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Abstract
Human-induced biological introductions pose a major threat to global biodiversity, and this is especially frequent in the 
eastern Mediterranean region, which is a globally important biodiversity hotspot area of high conservation value. To 
predict at which level introduced species in this region might become invasive under current and projected climate 
conditions, 232 non-native aquatic organisms were screened using the Aquatic Species Invasiveness Screening Kit. 
Based on receiver operative characteristic curve analysis, thresholds were identified to distinguish between low, medium 
and high risk species. The “top invasive” (very high risk) species identified were: brown bullhead Ameiurus nebulosus, blue 
crab Callinectes sapidus, gibel carp Carassius gibelio, Philippine catfish Clarias batrachus, Chinese mitten crab Eriocheir 
sinensis, bluespotted cornetfish Fistularia commersonii, silver carp Hypophthalmichthys molitrix, silver-cheeked toadfish 
Lagocephalus sceleratus, half-smooth golden pufferfish Lagocephalus spadiceus, Suez pufferfish Lagocephalus suezensis, signal 
crayfish Pacifastacus leniusculus, fathead minnow Pimephales promelas, channeled applesnail Pomacea canaliculata, red swamp 
crayfish Procambarus clarkii, devil firefish Pterois miles and European catfish Silurus glanis. The risk of being invasive of more 
than half of the screened species increased after taking global warming predictions into account, and several species 
considered to be globally invasive (cf. high risk) were classified as posing only a medium risk for the eastern Mediterranean 
region. Region-specific risk screenings, as implemented in this study, are therefore essential for setting priorities in 
preventative management for the conservation of key biodiversity hotspots and the optimal allocation of resources in 
view of full risk assessment for the species identified as (very) high risk.
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1 Introduction

The number of introduced non-native species 
(NNS) worldwide has increased exponentially in 
recent times (Hulme et al. 2008, 2009; Vilà et al. 
2010). As a result, species invasions are now widely 
recognised as a major threat to biodiversity that 
leads to biotic homogenisation at large spatial scales 
(McKinney & Lockwood 1999; Villéger et al. 2011) 
and represents a major contributor to animal extinc-
tions (Clavero & García-Berthou 2005; Clavero 
et al. 2009). The threats posed by invasive NNS 
include both direct impacts due to predation, com-
petition, hybridisation, habitat modification and 
transmission of novel diseases (Gozlan et al. 2006; 
McDowall 2006; Yonekura et al. 2007; Hatcher 
et al. 2012; Muhlfeld et al. 2014), and indirect 
impacts related to economic costs and associated 
risks (Andersen et al. 2004; Gozlan et al. 2010).

The Mediterranean region is one of the world’s 
main aquatic biodiversity hotspots (Coll et al. 2010, 
2012; Lejeusne et al. 2010; Tedesco et al. 2012) and 
one of the longest human-inhabited and most den-
sely populated regions in the world due to its suita-
ble climate for agricultural products. This long 
history of elevated human settlement has resulted 
in dramatic habitat alteration, water pollution, high 
levels of water extraction and regulation, shipping, 
aquaculture, as well as deliberate and accidental 
introductions of 500+ NNS (Katsanevakis et al. 
2014; Nunes et al. 2015). In the Mediterranean 
Sea, there are ≈ 17,000 species with a high rate 
(20–30%) of endemism (Coll et al. 2010) and sev-
eral ecological hotspots with high concentration of 
endangered, threatened or vulnerable species, as in 
the case of most western Mediterranean shelves (e.g. 
Strait of Gibraltar and Alboran Sea, north-west 
African coasts, Adriatic and Aegean seas: Coll 
et al. 2010). The Mediterranean region hosts several 
range-restricted species (e.g. Barbieri et al. 2015) 
and some 350 freshwater fish species of which nearly 
two thirds are endemic (Smith et al. 2014). Of these 
species, more than 40% are currently classified as 
“threatened with extinction” due to their restricted 
distribution and habitat requirements, which makes 
them of high conservation value. Also, despite its 
predominant semi-arid/arid conditions, the eastern 
Mediterranean region (EMR) hosts a large number 
of freshwater species (Smith et al. 2014) most of 
which are endemic and threatened by water extrac-
tion, dams, pollution and NNS introductions, with 
fish and crustacean decapods being the most detri-
mentally affected (Smith et al. 2014). Further, 
within the EMR, the Levantine Basin is highly 
dominated by the invasion of species entering via 

the Suez Canal (Galil 2011; Edelist et al. 2013; 
Katsanevakis et al. 2014; Rilov et al. 2018).

