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Abstract

Biological invasions are a major driver of global environmental change as invasive
non-native species can exert severe environmental impacts on invaded ecosystems.
Estuaries are especially vulnerable to biological invasions, which in highly urban-
ised areas are further facilitated by introduction pathways linked to commercial ac-
tivities. This study provides a risk screening of non-native invasive species for the
highly urbanised River Neretva Estuary (Eastern Adriatic Sea: Croatia and Bosnia-
Herzegovina). In total, 12 species of non-native aquatic organisms were identified
and screened for their invasiveness with the Aquatic Species Invasiveness Screening
Kit. Of these species, eight were classified as carrying a high risk of invasiveness
under current climate conditions and nine under future climate conditions. Amongst
the high-risk species, blue crab Callinectes sapidus has already caused impacts in the
risk assessment area, where it also represents an important economic resource. The
“horizon” species Pacific oyster Crassostrea gigas and Manila clam Ruditapes philip-
pinarum also carried a high risk of invasiveness, which for the latter species applied
under predicted global warming. The present findings will contribute towards pre-
ventative management and control measures for the conservation of the natural eco-

system of the River Neretva Estuary whilst accounting for aquatic farming demands.
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step in the risk analysis process (e.g. Copp, Garthwaite, et al., 2005),

have been carried out mostly for freshwater ecosystems (Dodd

Biological invasions are a major driver of global environmental change
(Simberloff et al., 2013). Whilst considerable research on risk analy-
sis has been conducted to understand and predict invasions, studies
have been generally skewed towards terrestrial rather than aquatic
ecosystems (e.g. Jeschke et al., 2012; Lowry et al., 2013). Amongst
aquatic ecosystems, most studies concerned with the risk screening/

identification of non-native species (NNS), which represents the first

et al., 2019; Glamuzina, Tutman, et al., 2017; Interesova et al., 2020;
Li et al., 2017; Moghaddas et al., 2020; Paganelli et al., 2018;
Semenchenko et al., 2018; Tarkan, Sari, et al., 2017; Tarkan, Vilizzi,
et al., 2017; see also review in Vilizzi et al., 2019) and, to some ex-
tent, marine coastal areas (Bilge et al., 2019; Clarke et al., 2020; Killi
et al., 2020; Lyons et al., 2020; Uyan et al., 2020). This is in spite

of evidence for invasive NNS posing substantial ecological and
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economic threats to estuarine ecosystems (e.g. Briggs, 2012; Eash-
Loucks et al., 2014; Heiman & Micheli, 2010; Ruiz et al., 1997), and
of the value of estuaries as providers of crucial ecosystem services
(e.g. Barbier et al., 2011; Luisetti et al., 2014).

Estuaries can be particularly susceptible to invasion by NNS as
they often act as hubs for introduction pathways including: (a) ballast
waters, (b) species attachment to ship hulls, and (c) accidental re-
leases from fish farms and aquaculture facilities, the aquarium trade,
and the live seafood and bait industries. This is exemplified by the
River Neretva Estuary (Eastern Adriatic Sea: Croatia and Bosnia-
Herzegovina), where the large commercial Port of Ploce is located.
Previously, the trade-related traffic in this port was primarily ori-
ented towards the import of cargo products such as oil and bauxite.
However, with the building of a new coal terminal, the port recently
started to serve as an intermediate coal station with import by large
bulk carriers to Plo¢e and export by smaller bulk carriers to Italian
ports in the Northern Adriatic Sea. This has since led to an increase
in the arrival of ships with ballast water and hull fouling from the
coastal and lagoon waters of the Adriatic Sea, which are rich in NNS
(Corriero et al., 2016).

