribution could occur
should a future temperature regime exceed the species' thermal toler-
ances (Scavia et al., 2002).

Despite the general emphasis on range expansion and greater im-
pacts of invasive species due to warmer conditions (Rahel and Olden,
2008; Bradley et al., 2010), climate change is a complex issue for NNS
risk assessment. When providing responses to CCA questions and rank-
ing their confidence in those responses, the assessor must consider a
great breadth of information, including climate-match model predic-
tions (e.g. Britton et al., 2010), if available for their RA area, as well
as emissions scenarios, climate-model outputs, and time frames
(Kennedy, 1990). The IPCC (2014) presents a variety of scenarios
based on future emissions levels, with the extremes represented by
RCP8.5 and RCP2.6. Further, there are numerous climate models that
may be used for guidance, though these may differ in profound ways
from one another in terms of predicted future temperature and precip-
itation regimes (e.g. Kirtman et al., 2017). Other anomalies such as Artic
warming, which are expected to lead to harsh, cold winters in mid-
latitude areas of North America and Asia (Cohen et al., 2014; Kug
et al., 2015), or non-analogue climates (Fitzpatrick and Hargrove,
2009) occur. Extreme events can set back or cancel species range expan-
sion (Canning-Clode et al., 2011; Rehage et al., 2016) and thus may in-
fluence future risk estimates. Multi-directional range shifts are not
only possible, but likely (VanDerWal et al., 2013). The time frame for
such predictions is an important variable as well, given that the potential
outcomes of range expansion, contraction, or oscillation in size are rela-
tive to current NNS ranges. In view of the complexity of climate change
interactions with biologically important factors such as physiology,

Table 6

Accuracy measures for screenings on freshwater fishes relative to three climate classes
and for marine fishes and invertebrates relative to two marine ecoregion groupings (see
Table 5). Abbreviations and notation as in Table 3.

Climate/marine ecoregion BRA BRA + CCA

A; An A Ai An Aﬂ
Freshwater fishes
Tropical 84.6 94.6 905 84.6 89.2 873
Temperate 82.5 75.0 780 875 64.2 735
Continental 81.1 66.7 759 83.8 57.1 74.1
Marine fishes
Temperate 80.0 778 783 80.0 833 826
Tropical 91.7 81.7 83.1 66.7 88.7 855
Marine invertebrates
Temperate 885 90.1 89.7 84.6 859 856
Tropical 38.6 100.0 57.1 65.9 789 69.8

dispersal, demography, species interactions, and evolution, not all
changes in climate may result in greater spread or heighten NNS impacts
(Urban et al,, 2016).

4.3. Management implications

The very low proportion and, in most cases, near or total absence of
false negatives across the representative groups of aquatic organisms
screened in the present study is an indicator of the accuracy of the risk
screenings (cf. Kumschick and Richardson, 2013). The management
consequences of this elevated accuracy could be that of a large number

Table 7

Risk outcomes (given as number of screened species and corresponding percentage) for
the BRA and BRA + CCA for freshwater fishes relative to three climate classes and for ma-
rine fishes and invertebrates relative to two marine ecoregion groupings (see Table 5). See
Table 4 for details.

Climate/marine ecoregion BRA BRA + CCA
Non-invasive Invasive  Non-invasive Invasive
n % n % n % n %
Freshwater fishes
Tropical
Low 10 159 1 16 8 12.7 1 1.6
Medium 25 39.7 3 48 25 39.7 3 438
High 2 32 22 349 4 6.3 22 349
Temperate
Low 31 15.5 0 00 38 19.0 1 05
Medium 59 295 14 7.0 39 19.5 9 45
High 30 15.0 66 330 43 215 70 35.0
Continental
Low 8 138 0 00 8 138 0 0.0
Medium 6 103 7 121 4 6.9 6 103
High 7 12.1 30 51.7 9 15.5 31 534
Marine fishes
Temperate
Low 1 22 0 0.0 1 22 0 0.0
Medium 27 58.7 2 43 29 63.0 2 43
High 8 174 8 174 6 13.0 8 174
Tropical
Low 33 398 1 1.2 31 373 1 1.2
Medium 25 30.1 00 32 38.6 3 3.6
High 13 15.7 11 133 8 9.6 8 9.6
Marine invertebrates
Temperate
Low 15 15.5 0 00 12 124 0 0.0
Medium 49 50.5 3 3.1 49 50.5 4 4.1
High 7 7.2 23 237 10 103 22 227
Tropical
Low 0 0.0 0 00 4 6.3 1 1.6
Medium 19 302 27 429 11 175 14 222
High 0 0.0 17 270 4 6.3 29 46.0
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of species ultimately warranting comprehensive (full) RA. In this study,
accuracy was measured explicitly and represented the ‘pragmatic’ ap-
proach, given that a full (comprehensive) RA, which might follow for
species identified as potentially posing a high risk of invasiveness,
would normally involve a major economic commitment. This is con-
trary to the ‘idealistic’ approach, which would involve assessing both
medium- and high-risk species, given the even higher economic com-
mitment of accounting for both. An even more pragmatic approach
could be therefore to base management decisions (or species' rankings)
on the risk screening outcomes until such time that a full RA can be
undertaken. This approach has been employed by the UK's Alien
Species Group in its ‘impact’ ranking of aquatic NNS with regard to
waterbody classification under the EU Water Framework Directive
(https://ec.europa.eu/environment/water/water-framework/index_
en.html). Within this context, aquatic NNS are listed provisionally as
being of low, medium or high impact (UK-TAG ASG, 2021) pending the
outcome of a full, and in some cases rapid, RA commissioned by the
Great Britain Non-native Species Secretariat (www.nonnativespecies.
org). The categorisation of the species is then subsequently confirmed
or changed according to the outcome of the full or rapid RA.

As shown in the present study, invasive and non-invasive species
could be distinguished accurately across aquatic organisms to a
greater degree than would be expected by chance alone. Calibrated
thresholds could be computed for several taxonomic groups, and
for freshwater and marine fishes and for marine invertebrates also
based on climate/ecoregion. In RA areas for which no calibration is
possible, e.g. due to a statistically insufficient number of screenings
and/or to the requirement of screening only one target species (or
small group thereof), these generalised thresholds (i.e. at the organ-
ism group or climate class level) can be reliably used in future risk
screening applications for distinguishing between species that pose
a high risk of being invasive from those posing a low-to-medium
risk. Use of these thresholds may be therefore of particular relevance
in cases of individual species being risk screened (e.g. Castellanos-
Galindo et al., 2018; Zieba et al., 2020), including ‘rapid risk assess-
ment’ studies, or for RA areas where the number of NNS is too limited
for a valid calibration to be undertaken (e.g. Filiz et al., 2017b;
Paganelli et al., 2018; Semenchenko et al., 2018; Dodd et al., 2019;
Lyons et al., 2020).