The application of decision-support tools to iden-
tify and prioritise potentially-invasive NNS is 
a crucial step in the risk analysis process, which 
involves: risk identification (= screening), compre-
hensive risk assessment, risk management, and risk 
communication (e.g. Copp et al. 2016a). These 
tools, which aim to assess and quantify invasion 
risks, can provide information about key recipient 
areas of NNS introductions to aid implementation 
of surveillance and prevention measures, such as 
those for compliance with the European Regulation 
1143/2014 on the prevention and management of 
the introduction and spread of invasive alien species 
(European Commission 2014). The purpose of the 
present study was to evaluate the level of risk of 
invasiveness of a variety of aquatic (i.e. freshwater, 
brackish and marine) organisms for the EMR by 
collating into a meta-analysis a number of risk 
screening applications for several risk assessment 
(RA) areas in this region. This study has therefore 
special relevance for the increasingly impacted 
EMR, which is subject to multiple invasion threats 
and pathways of introduction, thus requiring 
a greater understanding of NNS risks to inform 
appropriate management and policy actions. As 
these fall within the remit of environmental man-
agers and stakeholders, the outcomes of this study 
are expected to inform guidelines for the optimal 
allocation of resources with regard to full RA for 
the species identified as (very) high risk. In this 
respect, it must be emphasised that the present 
study will focus on the first step of the NNS risk 
analysis process, namely “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, therefore, war-
rant more comprehensive, i.e. full, RA (Copp et al. 
2005b).

2 Materials & methods

2.1 Risk screening

Risk screenings were carried out by one or two 
assessors on a range of aquatic taxa, including rep-
tiles, fishes, invertebrates, plants, protists, and bac-
teria (Supplementary Material, Table S1) for nine 
RA areas, either entirely or partially within the EMR 
(Table I), and consisting of extensive geographical 
areas, regions, countries, water bodies, and marine 
regions. The risk screenings were undertaken using 
a multilingual, taxon-generic decision-support tool, 
namely the Aquatic Species Invasiveness Screening 
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Kit (AS-ISK: www.cefas.co.uk/nns/tools/), which is 
described in detail elsewhere (Copp et al. 2016b, 
2021). Briefly, the AS-ISK consists of 55 questions 
of which the first 49 comprise the Basic Risk 
Assessment (BRA) and the last six the Climate 
Change Assessment (CCA). To achieve a valid 
screening, for each question the assessor must pro-
vide a response, a level of confidence in their 
response, and a justification. Upon completion of 
the screening, the species receives both a BRA 

score and a BRA+CCA (composite) score (ranging 
from −20 to 68 and from −32 to 80, respectively). 
Scores < 1 suggest that the species is unlikely to 
become invasive (sensu Copp et al., 2005b) in the 
RA area and is therefore classified as “low risk” 
(Pheloung et al. 1999). Higher scores classify the 
species as posing either a “medium risk” or a “high 
risk” of becoming invasive. Distinction between 
medium- and high-risk levels depends upon setting 
a “threshold” value (see Statistical analysis). Within 
the high-risk species, a further distinction is gener-
ally made of the “very high risk” species (i.e. based 
on an ad hoc threshold weighted according to the 
range of high-risk score values for both the BRA and 
BRA+CCA), which are then prioritised in terms of 
allocation of resources for a full RA (e.g. Clarke 
et al. 2020; Interesova et al. 2020; Killi et al. 2020; 
Uyan et al. 2020; Moghaddas et al. 2021; Radočaj 
et al. 2021; Ruykys et al. 2021; Wei et al. 2021).

The ranked levels of confidence (1 = low; 2 = med-
ium; 3 = high; 4 = very high) associated with each 
response in the AS-ISK mirror the confidence rank-
ings recommended by the Intergovernmental Panel 
on Climate Change (IPCC 2005; see also Copp 
et al. 2016a). Based on the confidence level (CL) 
allocated to each response, a confidence factor (CF) 
is obtained as:

CF ¼
X

CLQi
� �

= 4� 55ð Þ i ¼ 1; . . . ; 55ð Þ

where CLQi is the CL for Question i (Qi), 4 is the 
maximum achievable value for confidence (i.e. very 
high: see above) and 55 is the total number of ques-
tions comprising the AS-ISK questionnaire. 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: for the CL, the CLTotal, 
CLBRA and CLCCA are computed, respectively; 
and for the CF, the CFTotal, CFBRA and CFCCA.