There is mounting evidence that successful measures for the
rapid detection and management of invasive NNS must rely on ev-
idence-based and scientifically sound risk assessment (e.g. Copp,
Garthwaite, et al., 2005; Copp, Russell, et al., 2016). In this per-
spective, the aim of this study was to determine the risk of inva-
siveness of NNS in the River Neretva Estuary under both current
and future (predicted) climate conditions using the Aquatic Species
Invasiveness Screening Kit (AS-1SK: Copp, Vilizzi, et al., 2016; Copp,
Vilizzi, Wei, et al., 2021); a taxon-generic risk screening toolkit that
has been successfully employed for freshwater and marine ecosys-
tems worldwide (see above). It is anticipated that the findings of this
study will assist environmental managers and policy makers in the

decision-making process to implement appropriate management
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and conservation measures for the protection of the River Neretva
Estuary and its native species, whilst accounting for aquatic farming
industry demands. As a first trial of the AS-ISK decision-support tool
in a highly urbanised estuary, the current study is also expected to
pave the way for further risk screening applications of other estua-

rine ecosystems under human-induced stress worldwide.

2 | MATERIAL AND METHODS
2.1 | Study area

The River Neretva Estuary (43.02777°N, 17.55313°E) has a surface
area of 20,000 ha, of which 12,000 ha lie in Croatia (lower estuary)
and 8,000 ha in Bosnia and Herzegovina (upper estuary) (Figure 1).
Once a typical karstic Mediterranean estuary with a prevalence of
wetlands and lagoons during the last 60 years, the River Neretva
Estuary has been transformed into a large agricultural complex
(10,000 ha) and includes a reservoir for a reversible hydropower
plant (1,000 ha) and the large port area of Plo¢e with high urban
development. This has dramatically changed the natural properties
of the estuary. The remnants of wetlands and lagoons, including
two ornithological and ichthyological reserves, are currently pro-
tected under both the Natura 2000 network (https://ec.europa.eu/
environment/nature/natura2000/index_en.htm) and national legis-
lations of Croatia and Bosnia-Herzegovina. The large Port of Ploce,
with its intensive traffic and source of ballast waters, is located
in the northern part of the estuary, whereas the southern part is
protected and hosts agricultural, tourism, and traditional fishery
and shellfish culture activities. However, the whole area is under
constant human-induced stress, including land reclamation, port
development and urbanisation, and fluctuations in hydrological re-

gime (Soldo et al., 2010), with recent impacts due to water warming
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FIGURE 1 Map of the River Neretva
Estuary (lines indicate estuary borders)
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(Prusina et al., 2017) and introduction of several NNS (Glamuzina
etal., 2013).

The River Neretva Estuary represents the most import-
ant nursery ground for marine fish and crustaceans along the
Eastern Adriatic coast (Bartulovic¢ et al., 2007; Dul¢i¢ et al., 2017;
Glamuzina, Bartulovié, et al., 2017) and supports traditional ar-
tisanal fishing (Glamuzina, 2010). The area is also crucial for
the conservation of several freshwater fish species (Table 1;
see Glamuzina et al., 2013; Tutman et al., 2017) and acts as a
spawning migration route for fish and sea lamprey (Glamuzina
et al., 2019).

2.2 | Risk screening

In total, 12 NNS (Table 2) were screened for their potential invasive-
ness in the River Neretva Estuary, hereafter referred to also as the
risk assessment (RA) area. Of these species, ten are “extant” (i.e. al-
ready present in the RA area) and two “horizon” (i.e. not yet present

in the RA area but found in close proximity and likely to enter it in the
near future). Amongst the extant species: three freshwater fishes
[northern pike Esox lucius L., largemouth bass Micropterus salmoides
(Lacepéde), European catfish Silurus glanis L.], two brackish inverte-
brates [blue crab Callinectes sapidus Rathbun, Australian tubeworm
Ficopomatus enigmaticus (Fauvel)] and one marine invertebrate [Asian
date mussel Arcuatula senhousia (Benson)] were sampled as part of a
survey of the RA area carried out in 2019; the tunicate warty comb
jelly Mnemiopsis leidyi A. Agassiz was sampled in a previous survey in
2018; whereas, the freshwater fish featherfin squeaker Synodontis
eupterus Boulenger and the marine fishes white grouper Epinephelus
aeneus (Geoffroy Saint-Hilaire) and white trevally Pseudocaranx den-
tex (Bloch & Schneider) have been previously recorded in the RA
area (Dulcic¢ et al., 2017, 2018; Glamuzina, Bartulovic, et al., 2017).
The two horizon species included the marine invertebrates Pacific
oyster Crassostrea gigas (Thunberg) and Manila clam Ruditapes philip-
pinarum (Adams & Reeve), both of which have not yet been reported
from the middle Eastern Adriatic Sea coast (Staglici¢ et al., 2020),
but are present in major port areas of the Northern Adriatic Sea,