As is common in NNS risk analysis (e.g. Caley et al., 2006; Barry et al.,
2008), the available scientific information (both peer-reviewed and gray
literature) about the species being screened was reflected in the confi-
dence rankings assessors attributed to their responses. As such, given
the robust confidence levels, the present study provides a means for
existing risk rankings to be adjusted and a stronger evidence base to
identify: (i) which species require an immediate ‘rapid’ management ac-
tion (e.g. eradication, control) to avoid or mitigate adverse impacts; (ii)
which to subject to a full RA; and (iii) which to restrict or ban with regard
to importation and/or sale as ornamental or aquarium/fishery enhance-
ment. To this end, biological monitoring programmes may explicitly
search for high-scoring species because the sooner these species are
found in new areas the more likely are eradication programmes to be
successful. Such monitoring could be supported by developing tech-
niques such as DNA metabarcoding (Brown et al., 2016) and eDNA sur-
veys (Holman et al., 2019). Risk identification therefore plays an
important role in the provision of advice to policy makers, for the de-
velopment of appropriate legislation, and associated regulation and
management pertaining to NNS. In this perspective, the present
study has also provided a means of fine-tuning NNS risk analysis pro-
cedures in countries that encompass more than one climatic class by
the computation of generalised thresholds. In conclusion, the pres-
ent study provides a comprehensive baseline to help identify
(through risk screening using AS-ISK) for management priority
high risk species across a range of taxonomic groups and geographi-
cal/climatic regions, even where existing information on such spe-
cies invasiveness/impact is limited.

13

Science of the Total Environment 788 (2021) 147868
CRediT authorship contribution statement

LV and GHC designed the concept, co-wrote and edited the manu-
script; LV analysed the data, and all other authors contributed dat:
and participated in the composition and editing of the manuscript.

Declaration of competing interest

The authors declare that they have no known competing final
interests or personal relationships that could have appeared to i
ence the work reported in this paper.

Acknowledgements

This study is dedicated to our co-author, the late Prof. Olaf Weyl,
whose sudden passing during field work in November 2020 was re-
ceived by us with great sadness. This study represents a contribution
to the term of reference ‘d’ (“Advance knowledge base to further de-
velop indicators to evaluate the status and impact of non-indigenous
species in marine environments”) of the ICES working group on Intro-
ductions and Transfers of Marine Organisms. The participation of GHC
was supported by the Cefas Science Excellence fund. AW and AF were
supported by TKP2020-NKA-16 project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147868.

References

Abed-Navandi, D, Kikinger, R., 2007. First record of the tropical scyphomedusa Phyllorhiza
punctata von Lendenfeld, 1884 (Cnidaria: Rhizostomeae) in the Central Mediterra-
nean Sea. Aquat. Invasions 2, 391-394. https://doi.org/10.3391/ai.2007.2.4.7.

Aislabie, LR., Verreycken, H., Chapman, D.S,, Copp, G.H., 2019. Study on invasive alien spe-
cies — development of risk assessments to tackle priority species and enhance pre-
vention. Contract No 07.0202/2016/740982/ETU/ENV.D2. Final Report, Annex 3:
Risk Assessment for Gambusia holbrooki (Girard, 1853) https://doi.org/10.13140/
RG.2.2.34828.33924.

Alcaraz, C,, Vila-Gispert, A., Garcia-Berthou, E., 2005. Profiling invasive fish species: the
importance of phylogeny and human use. Divers. Distrib. 11, 289-298. https://doi.
org/10.1111/j.1366-9516.2005.00170.x.

Alderman, D J., 1996. Geographical spread of bacterial and fungal diseases of crustaceans.
Rev. Sci. Tech. OIE 15, 603-632.

Bariche, M., Kleitou, P., Kalogirou, S., Bernardi, G., 2017. Genetics reveal the identity and
origin of the lionfish invasion in the Mediterranean Sea. Sci. Rep. 7, 6782. https://
doi.org/10.1038/s41598-017-07326-1.

Barney, ].N., DiTomaso, .M., 2010. Bioclimatic predictions of habitat suitability for the bio-
fuel switchgrass in North America under current and future climate scenarios.
Biomass Bioenergy 34, 124-133. https://doi.org/10.1016/j.biombioe.2009.10.009.

Barry, S.C., Hayes, K.R., Hewitt, CLL, Behrens, H.L., Dragsund, E., Bakke, S.M., 2008. Ballast
water risk assessment: principles, processes, and methods. ICES ]. Mar. Sci. 65,
121-131. https://doi.org/10.1093/icesims/fsn004.

Bayne, B.L., Ahrens, M., Allen, S.K., Anglés D'auriac, M., Backeljau, T., Beninger, P., Bohn, R.,
Boudry, P., Davis, |., Green, T., Guo, X., Hedgecock, D., Ibarra, A., Kingsley-Smith, P.,
Krause, M., Langdon, C., Lapégue, S., Li, C., Manahan, D., Mann, R., Perez-Paralle, L.,
Powell, E.N., Rawson, P.D., Speiser, D., Sanchez, J.-L., Shumway, S., Wang, H., 2017.
The proposed dropping of the genus Crassostrea for all Pacific cupped oysters and
its replacement by a new genus Magallana: a dissenting view. ]. Shellfish Res. 36,
545-547. https://doi.org/10.2983/035.036.0301.

Beatty, SJ., Allen, M.G., Whitty, ].M., Lymbery, A].,, Keleher, J]., Tweedley, ].R,, Ebner, B.C.,
Morgan, D.L., 2017. First evidence of spawning migration by goldfish (Carassius
auratus); implications for control of a globally invasive species. Ecol. Freshwat. Fish
26, 444-455. https://doi.org/10.1111/eff.12288.

Beaudouin, R., Ginot, V., Monod, G., 2008. Growth characteristics of eastern mosquitofish
Gambusia holbrooki in a northern habitat (Brittany, France). ]. Fish Biol. 73,
2468-2484. https://doi.org/10.1111/1.1095-8649.2008.02101 x.

Bewick, V., Cheek, L., Ball, |., 2004. Statistics review 13: receiver operating characteristic
curves. Crit. Care 8, 508-512. https://doi.org/10.1186/cc3000.

Bilge, G., Filiz, H., Yapidi, S., Tarkan, AS,, Vilizzi, L, 2019. A risk screening study on the po-
tential invasiveness of Lessepsian fishes in the south-western coasts of Anatolia. Acta
Ichthyol. Piscat. 49, 23-31. https://doi.org/10.3750/AIEP/02422.