2.2 Statistical analysis

Screenings consisted of individual contributions by 
assessors involved in the evaluation of one (or more) 
aquatic NNS within their field of expertise and of 
published/unpublished applications for a certain RA 
area, which was either part of or included the EMR 
(Table I). In the latter case (e.g. Tarkan et al. 
2017a, 2017b; Bilge et al. 2019; Killi et al. 2020), 
the selection of species included both extant (i.e. 
already present in the RA area) and “horizon” ones 

Table I. Risk assessment (RA) areas either entirely or partially 
within the eastern Mediterranean region (EMR) for which aqua-
tic non-native species were screened with the Aquatic Species 
Invasiveness Screening Kit (AS-ISK). The type of RA area is 
indicated together with the assessor(s) (initials from authors of 
this study) and the number of species screened (Screenings).

RA Area Type Assessor(s) Screenings

Aegean Region of 
Turkey

Region DG 1

DG, LP 2
Aegean Sea Marine region ES 3
Eastern 

Mediterranean 
Sea

Marine region HF 1

KT 2
SK 1

Greece Country CP 2
LV 3
NK 3

Lake Marmara1 Water body Aİ 35
HS 35

Mediterranean 
Sea2,3

Marine region AM, AOA 1

GS 30
KT 2
LL 2
NT 1
NK 56

South-western 
coasts of 
Anatolia4

Marine region GB 15

HF 17
SY 13

Southern Europe Extensive 
geographical 
area

ET 2

MP 2
Turkey5 Country AST 43

BY 2
FGE 3
IK 2
NT 22
NK 1
ŞGK 1

1Tarkan et al. (2017a); 
2Killi et al. (2020: 45 species screened by NK); 
3Stasolla et al. 2021; 30 species screened by GS); 
4Bilge et al. (2019); 
5Tarkan et al. (2017b: 64 species screened by AST, FGE and 
NT). 
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(i.e. likely to enter the RA in the near future). 
Following computation of the BRA and BRA 
+CCA scores, Receiver Operating Characteristic 
(ROC) analysis (Bewick et al. 2004) was used to 
evaluate the predictive ability of the AS-ISK to dis-
criminate between species posing a high risk and 
those posing a medium or low risk of being invasive 
for the RA area. For ROC analysis to be implemen-
ted, species must be categorised a priori in terms of 
their documented invasiveness (i.e. non-invasive or 
invasive). The a priori categorisation followed the 
protocol described in Clarke et al. (2020).

A ROC curve is a graph of sensitivity vs 1 – speci-
ficity for each threshold value, where in the present 
context sensitivity and specificity will be the propor-
tion of a priori invasive and non-invasive species, 
respectively, that are correctly identified by the AS- 
ISK as such. A measure of the accuracy of the cali-
bration analysis is the Area Under the Curve (AUC), 
with AUC values interpreted as follows: 0.7 ≤ AUC < 
0.8 = acceptable discriminatory power, 0.8 ≤ AUC < 
0.9 = excellent, 0.9 ≤ AUC = outstanding (Hosmer 
et al. 2013). If the AUC is equal to 1, then there are 
neither “false positives” (i.e. a priori non-invasive 
species classified as high risk, hence invasive) nor 
“false negatives” (i.e. a priori invasive species classi-
fied as low or medium risk, hence non-invasive). 
Conversely, if the AUC is equal to 0.5, then the test 
cannot discriminate between “true positives” (i.e. 
a priori invasive species classified as high risk, hence 
invasive) and “true negatives” (i.e. a priori non- 
invasive species classified as low or medium risk, 
hence non-invasive).

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” thresh-
old of 1 was set to distinguish between low-risk and 
medium-risk species (Copp et al. 2005b). ROC ana-
lysis was implemented with package pROC (Robin 
et al. 2011) for R x64 v3.6.3 (R Development Core 
Team 2020) 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). Group-specific thresh-
olds were estimated for those groups of aquatic 
organisms for which a representative sample size 
and “near-balanced” proportion of a priori cate-
gorised native and non-native species for successful 
ROC curve computation was available; whereas for 
the other groups with small sample sizes, similar to 
Clarke et al. (2020) the threshold for the combined 
“nearest” taxonomic group was used whenever pos-
sible (i.e. AUC > 0.5), else a global threshold was 

computed based on pooling together all species 
screened.