TABLE 1 List of the species of conservation value found in the River Neretva Estuary with indication of habitat and conservation status
(after the International Union for Conservation of Nature's Red List of Threatened Species: https://www.iucnredlist.org/)

Conservation

Phylum Species name Common name Habitat status

Mollusca Cerastoderma glaucum (Bruguiére) Lagoon cockle Brackish Not evaluated

Mollusca Chamelea gallina (Linnaeus) Striped venus Brackish, marine Not evaluated

Arthropoda Carcinus aestuarii Nardo Mediterranean green crab Brackish, marine Not evaluated

Arthropoda Palaemon adspersus Rathke Baltic prawn Brackish Not evaluated

Chordata Lampetra soljani Tutman, Freyhof, Dulcic, Soljan brook lamprey Freshwater Not included

Glamuzina & Geiger 2017

Chordata Alburnus neretvae Buj, Sanda & Perea Neretvan bleak Freshwater, slightly Least concern
brackish

Chordata Alosa fallax (Lacepéde) Twaite shad Freshwater, brackish, Least concern
marine

Chordata Atherina boyeri Risso Big-scale sand smelt Freshwater, brackish Least concern

Chordata Chondrostoma knerii Heckel Dalmatian nase Freshwater, slightly Vulnerable
brackish

Chordata Cobitis narentana Karaman Neretva spined loach Freshwater, slightly Vulnerable
brackish

Chordata Knipowitschia croatica Mrakovcic, Kerovec, Neretva dwarf goby Freshwater, slightly Vulnerable

Misetic & Schneider brackish

Chordata Knipowitschia panizzae (Verga) Adriatic dwarf Goby Brackish Least concern

Chordata Knipowitschia radovici Kovacié Norin goby Freshwater, slightly Vulnerable
brackish

Chordata Leucos basak Heckel Neretvan roach Freshwater, slightly Least concern
brackish

Chordata Pomatoschistus canestrinii (Ninni) Canestriniss Goby Brackish, marine Least concern

Chordata Salmo obtusirostris (Heckel) Adriatic trout Freshwater, slightly Endangered
brackish

Chordata Scardinius plotizza Heckel & Kner Neretva rudd Freshwater, slightly Least concern
brackish

Chordata Squalius svallize Heckel & Kner Neretva chub Freshwater, slightly Vulnerable

[Correction added on 17 November 2020, after first online publication: the table caption has been updated in this version.]

brackish
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TABLE 2 Non-native species screened
with the Aquatic Species Invasiveness
Screening Kit (AS-ISK) for the River
Neretva Estuary (Figure 1)

Species name

Freshwater fishes

Esox lucius

Micropterus salmoides

Silurus glanis

Synodontis eupterus
Marine fishes

Epinephelus aeneus

Pseudocaranx dentex

Tunicates

Mnemiopsis leidyi

Brackish invertebrates

Callinectes sapidus

Ficopomatus enigmaticus

Marine invertebrates
Arcuatula senhousia

Crassostrea gigas

Ruditapes philippinarum

=" W1 Ly

A
Common name Status Status priori
Northern pike Translocated E
Largemouth bass Non-native E
European catfish Translocated E

(sheatfish)

Featherfin squeaker Non-native E N
White grouper Non-native E
White trevally Non-native E
Warty comb jelly Non-native E Y
Blue crab Non-native E Y
Australian tubeworm Non-native E Y
Asian date mussel Non-native E Y
Pacific oyster Non-native H Y
Manila clam Non-native H Y

Note: For each species, arranged within the corresponding AS-ISK aquatic organism group, the
current Status (E = extant, i.e. already present in the RA area; H = horizon, i.e. not yet present
in the RA area but found in close proximity and likely to enter it in the near future), and a priori
categorisation for invasiveness (N = non-invasive; Y = invasive) are provided.

hence in proximity to the RA area (Savini et al., 2010). Note, pilot
fish Naucrates ductor (L.), albeit recorded in the RA area (Glamuzina,
Bartulovi¢, et al., 2017), was not included as part of this screening
study as it is a typical offshore pelagic species.