Boero, F., Putti, M., Trainito, E., Prontera, E., Piraino, S., Shiganova, T.A., 2009. First records
of Mnemiopsis leidyi (Ctenophora) from the Ligurian, Tyrrhenian and lonian seas
(Western Mediterranean) and first record of Phyllorhiza punctata (Cnidaria) from
the Western Mediterranean. Aquat. Invasions 4, 675-680. https://doi.org/10.3391/
2i.2009.4.4.13.


http://core.ac.uk/labs/oadiscovery/redirect?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.scitotenv.2021.147868&key=1BED6D178C31A1AAB3282D9E3017F268

L. Vilizzi, G.H. Copp, J.E. Hill et al.

Bradley, B.A,, Wilcove, D.S., Oppenheimer, M., 2010. Climate change increases risk of plant
invasion in the Eastern United States. Biol. Invasions 12, 1855-1872. https://doi.org/
10.1007/510530-009-9597-y.

Britton, J.R., Cucherousset, J., Davies, G.D., Godard, M., Copp, G.H., 2010. Non-native
fishes and climate change: predicting species responses to warming tempera-
tures in a temperate region. Freshw. Biol. 55, 1130-1141. https://doi.org/
10.1111/j.1365-2427.2010.02396.x.

Brown, E.A, Chain, FJJ., Zhan, A, Maclsaac, H.J., Cristescu, M.E., 2016. Early detection of
aquatic invaders using metabarcoding reveals a high number of non-indigenous spe-
cies in Canadian ports. Divers. Distrib. 22, 1045-1059. https://doi.org/10.1111/
ddi.12465.

Caley, P., Lonsdale, W.M., Pheloung, P.C., 2006. Quantifying uncertainty in predictions of
invasiveness, with emphasis on weed risk assessment. Biol. Invasions 8, 1595-1604.
https://doi.org/10.1007/s10530-004-0010-6.

Canning-Clode, ]., Fowler, A.E., Byers, J.E., Carlton, J.T., Ruiz, G.M., 2011. ‘Caribbean creep’
chills out: climate change and marine invasive species. PloS One 6, €296547.
https://doi.org/10.1371/journal.pone.0029657.

Castellanos-Galindo, G., Moreno, X., Robertson, R., 2018. Risks to eastern Pacific marine
ecosystems from sea-cage mariculture of alien Cobia. Manag. Biol. Invasions 9,
323-327. https://doi.org/10.3391/mbi.2018.9.3.14.

Gevik, C,, Derici, 0.B., Cevik, F., Cavas, L., 2011. First record of Phyllorhiza punctata von
Lendenfeld, 1884 (Scyphozoa: Rhizostomeae: Mastigiidae) from Turkey. Aquat.
Invasions 6 (Suppl. 1), S27-528. https://doi.org/10.3391/ai.2011.6.51.006.

Chan, ], Zeng, Y., Yeo, D.CJ., 2021. Invasive species trait-based risk assessment for non-
native freshwater fishes in a tropical city basin in Southeast Asia. PLoS ONE 16,
e0248480. https://doi.org/10.1371/journal.pone.0248480.

Chapman, D.S., Gunn, L.D., Pringle, H.E., Siriwardena, G.M., Taylor, P., Thackeray, SJ.,
Willby, N.J., Carvalho, L., 2020. Invasion of freshwater ecosystems is promoted by net-
work connectivity to hotspots of human activity. Glob. Ecol. Biogeogr. 29, 645-655.
https://dot.org/10.1111/geb.13051.

Chaudhary, C., Richardson, AJ., Schoeman, D.S., Costello, M.J., 2021. Global warming is
causing a more pronounced dip in marine species richness around the equator.
Proc. Nat. Acad. Sci. 118, e2015094118. https://doi.org/10.1073/pnas.2015094118.

Clarke, S.A., Vilizzi, L., Lee, L., Wood, L.E., Cowie, W.]., Burt, .A., Mamiit, R.J., Hassina, A.,
Davison, P.L, Fenwick, G.V., Harmer, R., Skéra, M.E., Kozic, S., Aislabie, LR.,
Kennerley, A., Le Quesne, W.J.E,, Copp, G.H., Stebbing, P.D., 2020. Identifying poten-
tially invasive non-native marine and brackish water species for the Arabian Gulf
and Sea of Oman. Glob. Change Biol. 26, 2081-2092. https://doi.org/10.1111/
GCB.14964.

Cohen, ], Screen, |.A., Furtado, ].C., Barlow, M., Whittleston, D., Coumou, D., Francis, ].,
Dethloff, K., Entekhabi, D., Overland, |., Jones, ]., 2014. Recent Arctic amplification and
extreme mid-latitude weather. Nat. Geosci. 7, 627-637. https://doi.org/10.1038/
ngeo2234.

Copp, G.H., Garthwaite, R., Gozlan, R.E., 2005a. Risk identification and assessment of non-
native freshwater fishes: concepts and perspectives on protocols for the UK. Cefas
Science Technical Report. Cefas, Lowestoft, UK www.cefas.co.uk/publications/
techrep/tech129.pdf.

Copp, G.H., Garthwaite, R., Gozlan, R.E., 2005b. Risk identification and assessment of non-
native freshwater fishes: a summary of concepts and perspectives on protocols for the
UK. J. Appl. Ichthyol. 21, 371-373. https://doi.org/10.1111/j.1439-0426.2005.00692.x.

Copp, G.H., Bianco, P.G., Bogutskaya, N., Eros, T., Falka, I, Ferreira, M.T., Fox, M.G., Freyhof,
J., Gozlan, R.E., Grabowska, J., Kovag, V., Moreno-Amich, R, Naseka, A.M., Pefidz, M.,
PovZ, M., Przybylski, M., Robillard, M., Russell, 1.C., Stakénas, S., Sumer, S., Vila-
Gispert, A., Wiesner, C., 2005c. To be, or not to be, a non-native freshwater fish?
J. Appl. Ichthyol. 21, 242-262. https://doi.org/10.1111/j.1439-0426.2005.00690.X.

Copp, G.H., Vilizzi, L, Mumford, ]., Fenwick, G.V., Godard, M J., Gozlan, R.E., 2009. Calibration
of FISK, an invasiveness screening tool for nonnative freshwater fishes. Risk Anal. 29,
457-467. https://doi.org/10.1111/j.1539-6924.2008.01159.x.

Copp, G.H., Russell, 1.C., Peeler, E ], Gherardi, F., Tricarico, E., MacLeod, A., Cowx, 1.G., Nunn,
A.N., Occhipinti-Ambrogi, A., Savini, D., Mumford, J., Britton, ].R., 2016a. European
non-native species in aquaculture risk analysis scheme — a summary of assessment
protocols and decision making tools for use of alien species in aquaculture. Fish.
Manag. Ecol. 23, 1-11. https://doi.org/10.1111/fme.12074.