3 Results

In total, 303 screenings were carried out by 26 asses-
sors on 232 taxa comprising 228 species, three sub- 
species and one hybrid (Supplementary Material, 
Table S1) for the nine RA areas (Table I). Notably, 
the number of screenings was larger than the number 
of taxa as some of these were screened by more than 
one assessor and/or for more than one RA area 
(Supplementary Material, Table S2). The 232 
screened taxa (hereafter, loosely referred to as “spe-
cies”) consisted of the following aquatic organism 
groups: reptiles, freshwater and marine fishes, fresh-
water, brackish and marine invertebrates, freshwater 
and marine plants, marine protists and marine bac-
teria (Supplementary Material, Table S1). However, 
most of the screened species were freshwater and mar-
ine fishes and marine invertebrates, with the other 
groups including one or two species except for fresh-
water invertebrates (Table II).

The BRA scores ranged from −15.0 (“türgi hink” 
Cobitis kurui for Lake Marmara) to 55.0 (Chinese 
mitten crab Eriocheir sinensis for the Mediterranean 
Sea; red swamp crayfish Procambarus clarkii for 
southern Europe), with mean = 14.4, median = 12.5, 
and 5th and 95th percentiles equal to −12.0 and 41.0 
(Figure 1a). The BRA+CCA scores ranged from 
−27.0 (Cobitis kurui) to 67.0 (Procambarus clarkii), 
with mean = 17.0, median = 15.0, and 5th and 95th 

percentiles equal to −20.0 and 52.0 (Figure 1b). 
The CCA increased the BRA score in 172 (56.8%) 
of the screenings, decreased it in 55 (18.2%), and 
did not change in the remaining 76 (25.0%) 
(Figure 1c). Also, 33 species (16.3% of the total) 
achieved the largest positive change in score of 12 
when CCA scores were included, and 17 (8.4%) the 
largest negative change in score of −12 
(Supplementary Material, Tables S3 and S4).

Following ROC analysis, BRA and BRA+CCA 
thresholds were computed for the three most abundant 
groups of aquatic organisms, namely freshwater and 
marine fishes, and marine invertebrates. However, 
threshold computation for freshwater fishes excluded 
the screenings for Lake Marmara (Supplementary 
Material, Table S4). This is because the dataset 
included mainly translocated species, the majority of 
which had very low (outlier) scores, which would have 
biased thresholds towards consistently lower levels. For 
freshwater and brackish invertebrates, a combined 
threshold was computed based on all invertebrate 
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species screened; whereas, for reptiles, freshwater and 
marine plants, marine protists and marine bacteria, 
a combined threshold was computed based on all aqua-
tic species screened (again excluding the Lake Marmara 
dataset). All resulting AUCs had near-excellent to 
excellent discriminatory power (Table II), indicating 
that the AS-ISK was able to discriminate reliably 
between non-invasive and invasive species for the RA 
area. Youden’s J provided BRA thresholds ranging 
from 5.5 (marine invertebrates). This was also the 
case for freshwater and brackish invertebrates, based 
on the combined one) to 25.5 (freshwater fishes), with 
a threshold of 15.25 for all other aquatic organism 
groups. BRA+CCA thresholds ranged from 7.0 (mar-
ine invertebrates) to 28.75 (freshwater fishes), with 
a threshold of 19.25 for all other aquatic organism 
groups.

The above group-specific thresholds were used for 
calibration of the risk outcomes at the aquatic 
organism-group level. Accordingly, of the 216 spe-
cies screened in total (i.e. excluding Lake Marmara):

based on the BRA thresholds:

● 99 (45.8%) species were classified as high risk, 97 
(44.9%) as medium risk, and 20 (9.3%) as low risk;

● of the 114 species categorised a priori as invasive, 
77 were true positives, two false negatives (i.e. 
Cotylorhiza erythraea and Caucasian dwarf goby 
Knipowitschia caucasica), and 35 medium risk;

● of the 102 species categorised a priori as non- 
invasive, 22 were false positives, 18 true negatives, 
and 62 medium risk;

based on the BRA+CCA thresholds:

● 120 (55.6%) species were classified as high risk, 77 
(35.6%) as medium risk, and 19 (8.8%) as low risk;

● of the 114 species categorised a priori as invasive, 
86 were true positives, two false negatives (i.e. 
Atlantic salmon Salmo salar and Knipowitschia 
caucasica), and 26 medium risk;

● of the 102 species categorised a priori as non- 
invasive, 34 were false positives, 17 true negatives, 
and 51 medium risk.