Species were screened using the AS-ISK decision-support tool
(free download at www.cefas.co.uk/nns/tools/), which was cre-
ated by combining the generic screening module of the European
Non-native Species in Aquaculture Risk Analysis Scheme (ENSARS:
Copp, Russell, et al., 2016) with the architecture of the Fish
Invasiveness Screening Kit (FISK) v2 (Lawson et al., 2013), and by
incorporating the “minimum standards” (Roy et al., 2018) for the
assessment of non-native species for the recent EC Regulation
No. 1143/2014 on the prevention and management of the intro-
duction and spread of invasive alien species. The AS-ISK consists
of 49 basic questions that examine the biogeographical and bio-
logical aspects of the species under screening, resulting in a Basic
Risk Assessment (BRA) score. An additional six Climate Change
Assessment (CCA) questions ask the assessor to determine how
future climatic conditions are likely to affect the BRA score with
regard to the risks of the species’ introduction, establishment, dis-
persal and impact, resulting in a combined BRA + CCA score. As a
taxon-generic toolkit, the AS-ISK accounts for 27 groups of aquatic
organisms (taxonomic classification 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, ma-
rine), fungi (freshwater, brackish, marine) and bacteria (freshwater,
brackish, marine).

To achieve a valid risk outcome, for each question in the AS-ISK
the assessor is required to provide a response, a confidence level for
the response, and a justification. The resulting BRA and BRA + CCA
scores range from -20 to 68 and from -32 to 80, respectively. Scores
<1 suggest that the species is unlikely to become invasive (sensu
Copp, Bianco, et al., 2005) in the RA area and is therefore classi-
fied as “low risk” (Pheloung et al., 1999). Higher scores classify the
species as posing either a “medium risk” or a “high risk” of becom-
ing invasive for the RA area. Distinction between medium-risk and
high-risk levels of (potential) invasiveness depends upon setting a
“threshold” value (see Section 2.3).

Confidence levels in the responses to questions are ranked
using a 1-4 scale (1 =low; 2 =medium; 3 =high; 4 =very high) as per
the Intergovernmental Panel on Climate Change (IPCC: see Copp,
Russell, et al., 2016). Based on the confidence level (CL) allocated to

each response, a confidence factor (CF) is obtained as:

CF= Z (CLg)/(4x55)(i=1, ..., 55),

where CLQ'. is the CL for question Qi, 4 is the maximum achiev-
able value for confidence (i.e. very high: see above) and 55 is the
total number of questions comprising the AS-ISK questionnaire.

The CF ranges from a minimum of 0.25 (i.e. all 55 questions with
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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 questions of the
AS-ISK questionnaire, the 49 questions comprising the BRA and the
Clgga and
CFgga

six questions comprising the CCA: for the CL, the CL;

otal’

ClLccp are computed, respectively; and for the CF, the CF_..,,

and CFc,.

2.3 | Data analysis

Given the requirement for at least 15-20 species for successful
computation of RA area specific thresholds to distinguish be-
tween medium- and high-risk species (Vilizzi et al., 2019), “gen-
eralised” aquatic organism group-based thresholds were used in
the present study (ICES, 2019), similar to other AS-ISK applica-
tions (Baduy et al., 2020; Castellanos-Galindo et al., 2018; Dodd
et al., 2019; Filiz, Tarkan, et al., 2017; Filiz, Yapici, et al., 2017; Lyons
et al., 2020; Paganelli et al., 2018; Zieba et al., 2020). Accordingly,
for freshwater fishes, marine fishes and marine invertebrates,
the BRA thresholds of 10.25, 12.75 and 16.5 and the BRA + CCA
thresholds of 17.7, 19 and 13.5 were used; whereas, given the cur-
rent non-availability of generalised thresholds for tunicates and
brackish invertebrates, the above BRA and BRA + CCA thresholds
for marine invertebrates were used for these two groups of aquatic
organisms.