Copp, G.H., Vilizzi, L, Tidbury, H., Stebbing, P.D., Tarkan, A.S., Miossec, L., Goulletquer, P.,
2016b. Development of a generic decision-support tool for identifying potentially in-
vasive aquatic taxa: AS-ISK. Manag. Biol. Invasions 7, 343-350. https://doi.org/
10.3391/mbi.2016.7.4.04.

Copp, G.H., Vilizzi, L., Wei, H., Li, S., Piria, M., Al-Faisal, AJ., Almeida, D., Atique, U., Al-
Wazzan, Z., Bakiu, R, Basi¢, T., Bui, T.D., Canning-Clode, ]., Castro, N., Chaichana, R.,
Coker, T., Dashinov, D., Ekmekgi, F.G., Erés, T, Ferincz, A, Ferreira, T., Giannetto, D.,
Gilles Jr., A.S., Glowacki, 1., Goulletquer, P., Interesova, E., Igbal, S., Jakub€inovi, K.,
Kanongdate, K., Kim, ].-E., Kopecky, O., Kostov, V., Koutsikos, N., Kozic, S., Kristan, P.,
Kurita, Y., Lee, H--G., Leuven, RS.EW., Lipinskaya, T., Lukas, J., Marchini, A., Gonzilez
Martinez, AL, Masson, L., Memedemin, D., Moghaddas, 5.D., Monteiro, ], Mumnladze,
L., Naddafi, R, Navodaru, L, Olsson, K.H., Onikura, N., Paganelli, P, Pavia Jr., R.T,,
Perdikaris, C., Pickholz, R., Pietraszewski, D., PovZ, M., Preda, C., Ristovska, M.,
Rosikovd, K., Santos, ] M., Semenchenko, V., Senanan, W., Simonovic, P., Smeti, E.,
Stevove, B., Svolikova, K, Ta, KAT, Tarkan, AS., Top, N, Tricarico, E., Uzunova, E.,
Vardakas, L., Verreyken, H., Zigba, G., Mendoza, R., 2021. Speaking their language -
development of a multilingual decision-support tool for communicating invasive spe-
cies risks to decision makers and stakeholders. Environ. Modell. Softw. 135, 104900.
https://doi.org/10.1016/j.envsoft.2020.104900.

Crivelli, AJ,, 1995. Are fish introductions a threat to endemic freshwater fishes in the northern
Mediterranean region? Biol. Conserv. 72, 311-319. https://doi.org/10.1016/0006-3207
(94)00092-5.

14

Science of the Total Environment 788 (2021) 147868

David, M,, Gollasch, S., 2018. How to approach ballast water management in European seas.
Estuar. Coast. Shelf Sci. 201, 248-255. https://doi.org/10.1016/j.ecss.2016.10.018.

David, M,, Gollasch, S., 2019. Risk assessment for ballast water management — learning from
the Adriatic Sea case study. Mar. Pollut. Bull. 147, 36-46. https://doi.org/10.101~/4
marpolbul.2018.02.003.

David, M., Gollasch, S., Leppdkoski, E., 2013. Risk assessment for exemptions from ba
water management — the Baltic Sea case study. Mar. Pollut. Bull. 75, 205-217. htt)
doi.org/10.1016/j.marpolbul.2013.07.031.

Deidun, A., Sciberras, |., Sciberras, A., Gauci, A, Balistreri, P,, Salvatore, A., Piraino, S., ~
The first record of the white-spotted Australian jellyfish Phyllorhiza punctat
Lendenfeld, 1884 from Maltese waters (western Mediterranean) and from the |
coast of Italy. Biolnvasions Rec. 6, 119-124. https://doi.org/10.3391/bir.2017.6.

D’hondt, B, Vanderhoeven, S., Roelandt, S., Mayer, F., Versteirt, V., Adriaens, T., Duck | |
E., San Martin, G., Grégoire, ].C, Stiers, L, Quoilin, S., 2015. Harmonia+ and Pandora+:
risk screening tools for potentially invasive plants, animals and their pathogens. Biol.
Invasions 17, 1869-1883. https://doi.org/10.1007/s10530-015-0843-1.

Dodd, J.A., Vilizzi, L., Bean, CW., Davison, P.I., Copp, G.H., 2019. At what spatial scale
should risk screenings of translocated freshwater fishes be undertaken - river basin
district or climo-geographic designation? Biol. Conserv. 230, 122-130. https://doi.
org/10.1016/j.biocon.2018.12.002.

Drinkwater, K.F., 2006. The regime shift of the 1920s and 1930s in the North Atlantic.
Progr. Oceanogr. 68, 134-151. https://doi.org/10.1016/j.pocean.2006.02.011.

Early, R, Bradley, B.A, Dukes, ].S., Lawler, ]J., Olden, ].D., Blumenthal, D.M., Gonzalez, P.,
Grosholz, E.D,, Ibafiez, I, Miller, L.P., Sorte, C].B., Tatem, AJ., 2016. Global threats
from invasive alien species in the twenty-first century and national response capac-
ities. Nat. Commun. 7, 12485, https://doi.org/10.1038/ncomms12485.

Eissa, AE., Zaki, M.M,, 2011. The impact of global climatic changes on the aquatic environ-
ment. Procedia Environ. Sci. 4, 251-259. https://doi.org/10.1016/j.proenv.2011.03.030.

European Union, 2014. Regulation (EU) No 1143/2014 of the European Parliament and of
the Council of 22 October 2014 on the prevention and management of the introduc-
tion and spread of invasive alien species. Off. J. Eur. Union L 317, 35. https://eur-lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32014R1143.

Filiz, H., Tarkan, A.S., Bilge, G., Yapici, S., 2017a. Assessment of invasiveness potential of
Pterois miles by the aquatic species invasiveness screening kit. J. Black Sea/Mediterra-
nean Environ. 23, 17-37. http://blackmeditjournal.org/wp-content/uploads/
2.2312017-H-Filiz.pdf.

Filiz, H., Yapicy, S., Bilge, G., 2017b. The factors increasing of invasiveness potential of five
pufferfishes in the eastern Mediterranean, Turkey. Nat. Eng. Sci. 2 (Suppl), 22-30.
www.nesciences.com/download.php?id=238.

Fitzpatrick, M.C,, Hargrove, W.W., 2009. The projection of species distribution models and
the problem of non-analog climate. Biodivers. Conserv. 18, 2255. https://doi.org/
10.1007/s10531-009-9584-8.

Gherardi, F.,, Gollasch, S., Minchin, D., Olenin, S., Panov, V.E., 2009. Alien invertebrates and
fish in European inland waters. Handbook of Alien Species in Europe. Springer Series
in Invasion Ecology vol 3. Springer, Dordrecht, pp. 81-92. https://doi.org/10.1007/
978-1-4020-8280-1_6.