According to the BRA scores, 24 (24.2%) of the 
99 high-risk species and 8 (8.2%) of the 97 med-
ium-risk species are listed in the Global Invasive 
Species Database (GISD: www.iucngisd.org). 
According to the BRA+CCA scores, 28 (13.0%) 
of the 120 high-risk, (3.9%) of the 77 medium- 
risk, and one of the low-risk (Atlantic salmon 
Salmo salar) species are listed in the GISD 
(Supplementary Material, Tables S1 and S2).

The highest-scoring (most likely to be invasive) 
species (BRA scores ≥ 40 and BRA+CCA scores ≥ 
50, respectively, taken as ad hoc “very high risk” 
thresholds) were: silver carp Hypophthalmichthys moli-
trix, Suez pufferfish Lagocephalus suezensis, fathead 
minnow Pimephales promelas, golden apple snail 
Pomacea canaliculata, red swamp crayfish 
Procambarus clarkii and devil firefish Pterois miles (for 
both the BRA and BRA+CCA); brown bullhead 
Ameiurus nebulosus, blue crab Callinectes sapidus, gibel 
carp Carassius gibelio, Philippine catfish Clarias batra-
chus, Chinese mitten crab Eriocheir sinensis, signal cray-
fish Pacifastacus leniusculus and European catfish (a.k. 
a. sheatfish) Silurus glanis (for the BRA only); 

Table II. Taxonomic group-specific thresholds (Thr) for the Basic Risk Assessment (BRA) and the BRA plus Climate Change Assessment 
(BRA+CCA) for the aquatic non-native species screened with AS-ISK for the EMR (see Appendix Table A1). Mean, lower confidence 
interval (LCI) and upper confidence interval (UCI) for the Area Under the Curve (AUC) are provided. In italics thresholds and 
corresponding AUCs and CIs based on pooling with other groups (see footnotes).

BRA BRA+CCA

Aquatic organism group n Thr AUC LCI UCI Thr AUC LCI UCI

Reptiles1 1 15.75 0.8146 0.7586 0.8707 19.25 0.7955 0.7370 0.8540
Freshwater fishes2 70 25.5 0.8460 0.7554 0.9366 28.75 0.8335 0.7405 0.9265
Marine fishes 45 19.5 0.7911 0.6463 0.9359 30.5 0.7722 0.6240 0.9205
Freshwater invertebrates3 5 5.5 0.8122 0.7245 0.8979 10.5 0.8207 0.7366 0.9049
Brackish invertebrates3 1 5.5 0.8122 0.7245 0.8979 10.5 0.8207 0.7366 0.9049
Marine invertebrates 87 5.5 0.8011 0.7086 0.8936 7 0.8116 0.7219 0.9013
Freshwater plants1 2 15.75 0.8146 0.7586 0.8707 19.25 0.7955 0.7370 0.8540
Marine plants1 2 15.75 0.8146 0.7586 0.8707 19.25 0.7955 0.7370 0.8540
Marine protists1 2 15.75 0.8146 0.7586 0.8707 19.25 0.7955 0.7370 0.8540
Marine bacteria1 1 15.75 0.8146 0.7586 0.8707 19.25 0.7955 0.7370 0.8540

1BRA and BRA+CCA thresholds from all aquatic species combined. 
2Screenings for Lake Marmara not included. 
3BRA+CCA thresholds from marine invertebrates. 
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Figure 1. (a) Frequency distribution of the Basic Risk Assessment (BRA) scores for the aquatic NNS screened with the Aquatic Species 
Invasiveness Screening Kit (AS-ISK) for the eastern Mediterranean region; (b) same for the BRA+CCA (Climate Change Component) 
scores; (c) same for delta values (i.e. differences between the BRA+CCA and the BRA scores) with proportions.
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bluespotted cornetfish Fistularia commersonii, silver- 
cheeked toadfish Lagocephalus sceleratus and half- 
smooth golden pufferfish L. spadiceus (for the BRA 
+CCA only) (Figures 2 and 3).