Screenings were carried out by the first three authors who are
knowledgeable in the environmental biology of the species in the
RA area. Each species was screened by two assessors, with PT
screening all 12 species and BG and LG six of them each. For the
climate change component, recent studies about the expected im-
pacts of global warming in the River Neretva Estuary were con-
sulted (Prusina et al., 2017; Sara et al., 2014). To assess the accuracy
of the screenings, prior to analysis each species was categorised a
priori as either invasive or non-invasive (Table 2), and the resulting
classification into “low risk,” “medium risk” and “high risk” based
on the thresholds above was used to determine the proportions of
false/true positives/negatives defined as follows: false positive (an
a priori non-invasive species classified as high risk, hence a false
invasive); false negative (an a priori invasive species classified as
low or medium risk, hence a false non-invasive); true positive (an
a priori invasive species classified as high risk, hence a true inva-
sive); true negative (an a priori non-invasive species classified as
low or medium risk, hence a true non-invasive). The a priori cate-
gorisation of species followed the protocol described in Interesova
et al. (2020) for freshwater fishes and in Clarke et al. (2020) for the
other groups of aquatic organisms.

Differences in CF between screening Component (BRA and
CCA) and Assessor (PT and BG + LG) were tested by permuta-
tional ANOVA based on a two-factor design (both factors fixed and
crossed). Analysis was carried out in PRIMER v7, with normalisation
of the data, using Bray-Curtis dissimilarity measure, 9,999 unre-
stricted permutations of the raw data, and with statistical effects
evaluated at « = 0.05.
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3 | RESULTS

Based on the BRA thresholds (Table 3), eight species were classi-
fied as high risk, one as medium risk, and three as low risk; of the
nine species categorised a priori as invasive, eight were true posi-
tives (i.e. Callinectes sapidus, Micropterus salmoides, Mnemiopsis lei-
dyi, Silurus glanis, Crassostrea gigas, Esox lucius, Arcuatula senhousia
and Ficopomatus enigmaticus from higher to lower score), one, albeit
classified as medium risk, was a true negative (i.e. Ruditapes philippi-
narum), and all three species categorised a priori as non-invasive were
also true negatives (i.e. Epinephelus aeneus, Pseudocaranx dentex and
Synodontis eupterus). Based on the BRA + CCA thresholds (Table 3),
all of the above nine species categorised a priori as invasive were
classified as high risk (hence, including Ruditapes philippinarum), and
the same three species as above categorised a priori as non-invasive
were true negatives. The CCAresulted in anincrease in score relative
to BRA for ten of the screened species, with Micropterus salmoides
achieving the highest possible value of 12; whereas, for Arcuatula
senhousia, there was no increase in score, and for Epinephelus aeneus
there was a decrease of 1 (Table 3). (The AS-ISK combined report for
the screened species is provided as Appendix S1.)

Mean CLvalueswereasfollows: CL, ., =3.29 +0.07 SE (SE = stan-
dard error), Clgga = 3.36 £ 0.06 SE, and CL., = 2.72 + 0.19 SE
(hence, indicating high confidence for the CL and the ClLgg,, and me-
dium confidence for the CL.,). The mean CF, . was 0.82 + 0.02 SE,
and the mean CF, (0.84 + 0.01 SE) was significantly higher than
the mean CF ., (0.68 + 0.05 SE) (F*, ,, = 13.16, p” < 0.001; # = per-
mutational value), whereas there were no significant differences
between assessors (F#1,44 = 1.17, p* = 0.292) nor a significant

Component x Assessor interaction (F*, ,, = 0.31, p* =0.582).

4 | DISCUSSION

Based on the findings of this study, most of the screened NNS (both
extant and horizon) were found to pose a medium or high risk of
being invasive in the River Neretva Estuary. Overall, the common
traits identified in most of the highest-scoring species include com-
petitive behaviour, a broad and omnivorous diet, high ecological
plasticity, and a history of known invasiveness in other regions. Also,
the BRA scores for most of the screened species increased under
predicted climate change conditions because of their origin from
warmer regions. A detailed description of the species screened in
the present study in terms of their history of invasiveness and risk
potential is provided as Appendix S2.