Glamuzina, B., Tutman, P., Nikoli¢, V., Vidovit, Z., Pavlicevic, ]., Vilizzi, L., Copp, G.H.,
Simonovic, P, 2017. Comparison of taxon-specific and taxon-generic risk screening
tools to identify potentially invasive non-native fishes in the River Neretva catchment
(Bosnia and Herzegovina and Croatia). River Res. Appl. 33, 670-679. https://doi.org/
10.1002/rra.3124.

Glamuzina, B., Tutman, P., Glamuzina, L., Vidovit, Z., Simonovi¢, P., Vilizzi, L., 2021.
Quantifying current and future risks of invasiveness of non-native aquatic species
in highly urbanised estuarine ecosystems-a case study of the River Neretva Estuary
(Eastern Adriatic Sea: Croatia and Bosnia-Herzegovina). Fish. Manag. Ecol. https://
doi.org/10.1111/FME.12463.

Gordon, D.R., Onderdonk, D.A., Fox, A.M., Stocker, R.K,, 2008. Consistent accuracy of the
Australian weed risk assessment system across varied geographies. Divers. Distrib.
14, 234-242. https://doi.org/10.1111/j.1472-4642.2007.00460.x.

Grabowska, ]., Kotusz, ], Witkowski, A., 2010. Alien invasive fish species in Polish waters:
an overview. J. Vertebr. Biol. 59, 73-85. https://doi.org/10.25225/fozo.v59.i11.a1.2010.

Gueroun, S.KM.,, Kéfi-Daly Yahia, O., Deidun, A., Fuentes, V., Piraino, S., Daly Yahia, M.N.,
2014. First record and potential trophic impact of Phyllorhiza punctata (Cnidaria:
Scyphozoa) along the north Tunisian coast (South Western Mediterranean Sea).
Ital. J. Zool. 82, 95-100. https://doi.org/10.1080/11250003. 2014.981306.

Halas, D., Lovejoy, N., Mandrak, N.E., 2018. Undetected diversity of goldfish (Carassius
spp.) in North America. Aquat. Invasions 13, 211-219. https://doi.org/10.3391/
2i.2018.13.2.03.

Haubrock, P.J., Copp, G.H., Johovig, L., Balzani, P., Inghilesi, A.F., Nocita, A., Tricarico, E.,
2021. North American channel catfish, Ictalurus punctatus: a neglected but potentially
invasive freshwater fish species? Biol. Inv. https://doi.org/10.1007/s10530-021-
02459-x.

Hellmann, |J., Byers, |.E., Bierwagen, B.G., Dukes, |.S., 2008. Five potential consequences of
climate change for invasive species. Conserv. Biol. 22, 534-543. https://doi.org/
10.1111/j.1523-1739.2008.00951.x.

Hickling, R., Roy, D.B., Hill, J.K,, Fox, R., Thomas, C.D., 2006. The distributions of a wide
range of taxonomic groups are expanding polewards. Glob. Change Biol. 12,
450-455. https://doi.org/10.1111/j.1365-2486.2006.01116.x.

Holman, L.E., de Bruyn, M., Creer, S., Carvalho, G., Robidart, |, Rius, M., 2019. Detection of
introduced and resident marine species using environmental DNA metabarcoding of
sediment and water. Sci. Rep. 9, 11559. https://doi.org/10.1038/541598-019-47899-
7.

Hughes, RM., Kaufmann, P.R,, Herlihy, A.T., Kincaid, .M., Reynolds, L., Larsen, D.P., 1998. A
process for developing and evaluating indices of fish assemblage integrity. Can. ]. Fish.
Aquat. Sci. 55, 1618-1631. https://doi.org/10.1139/f98-060.


http://core.ac.uk/labs/oadiscovery/redirect?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.scitotenv.2021.147868&key=1BED6D178C31A1AAB3282D9E3017F268

L. Vilizzi, G.H. Copp, J.E. Hill et al.

Hulme, P.E., 2009. Trade, transport and trouble: managing invasive species pathways in
an era of globalization. ]. Appl. Ecol. 46, 10-18. https://doi.org/10.1111/j.1365-
2664.2008.01600.x.

Interesova, E., Vilizzi, L., Copp, G.H., 2020. Risk screening of the potential invasiveness of
non-native freshwater fishes in the River Ob basin (West Siberian Plain, Russia).
Reg. Environ. Change 20, 64. https://doi.org/10.1007/510113-020-01644-3.

IPCC, 2005. Guidance Notes for Lead Authors of the IPCC Fourth Assessment Report on
Addressing Uncertainties. Intergovernmental Panel on Climate Change, WMO &
UNEP www.ipcc.ch/site/assets/uploads/2018/02/ar4-uncertaintyguidancenote-1.pdf.

IPCC, 2014. Climate change 2014: synthesis report. In: Core Writing Team, Pachauri, RK,,
Meyer, LA. (Eds.), Contribution of Working Groups I, Il and Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzerland
https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_ARS5_FINAL_full_wcover.pdf.

Kaiser, B.A., Burnett, K.M., 2010. Spatial economic analysis of early detection and rapid re-
sponse strategies for an invasive species. Resour. Energy Econ. 32, 566-585. https://
doi.org/10.1016/j.reseneeco.2010.04.007.

Katsanevakis, S., Gatto, F., Zenetos, A., Cardoso, A.C, 2013. How many marine aliens in
Europe. Manag. Biol. Invasions 4, 37-42. https://doi.org/10.3391/mbi.2013.4.1.05.

Kennedy, V.S., 1990. Anticipated effects of climate change on estuarine and coastal fisher-
ies. Fisheries 15, 16-24. https://doi.org/10.1577/1548-8446(1990)015<0016:
AEOCC0>2.0.CO;2.

Kernan, M., 2015. Climate change and the impact of invasive species on aquatic ecosystems.
Aquat. Ecosyst. Health 18, 321-333. https: //doi.org/10.1080/14634988.2015.1027636.

Killi, N., Tarkan, A.S., Kozic, S., Copp, G.H., Davison, P.L, Vilizzi, L., 2020. Risk screening of
the potential invasiveness of non native jellyfishes in the Mediterranean Sea. Mar.
Pollut. Bull. 150, 110728. https://doi.org/10.1016/j.marpolbul.2019.110728.

Kirtman, B.P., Misra, V., Anandhi, A,, Palko, D., Infanti, ], 2017. Future climate change scenar-
ios for Florida. In: Chassignet, E.P., Jones, JW., Misra, V., Obeysekera, ]. (Eds.), Florida’s
Climate: Changes, Variations, & Impacts. Florida Climate Institute, Gainesville, FL,
pp. 533-555.