Regarding confidence, the mean CL was 2.51 ± 0.03 
SE, the mean CLBRA 2.55 ± 0.03, and the mean 

CLCCA 2.20 ± 0.04 (hence, in all cases indicating med-
ium to high confidence); the mean CF was 
0.628 ± 0.008, the mean CFBRA 0.638 ± 0.008, and 
the mean CFCCA 0.550 ± 0.011. Also, the CLBRA was 
significantly higher than CLCCA (F

#
1,604 = 51.57, P# < 

0.001; # = permutational value).

Figure 2. (a) Mean (± SE, whenever applicable) BRA score for the “very high-risk” aquatic NNS screened with AS-ISK for the eastern 
Mediterranean region based on an ad hoc threshold of 40; (b) same for the BRA+CCA score, based on an ad hoc threshold of 50. In black, 
very high-risk species for both the BRA and the BRA+CCA.
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4 Discussion

This screening study has identified 16 species, 
encompassing freshwater and marine fishes as well 
as freshwater, brackish and marine invertebrates, 
that pose the highest risk of being invasive under 
current and/or future climate conditions in the 
EMR. Of these species, 13 received a BRA score > 
40 and nine a BRA+CCA score > 50 (Figure 2). 
These risk rankings mirror those attributed to these 
species using either the AS-ISK or one of its pre-
decessor toolkits (see Copp 2013). For example, the 
highest-scoring species under both current and 
future climate conditions, Procambarus clarkii, 
received the highest score using the FI-ISK 
(Freshwater Invertebrate Invasiveness Screening 
Kit) for Italy (Tricarico et al. 2010); and the species 
with the second-highest BRA score, Clarias batra-
chus, received amongst the highest FISK (Fish 
Invasiveness Screening Kit) scores for Florida, 
USA (Lawson et al. 2015). The species receiving 
the second-highest BRA+CCA score, Pterois miles, 
received the highest AS-ISK scores (both BRA and 

BRA+CCA) for coastal waters of South Korea 
(Uyan et al. 2020). This similarity of risk rankings 
for the EMR and freshwater and marine ecosystems 
worldwide (e.g. Glamuzina et al. 2017; 
Semenchenko et al. 2018; Dodd et al. 2019; 
Clarke et al. 2020; Interesova et al. 2020; Uyan 
et al. 2020) provides additional support for the 
increasing evidence that this decision-support tool 
is a reliable, accurate means to discriminate between 
non-invasive and invasive species for a pre-defined 
RA area.

The accuracy of the findings for the EMR was 
evidenced by the very low percentage (0.9%) of 
false negatives (cf. Kumschick & Richardson 
2013), and the medium confidence rankings in the 
responses overall reflected the level of expertise 
amongst assessors, which in several cases was lim-
ited by the scanty literature information available for 
some of the lesser-studied species (e.g. Tarkan et al. 
2017a). Also, the overall lower confidence level for 
climate change predictions (i.e. CCA) compared to 
the BRA is in accord with other AS-ISK applications 
(see above) and can be explained by the higher level 

Figure 3. “Top invasive” (i.e. very high risk) species identified for the eastern Mediterranean region.
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of uncertainty intrinsic to future climate change 
projections.

The main vectors for the introduction of the 16 
highest-scoring species (Figure 3) are intentional 
and accidental (species-specific profiles in 
Supplementary Material, Appendix A1). The inten-
tional introduction vectors include the ornamental 
trade (Clarias batrachus, Pomacea canaliculata, 
Procambarus clarkii,) and aquaculture, with both 
husbandry and stocking practices (Ameiurus nebulo-
sus, Carassius gibelio, Hypophthalmichthys molitrix, 
Pacifastacus leniusculus, Silurus glanis). Accidental 
introduction vectors include ballast water transport 
and discharge (Callinectes sapidus, Eriocheir sinensis), 
releases of unwanted fish bait (Pimephales promelas), 
and natural dispersal via shipping canals (Fistularia 
commersonii, Lagocephalus sceleratus, L. spadiceus, 
L. suezensis, Pterois miles). This latter phenomenon 
is also well known for inland waters (Panov et al. 
2009).