Similar to previous applications to freshwater and marine ecosys-
tems, this first application of the AS-ISK to an estuarine ecosystem
has proven the ability of the toolkit to discriminate reliably between
non-invasive and invasive species. The accuracy of the findings for
the River Neretva Estuary was evinced by the lack of both false neg-
atives and false positives (Kumschick & Richardson, 2013), and the
high confidence rankings reflected not only the extensive literature

information available on the screened species but also the similar



GLAMUZINA ET AL.

= Lwiey- Y

level of expertise amongst assessors (as indicated by the lack of sig-
nificant differences), hence increasing the reliability of the screen-
ing outcomes. On the other hand, the lower (i.e. medium-level)
confidence rankings for the CCA compared with the BRA are in
accord with other AS-ISK applications (i.e. Bilge et al., 2019; Clarke
et al, 2020; Dodd et al., 2019; Glamuzina, Tutman, et al., 2017;
Interesova et al., 2020; Killi et al., 2020; Moghaddas et al., 2020;
Semenchenko et al., 2018; Uyan et al., 2020) and can be explained by
the intrinsically higher level of uncertainty in future climate change
projections.

Recently, knowledge gaps have been identified in both science and
policy for the effective management of biological invasions (https://
ec.europa.eu/environment/integration/research/newsalert/index_
en.htm), indicating that invasive NNS are not receiving the attention
they deserve from scientists, policy makers and managers. This is cru-
cial for tackling invasive NNS through prevention, early detection and
rapid response, and in case of failure of the above actions, through
eradication and control, which are known to be financially demand-
ing (Britton et al., 2011). However, in the case of the River Neretva
Estuary, implementation of such measures is likely to be limited by the
availability of funding resources. At the same time, a balance should
be found between ecological impacts and economic benefits of NNS
introductions, as in the case of Callinectes sapidus, which in this study
was the highest-scoring species for the BRA and second highest for
the BRA + CCA (Table 3). However, despite its documented compe-
tition with native species in the RA area (Mancinelli et al., 2017b), this
species represents an economically important new fishery resource in
estuaries of the Adriatic Sea (Mancinelli et al., 2017a), where it also pro-
vides novel biomaterial for “blue bioeconomy” development in many of
its invaded areas (Nekvapil et al., 2019). As a result, any management
actions for an invasive NNS such as Callinectes sapidus will have to be
carefully evaluated in terms of economic gains versus ecological losses.

Despite all medium- and high-risk species identified in this study
being already listed as invasive in the Centre for Agriculture and
Biosciences International Invasive Species Compendium (CABI ISC:
www.cabi.org/ISC) and/or in the Global Invasive Species Database
(GISD: www.iucngisd.org/gisd/), the present risk screening out-
comes are not trivial. This is because distinction between risk lev-
els (i.e. medium and high) will allow allocation of financial resources
towards a more comprehensive (i.e. full) RA (Copp, Garthwaite,
et al., 2005; Copp, Russell, et al., 2016), which is generally imple-
mented for the high-risk species only given the requirement of a
major economic commitment. Briefly, a full RA examines in detail
the risks of: (a) introduction (entry); (b) establishment (of one or
more self-sustaining populations); (c) dispersal (more widely within
the RA area, i.e. so-called secondary spread or introductions); and
(d) impacts (to native biodiversity, ecosystem function and services,
and the introduction and transmission of diseases). In the case of
the River Neretva Estuary, the present risk screening outcomes will
contribute, within a cost/benefit analysis perspective, to the imple-
mentation of management and control actions by informing environ-

mental managers and decision-makers about the potential risks (or

lack thereof) associated to the presence and introduction of non-na-
tive species. The findings of this study are also expected to pave
the way to similar screening applications to other highly urbanised

estuarine ecosystems worldwide (e.g. Aguilar-Medrano et al., 2019).
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