Komsta, L., Novomestky, F., 2015. Moments — moments, cumulants, skewness, kurtosis
and related tests. R package version 0.14. http://CRAN.R-project.org/package=
moments.

Kug, J.-S., Jeong, J.-H., Jang, Y.-S., Kim, B.-M., Folland, C.K., Min, S.-K., Son, S.-W., 2015. Two
distinct influences of Arctic warming on cold winters over North America and East
Asia. Nat. Geosci. 8, 759-762. https://doi.org/10.1038/ngeo2517.

Kumar, L., Kumari, K., Gogoi, P., Manna, R.K., Madayi, R.C., Salim, S.M., Muttanahalli
Eregowda, V., Raghavan, S.V., Das, B.K,, 2021. Risk analysis of non-native three-spot
cichlid, Amphilophus trimaculatus, in the River Cauvery (India). Fisher. Manag. Ecol.
https://doi.org/10.1111/fme.12467 in press.

Kumschick, S., Richardson, D.M., 2013. Species-based risk assessments for biological inva-
sions: advances and challenges. Divers. Distrib. 19, 1095-1105. https://doi.org/
10.1111/ddi.12110.

Leuven, R.S.EW.,, van der Velde, G., Baijens, L, Snijders, ], van der Zwart, C,, Lenders, HJ.R.,
bij de Vaate, A., 2009. The river Rhine: a global highway for dispersal of aquatic inva-
sive species. Biol. Invasions 11, 1989-2008. https://doi.org/10.1007/510530-009-
9491-7.

Li, S., Chen, J., Wang, X., Copp, G.H., 2017. Invasiveness screening of non-native fishes for
the middle reach of the Yarlung Zangbo River, Tibetan Plateau, China. River Res. Appl.
33, 1439-1444. https://doi.org/10.1002/rra.3196.

Litchman, E., 2010. Invisible invaders: non-pathogenic invasive microbes in aquatic and
terrestrial ecosystems. Ecol. Lett. 13, 1560-1572. https://doi.org/10.1111/j.1461-
0248.2010.01544 x.

Loo, J.A., 2008. Ecological impacts of non-indigenous invasive fungi as forest pathogens.
In: Langor, D.W., Sweeney, J. (Eds.), Ecological Impacts of Non-Native Invertebrates
and Fungi on Terrestrial Ecosystems. Springer, Dordrecht, pp. 81-96.

Lowe, S., Browne, M., Boudjelas, S., De Poorter, M., 2000. 100 of the World's Worst
Invasive Alien Species: A Selection From the Global Invasive Species Database. Vol.
12. Invasive Species Specialist Group, Auckland, New Zealand. www.issg.org/pdf/
publications/worst_100/english_100_worst.pdf.

Lyons, T.J., Tuckett, Q.M., Donahou, A.D., Hill, J.E., 2020. Risk screen of lionfishes, Pterois,
Dendrochirus, and Parapterois, for southeastern United States coastal waters of the
Gulf of Mexico and Atlantic Ocean. Biol. Inv. 22, 1573-1583. https://doi.org/
10.1007/s10530-020-02203-x.

Magalhdes, A.LB.D., Jacobi, C.M., 2013. Invasion risks posed by ornamental freshwater fish
trade to southeastern Brazilian rivers. Neotrop. Ichthyol. 11, 433-441. https://doi.org/
10.1590/S1679-62252013005000003.

McCauley, R, Beitinger, T., 1992. Predicted effects of climate warming on the commercial
culture of the channel catfish, Ictalurus punctatus. GeoJournal 28, 61-66. https://doi.
org/10.1007/BF00216407.

McKinney, M.L, 1998. On predicting biotic homogenization: species-area patterns in ma-
rine biota. Glob. Ecol. Biogeogr. Lett. 7, 297-301. https://doi.org/10.2307/2997604.

Moghaddas, S.D., Abdoli, A, Kiabi, B.H., Rahmani, H., 2020. Risk assessment of the poten-
tial invasiveness of Coptodon zillii (Gervais, 1848) in Anzali Wetland using AS-ISK.
Model. Environ. Sci. 18, 255-270 In Persian. 10.29252/envs.18.2.255.

Moghaddas, S.D., Abdoli, A., Kiabi, B.H., Rahmani, H., Vilizzi, L., Copp, G.H., 2021. Identifying
invasive fish species threats to RAMSAR wetland sites in the Caspian Sea region - a
case study of the Anzali Wetland Complex (Iran). Fish. Manag. Ecol. 28, 28-39.
https://doi.org/10.1111/fime.12453.

Mumford, ].D., Booy, O., Baker, RH.A., Rees, M., Copp, G.H., Black, K., Holt, ], Leach, AW.,
Hartley, M., 2010. Non-native species risk assessment in Great Britain. In: Evans, A.
(Ed.), What Makes an Alien Invasive? Risk and Policy Responses. Aspects of Applied
Biology 104. Association of Applied Biologists, pp. 49-54.

O'Donnell, ], Gallagher, RV., Wilson, P.D., Downey, P.O., Hughes, L., Leishman, M.R,, 2012. In-
vasion hotspots for non-native plants in Australia under current and future climates.
Glob. Change Biol. 18, 617-629. https://doi.org/10.1111/j.1365-2486.2011.02537 x.

15

Science of the Total Environment 788 (2021) 147868

Paganelli, D., Pandolfi, A., Sconfietti, R., Marchini, A., Vilizzi, L., 2018. Potential invasiveness
by non-indigenous macrozoobenthos in the secondary hydrographic system of a
temperate-climate river catchment. Ecol. Indic. 88, 274-281. https://doi.org/10.1016/
jecolind.2018.01.037.

Peel, M.C,, Finlayson, B.L., McMahon, T.A., 2007. Updated world map of the Képpen-Ge
climate classification. Hydrol. Earth Sys. Sci. 4, 439-473. www.hydrol-earth-syst:
discuss.net/4/439/2007/.

Peeler, E.J., Murray, A.G., Thebault, A, Brun, E., Giovaninni, A., Thrush, M.A., 2007. The
plication of risk analysis in aquatic animal health management. Prev. Vet. Me”
3-20. https://doi.org/10.1016/j.prevetmed.2007.04.012.

Pheloung, P.C, Williams, P.A.,, Halloy, S.R., 1999. A weed risk assessment model for 1
a biosecurity tool evaluating plant introductions. J. Environ. Manag. 57, 239
https://doi.org/10.1006/jema.1999.0297.

Powel, R, Conant, R., Collins, J., 1991. Peterson Field Guides: Reptiles and Amphibians of
Eastern/Central North America. Houghton Mifflin Co., Boston, US.A.