With regard to intentional introductions, most 
invasive freshwater species, which emanate mainly 
from Asia, Africa and South America, are intro-
duced in the EMR mainly for aquaculture and the 
ornamental trade (Tricarico 2012; Papavlasopoulou 
et al. 2014; Nunes et al. 2015; Emiroğlu et al., 2016; 
Tarkan et al. 2017b). Aquaculture is a historical 
vector for freshwater species and in the EU there is 
a dedicated Regulation (708/2007 with the following 
implementation 506/2008, 535/2008, 304/2011) to 
manage the introduction of NNS for this purpose. 
The ornamental trade also is becoming an increas-
ingly important introduction vector, as the importa-
tion of some of the very high-risk species found in 
the present study is already prohibited (see below), 
even though their online trade still remains an 
important unregulated “gateway” for their introduc-
tion (e.g. Mazza et al. 2015). In this respect, 
increased public awareness is an important tool to 
reduce the introduction of NNS for ornamental 
purposes (Chan et al. 2019).

Regarding accidental introductions, the opening 
of the Suez Canal has resulted in bioinvasions in 
the eastern Mediterranean Sea by species from the 
Red Sea (Por 2012) – a process that is generally 
referred to as the “Lessepsian migration” or the 
“Erythrean migration”. This is an on-going process 
responsible for both positive (cf. fishing industry) 
and negative impacts on the marine ecosystem 
(Farrag et al. 2016). Detrimental impacts are mainly 
related to the poisonous and traumatogenic proper-
ties of several Lessepsian fishes, with neurotoxic and 
histamine-related effects on humans. Also, several 
Lessepsian invaders have created ecological niches 
without competing with extant native species. For 

example, the “rabbitfish” dusky spinefoot Siganus 
luridus and marbled spinefoot S. rivulatus (classified 
as posing a high risk in present study: 
Supplementary Information, Table S2) initially 
became well established in the Levantine Basin and 
then invaded the Central Mediterranean, aided by 
the absence of herbivorous competitors and/or the 
presence of abundant food resources (Lundberg & 
Golani 1995; Goren & Galil 2005; Galil 2007). The 
impact of these herbivorous rabbitfishes can be 
extensive due to their grazing activity with dramatic 
reductions in canopy algae and overall benthic bio-
mass including invertebrates leading to depauperate 
native communities (Vergés et al. 2014; Yeruham 
et al. 2020). The evolution of the Eastern 
Mediterranean Transient (Theocharis & Lascaratos 
2000; Galil & Kevrekidis 2002), combined with 
other factors such as unexploited resources and 
warming of both the Mediterranean Sea in general 
(Bianchi & Morri 2003; Bianchi 2007) and of the 
Aegean Sea in particular (Theocharis 2008), has 
facilitated the maintenance and spread of invading 
of non-native fishes from the Red Sea (https://elnais. 
hcmr.gr/). Also, and notably, the Lessepsian inva-
sion is not limited to the EMR (Galil 2006) but is 
undergoing considerable expansion from the south 
Aegean Sea through to the central Mediterranean 
and up to the east of Sicily, Adriatic Sea, and even 
as far as the Western Mediterranean (cf. Lessepsian 
Province: Por 2012).

The increase in the BRA score for more than half 
of the species after taking climate change projections 
into account (i.e. CCA), is in line with climate 
warming predictions for the RA area (e.g. 
Lelievield et al., 2014; Önol & Unal 2014; Zittis 
et al. 2016; Givan et al. 2017, 2018). These warmer 
conditions would provide even more favourable 
habitat conditions especially for species of sub- 
tropical and tropical origin (but see Yeruham et al. 
2020). This was exemplified in the present study by 
the Lessepsian fishes Fistularia commersonii, 
Lagocephalus sceleratus and L. spadiceus all of which 
ranked as “very high risk” based on the CCA (but 
not on the BRA) after achieving the corresponding 
maximum score value of 12 (Supplementary 
Information, Table S2). On the other hand, most 
of the species attributed the lowest CCA score (−12) 
were a priori non-invasive species screened for the 
RA areas of Lake Marmara and the Aegean Region 
of Turkey. These species consisted mostly of local 
and endemic freshwater fish species that have been, 
or could be, translocated within Turkey and are 
likely to suffer from projected increases in water 
temperature (Caddy et al. 1995). This finding, of 
a further increase in the risk of invasiveness of 
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several species under predicted global warming for 
the EMR, is similar to other screening studies for 
both fresh waters (e.g. Glamuzina et al. 2017, 2021; 
Li et al. 2017; Paganelli et al. 2018; Semenchenko 
et al. 2018; Dodd et al. 2019; Interesova et al. 2020; 
Moghaddas et al. 2021) and marine ecosystems (e.g. 
Lyons et al. 2020; Uyan et al. 2020; Stasolla et al. 
2021). On the other hand, this contrasts a recent 
screening study of aquatic species for the Arabian/ 
Persian Gulf and Sea of Oman (Clarke et al. 2020), 
where the naturally extreme conditions of the region 
are already at the upper end of the temperature 
tolerances of several species. In the case of 
Lessepsian fishes, their ability to colonise the EMR 
has been shown to depend upon their maximum 
thermal tolerances in their native areas of distribu-
tion, where temperature extremes can in some cases 
be less pronounced than those sometimes experi-
ences in their invasive range of the Mediterranean 
(Belmaker et al. 2013; Givan et al. 2018).