Puntila, R., Vilizzi, L., Lehtiniemi, M., Copp, G.H., 2013. First application of FISK, the fresh-
water fish invasiveness screening Kit, in Northern Europe: example of Southern
Finland. Risk Anal. 33, 1397-1403. https://doi.org/10.1111/risa.12069.

Quero, J.C,, 1998. Changes in the Euro-Atlantic fish species composition resulting from
fishing and ocean warming. Ital. J. Zool. 65 (S1), 493-499. https://doi.org/10.1080/
11250009809386873.

R Development Core Team, 2020. R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna, Austria www.r-project.org/.

Radotaj, T., Spelié, L, Piria, M., Vilizzi, L., 2021. Identifying threats from introduced and
translocated non-native freshwater fishes in Croatia and Slovenia under current
and future climatic conditions. Global Ecol. Conserv. 27, e01520. https://doi.org/
10.1016/j.gecco.2021.e01520.

Rahel, FJ., 2000. Homogenization of fish faunas across the United States. Science 288
(5467), 854-856. https://doi.org/10.1126/science.288.5467.854.

Rahel, F.J., Olden, ].D., 2008. Assessing the effects of climate change on aquatic invasive spe-
cies. Conserv. Biol. 22, 521-533. https: //doi.org/10.1111/j.1523-1739.2008.00950.x.

Rehage, |.S., Blanchard, J.R., Boucek, R.E., Lorenz, ], Robinson, M., 2016. Knocking back in-
vasions: variable resistance and resilience to multiple cold spells in native vs. nonna-
tive fishes. Ecosphere 7, e01268. https://doi.org/10.1002/ecs2.1268.

Renaud, P.E., Berge, ], Varpe, @, Lenne, O], Nahrgang, J., Ottesen, C, Hallanger, I, 2012. Is
the poleward expansion by Atlantic cod and haddock threatening native polar cod,
Boreogadus saida? Polar Biol. 35, 401-412. https://doi.org/10.1007/s00300-011-
1085-z.

Rippingale, R]., Kelly, 5., 1995. Reproduction and survival of Phyllorhiza punctata
(Cnidaria: Rhizostomeae) in a seasonally fluctuating salinity regime in Western
Australia. Mar. Freshw. Res. 46, 1145-1151. https://doi.org/10.1071/MF9951145.

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchegz, ].-C., Miiller, M., 2011.
pROC: an open-source package for R and S+ to analyze and compare ROC curves.
BMC Bioinformatics 12, 77. https://doi.org/10.1186/1471-2105-12-77.

Roessig, .M., Woodley, C.M., Cech, ]J., Hansen, L., 2004. Effects of global climate change
on marine and estuarine fishes and fisheries. Rev. Fish Biol. Fish. 14, 251-275. https://
doi.org/10.1007/s11160-004-6749-0.

Root, T.L., Price, |.T., Hall, K.R., Schneider, S.H., Rosenzweig, C., Pounds, ] A., 2003. Fingerprints
of global warming on wild animals and plants. Nature 421, 57-60. https://doi.org/
10.1038/nature01333.

Roy, H.E., Rabitsch, W., Scalera, R., Stewart, A., Gallardo, B., Genovesi, P., Essl, F., Adriaens,
T., Bacher, S., Booy, O., Branquart, E., Brunel, S., Copp, G.H., Dean, H., D’hondt, B.,
Josefsson, M., Kenis, M., Kettunen, M., Linnamagi, M., Lucy, F., Martinou, A., Moore,
N., Nentwig, W., Nieto, A., Pergl, |., Peyton, ., Roques, A., Schindler, S., Schonrogge,
K., Solarz, W., Stebbing, P.D., Trichkova, T., Vanderhoeven, S., van Valkenburg, ].,
Zenetos, A, 2018. Developing a framework of minimum standards for the risk assess-
ment of alien species. J. Appl. Ecol. 55, 526-538. https://doi.org/10.1111/1365-
2664.13025.

Ruggiero, M.A., Gordon, D.P., Orrell, T.M., Bailly, N., Bourgoin, T., Brusca, R.C., Cavalier-
Smith, T., Guiry, M.D,, Kirk, P.M., 2015. A higher level classification of all living organ-
isms. PloS ONE 10, e0119248. https://doi.org/10.1371/journal.pone.0119248.

Ruykys, L., Ta, KA.T., Bui, T.D., Vilizzi, L, Copp, G.H., 2021. Risk screening of the potential
invasiveness of non-native aquatic species in Vietnam. Biol. Invasions https://doi.org/
10.1007/s10530-020-02430-2 in press.

Scavia, D., Field, J.C,, Boesch, D.F,, Buddemeier, RW., Burkett, V., Cayan, D.R., Fogarty, M.,
Harwell, M.A., Howarth, R.W., Mason, C, Reed, D.J., 2002. Climate change impacts
on US coastal and marine ecosystems. Estuaries 25, 149-164. https://doi.org/
10.1007/BF02691304.

Schofield, P.J., 2010. Update on geographic spread of invasive lionfishes (Pterois volitans
|Linnaeus, 1758] and P. miles [Bennett, 1828]) in the Western North Atlantic Ocean,
Caribbean Sea and Gulf of Mexico. Aquat. Invasions 5, 117-122. https://doi.org/
10.3391/ai.2010.5.51.024.

Scriber, K.T., Evans, |.E., Morreale, S.J., Smith, M.H., Gibbons, |.W., 1986. Genetic divergence
among populations of the yellow-bellied slider turtle (Pseudemys scripta) separated
by aquatic and terrestrial habitats. Copeia 1986, 691-700. https://doi.org/10.2307/
1444951,

Semenchenko, V., Lipinskaya, T., Vilizzi, L., 2018. Risk screening of non-native macroinver-
tebrates in the major rivers and associated basins of Belarus using the Aquatic Species
Invasiveness Screening Kit. Manag. Biol. Inv. 9, 127-136. https://doi.org/10.3391/
mbi.2018.9.2.06.

Shackleton, R.T., Shackleton, C.M., Kull, C.A., 2019. The role of invasive alien species in
shaping local livelihoods and human well-being: a review. ]. Environ. Manag. 229,
145-157. https://doi.org/10.1016/j.jenvman.2018.05.007.

Smith, CS., Lonsdale, W.M,, Fortune, J., 1999. When to ignore advice: invasion predictions and
decision theory. Biol. Invasions 1, 89-96. https://doi.org/10.1023/A:1010091918466.


http://core.ac.uk/labs/oadiscovery/redirect?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.scitotenv.2021.147868&key=1BED6D178C31A1AAB3282D9E3017F268

L. Vilizzi, G.H. Copp, J.E. Hill et al.

Souty-Grosset, C., Holdich, D.M,, Noél, P.Y., Reynolds, ].D., Haffner, P., 2006. Atlas of cray-
fish in Europe. Collection Patrimoines Naturels. Vol. 64. Museum National d'Histoire
Naturelle, Paris.

Spalding, M.D., Fox, H.E., Allen, G.R., Davidson, N., Ferdaia, Z.A., Finlayson, M.AX,,
Halpern, B.S., Jorge, M.A., Lombana, AL, Lourie, S.A., Martin, K.D., 2007. Marine
ecoregions of the world: a bioregionalization of coastal and shelf areas. BioScience
57, 573-583. https://doi.org/10.1641/B570707.

Stasolla, G., Tricarico, E., Vilizzi, L., 2020. Risk screening of the potential invasiveness of
non-native marine crustacean decapods and barnacles in the Mediterranean Sea.
Hydrobiologia https://doi.org/10.1007/s10750-020-04432-6 in press.

Statzner, B., Bonada, N., Dolédec, S., 2008. Biological attributes discriminating invasive
from native European stream macroinvertebrates. Biol. Invasions 10, 517-530.
https://doi.org/10.1007/510530-007-9148-3.

Suresh, VR, Ekka, A., Biswas, D.K,, Sahu, S.K, Yousuf, A, Das, S., 2019. Vermiculated sailfin
catfish, Pterygoplichthys disjunctivus (Actinopterygii: Siluriformes: Loricariidae): inva-
sion, biology, and initial impacts in east Kolkata Wetlands, India. Acta Ichthyol. Piscat.
49, 221-233. https://doi.org/10.3750/AIEP/02551.

Tarkan, AS., Gaygusuz, O., Giirsoy-Gaygusuz, C., Sag, G., Copp, G.H., 2012. Circumstantial
evidence of gibel carp Carassius gibelio reproductive interference exerted on native
fish species in a mesotrophic reservoir. Fish. Manag. Ecol. 19, 167-177. https://doi.
org/10.1111/j.1365-2400.2011.00839.x.

Tarkan, A.S., Vilizzi, L., Top, N., Ekmekgi, F.G., Stebbing, P.D., Copp, G.H., 2017a. Identifica-
tion of potentially invasive freshwater fishes, including translocated species, in
Turkey using the Aquatic Species Invasiveness Screening Kit (AS-ISK). Int. Rev.
Hydrobiol. 102, 47-56. https://doi.org/10.1002/iroh.201601877.

Tarkan, A.S., Sar1, H.M,, Ilhan, A., Kurtul, 1, Vilizzi, L., 2017b. Risk screening of non-native
and translocated freshwater fish species in a Mediterranean-type shallow lake:
Lake Marmara (West Anatolia). Zool. Middle East 63, 48-57. https://doi.org/
10.1080/09397140.2017.1269398.

UK-TAG ASG, 2021. Alien species classification according to level of impact - revised list
(29/01/2021). UK Technical Advisory Group on the Water Framework Directive.

16

Science of the Total Environment 788 (2021) 147868

Alien Species Group Available at:. www.wfduk.org/sites/default/files/UKTAG%
20classification%200f%20alien%20species#20working%20paper#%20v8.pdf.

Urban, M.C,, Bocedi, G., Hendry, A.P., Mihoub, J.-B., Peer, G., Singer, A, Bridle, ].R,, Crozier,
L.G., De Meester, L., Godsoe, W., Gonzalez, A, Hellmann, |.J., Holt, RD., Huth, A, Johst
K., Krug, CB., Leadley, PW., Palmer, S.CF,, Pantel, ].H., Schmitz, A., Zollner, P.A, Ta
J.M., 2016. Improving the forecast for biodiversity under climate change. Scic
353, 6304. https://doi.org/10.1126/science.aad8466.

Uyan, U., Oh, C-W., Tarkan, A.S., Top, N., Copp, G.H., Vilizzi, L., 2020. Risk screening ol
potential invasiveness of non-native marine fishes in South Korea. Mar. Pollut '
153, 111018. https://doi.org/10.1016/j.marpolbul.2020.111018.

VanDerWal, ], Murphy, H.T., Kutt, AS., Perkins, G.C., Bateman, B.L, Perry, ] J., Reside, A.E.,
Focus on poleward shifts in species’ distribution underestimates the fingerprint
mate change. Nat. Clim. Chang. 3, 239-243. https://doi.org/10.1038/nclimate 1688

Vilizzi, L., Copp, G.H., Adamovich, B., Almeida, D., Chan, J., Davison, P.I, Dembski, S.,
Ekmekgi, F.G., Ferincz, A., Forneck, S.C., Hill, ] E., Kim, ].-E., Koutsikos, N., Leuven,
R.S.EW., Luna, S.A., Magalhdes, F., Marr, S.M., Mendoza, R., Mourdo, C.F, Neal, JW.,
Onikura, N., Perdikaris, C., Piria, M., Poulet, N., Puntila, R., Range, L.L., Simonovic, P.,
Ribeiro, F., Tarkan, A.S., Troca, D.F.A,, Vardakas, L., Verreycken, H., Vintsek, L., Weyl,
0.LF, Yeo, D.CJ, Zeng, Y., 2019. A global review and meta-analysis of applications
of the freshwater Fish Invasiveness Screening Kit. Rev. Fish Biol. Fisher. 29,
529-568. https://doi.org/10.1007/s11160-019-09562-2.

Wei, H., Chaichana, R, Vilizzi, L., Daengchana, P., Liu, F,, Nimtim, M., Zhu, Y., Li, S, Hu, Y.,
Copp, G.H., 2021. Do non-native ornamental fishes pose a similar level of invasion
risk in neighbouring regions of similar current and future climate? Aquat. Conserv.
https://doi.org/10.1002/aqc.3609 in press.

Wilson, M.A,, Carpenter, S.R., 1999. Economic valuation of freshwater ecosystem services
in the United States: 1971-1997. Ecol. Appl. 9, 772-783. https://doi.org/10.1890/
1051-0761(1999)009[0772:EVOFES|2.0.CO;2.

Zigba, G., Vilizzi, L., Copp, G.H., 2020. How likely is Lepomis gibbosus to become invasive in
Poland under conditions of climate warming? Acta Ichthyol. Piscat. 50, 37-51.
https://doi.org/10.3750/AIEP/02390.


http://core.ac.uk/labs/oadiscovery/redirect?url=https%3A%2F%2Fdoi.org%2F10.1016%2Fj.scitotenv.2021.147868&key=1BED6D178C31A1AAB3282D9E3017F268

	AGlobalScaleScreeningOfNonCopyright
	Federation University ResearchOnline
	https://researchonline.federation.edu.au


	AGlobalScaleScreeningOfNon