Despite the availability of global databases of 
invasive species such as the GISD, the outcomes of 
this study are far from being “trivial” given that only 
a small percentage of the screened species classified 
both as high and medium risk for the RA area are 
listed in the above global database. Species ranked 
as posing a high risk (or very high risk) of being 
invasive in the EMR may warrant being subjected 
to a more comprehensive (i.e. full) RA; this would 
however entail considerable financial investment 
(Copp et al. 2005a, 2016a). This is because a full 
RA examines in detail the risks of introduction 
(entry), establishment (of one or more self- 
sustaining populations), dispersal (more widely 
within the RA area, i.e. so-called secondary spread 
or introductions), and impacts (to native biodiver-
sity, ecosystem function and services, and the intro-
duction and transmission of diseases), and is 
therefore generally limited to the high-risk (or, in 
some cases, very high risk) species only, as this 
normally involves a major staff-time (i.e. financial) 
commitment.

5 Conclusion

The present study has identified potentially-invasive 
NNS for the EMR, thereby informing NNS policy- 
makers and environmental managers as to which spe-
cies require comprehensive risk assessment. The out-
comes of a comprehensive risk assessment, which 
include risk summaries (of entry, establishment, dis-
persal/spread and impact) as well as the assessor’s 
confidence in the evidence upon which their responses 
were based, contribute to the development and imple-
mentation of management measures to prevent 

unwanted introductions, the further spread of high- 
risk aquatic species already present, and thereby miti-
gate their impacts (Copp et al. 2005a; Baker et al. 
2008). The conception of NNS management strate-
gies and their implementation are constrained by three 
main factors, i.e. available resources, species-specific 
traits and the character of the invaded ecosystem 
(Britton et al. 2011a, 2011b). A potential fourth factor 
is the prevailing institutional and legislative framework 
of the country or region (Copp et al. 2005b). 
Consideration of these factors is recommended for 
the development of an effective decision-support sys-
tem, which should provide a quantitative framework 
with which to identify the most appropriate manage-
ment strategy (i.e. prevention and/or control) for each 
species within the environmental and conservation 
context of the invaded ecosystem (Britton et al. 
2011a), the available resources and the likelihood of 
a management measure being successful (Britton et al. 
2011b).

An effective NNS risk management strategy is parti-
cularly important for the EMR, which is known to be 
prone to high levels of biological invasion (Galil et al. 
2018) and where the biological and socio-economic 
impacts of some NNS could be underestimated due 
to a lack of relevant information. Also, contrary to the 
opposite pattern usually observed in aquatic environ-
ments (Tricarico et al. 2016), the presence of the Suez 
Canal has resulted in a similar or even higher number of 
NNS in the Mediterranean Sea than in the Region’s 
inland waters. As the EMR is continuously prone to 
changes and the introduction of NNS is steadily 
increasing, the risk screenings provided in the present 
study should be updated whenever new data and/or 
information become available. The outcomes of the 
present study also emphasise the need to monitor 
potential further expansion of several Lessepsian spe-
cies into the western Mediterranean. On a broader per-
spective, the use of multilingual decision-support tools 
such as the AS-ISK, which offers assessors all of 
Mediterranean national languages (Copp et al. 2021), 
provides a means to facilitate collaboration and com-
munication between scientists, fisheries biologists, 
environmental managers, policy makers and other sta-
keholders of the Mediterranean Region for the devel-
opment, prioritisation and implementation of 
appropriate conservation management strategies for 
the region’s aquatic habitats, resources, and ecosystem 
services.
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