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The European Union lacks a comprehensive framework to address the threats
posed by the introduction and spread of marine non-indigenous species (NIS).
Current efforts are fragmented and suffer substantial gaps in coverage. In this paper
we identify and discuss issues relating to the assessment of spatial and temporal
patterns of introductions in European Seas (ES), based on a scientifically validated
information system of aquatic non-indigenous and cryptogenic species, AQuaNIS.
While recognizing the limitations of the existing data, we extract information that
can be used to assess the relative risk of introductions for different taxonomic groups,
geographic regions and likely vectors. The dataset comprises 879 multicellular NIS.
We applied a country-based approach to assess patterns of NIS richness in ES, and
identify the principal introduction routes and vectors, the most widespread NIS and
their spatial and temporal spread patterns. Between 1970 and 2013, the number of
recorded NIS has grown by 86, 173 and 204% in the Baltic, Western European margin
and the Mediterranean, respectively; 52 of the 879 NIS were recorded in 10 or more
countries, and 25 NIS first recorded in European seas since 1990 have since been
reported in five or more countries. Our results highlight the ever-rising role of ship-
ping (commercial and recreational) as a vector for the widespread and recently spread
NIS. The Suez Canal, a corridor unique to the Mediterranean, is responsible for the
increased introduction of new thermophilic NIS into this warming sea. The 2020 goal
of the EU Biodiversity Strategy concerning marine Invasive Alien Species may not be
fully attainable. The setting of a new target date should be accompanied by scienti-
fically robust, sensible and pragmatic plans to minimize introductions of marine NIS
and to study those present.
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INTRODUCTION

Introduction of non-indigenous species (NIS) has strongly impacted the conserva-
tion of biodiversity, structure and function of ecosystems and sustainable exploitation
of natural resources, and may negatively impact industries and pose threats to human
health (CARLTON 2002; BAX et al. 2003; SIMBERLOFF 2011).

Recognition of the significant threats posed by NIS is evident in the European
Union Marine Strategy Framework Directive (MSFD) and Biodiversity Strategy
(EC 2012, 2014). NIS are one of the 11 descriptors that constitute the basis for the
evaluation of ‘Good Environmental Status’ (GES) of marine ecosystems in the MSFD
(EC 2008). The Commission Decision (EC 2010) established two criteria and three
indicators for assessing progress towards GES relevant to NIS. Moreover, the EU
Biodiversity Strategy (EC 2011) aims that ‘By 2020, Invasive Alien Species (IAS) and
their pathways are identified and prioritised, priority species are controlled or eradi-
cated, and pathways are managed to prevent the introduction and establishment of new
IAS. However, a recently published proposal for a Regulation of the European
Parliament and of the Council on the prevention and management of the introduction
and spread of invasive alien species EC (2013) states that though ‘The impact of IAS on
biodiversity is significant ... one of the major, and growing, causes of biodiversity loss
and species extinction. ... the European Union currently lacks a comprehensive frame-
work to address the threats posed by IAS ..." (p. 1).

Until such time as monitoring programs for assessing the environmental status of
marine waters are established and implemented by Member States, as mandated by
Article 11 of the MSFD, the EU depends on existing NIS datasets for basic information
on trends in abundance, temporal occurrence and spatial distribution of NIS, in parti-
cular for invasive NIS, their routes and vectors (OJAVEER et al. 2014). One of the
problems facing the designers of roadmaps, programs and management measures of
NIS is the standardisation of terminology and metrics to describe the status of biologi-
cal invasions, influenced, in turn, by quality, validity and potential bias of the under-
lying data (e.g. PYSEK et al. 2008).

In this paper, we identify and discuss issues relating to the assessment of spatial
and temporal patterns of NIS invasions in European Seas. Our analyses are based on
carefully checked data reflecting the current state of knowledge about invasion patterns
in European seas. While recognizing the limitations of the existing data, we extract
information that can be used to assess the relative risk of invasions for different
taxonomic groups, geographic regions and vectors. This account demonstrates the
value of a scientifically validated database when used to establish the ecological status
of a given country and/or its regional seas in terms of the numerical incidence of NIS
present in coastal areas.

A sound scientific basis is needed in order to set up those administrative proce-
dures needed to manage within ES, where ‘Efforts are fragmented, with substantial
gaps in species coverage, and are often poorly coordinated ... this fragmented approach
can lead to action in one Member State being undermined by a lack of action in
neighboring Member States ...” (EESC 2014). The countries bordering ES form a
mosaic of cultures and values which need to be considered when applying uniform
management measures.

Spatial patterns of NIS spread predicate ecological patterns, and as such are
crucial for setting efficient management options. Analysis of the appropriate data
should aid the implementation of the EU MSFD and the Biodiversity Strategy. We
apply a country-based approach to: (1) assess patterns of NIS richness in European



154 B.S. Galil et al.

Seas, (2) identify the principal invasion vectors and (3) identify the most widespread
NIS and the patterns of their spatial and temporal spread.

METHODS

Our account comprises NIS in three European Seas (ES) (sensu NARAYANASWAMY et al.
2013): the Baltic Sea (including the Kattegat), the Western European Margin (WEM, comprising
the Iberian coast, Celtic Seas, North Sea, Skagerrak, Norwegian Sea, Barents Sea, Iceland shelf),
and the Mediterranean. The records of introduction events document the occurrence of NIS in a
country. For bicoastal countries (e.g. France-Mediterranean, France-Atlantic) introduction records
are listed separately for each seacoast. We include EU Member States and non-EU countries, such
as Russia-Baltic Sea, Norway, Iceland, and the Levantine and North-African countries of the
Mediterranean Sea. We exclude records from the Black and Caspian Seas and Macaronesia. We
have sought natural biogeographic rather than administrative units. Country-based records (or
regional records in bi-coastal countries regions) were merged into the three ES.

The NIS follow the definition set out in Annex 1 of MSFD: ‘Non-indigenous species intro-
duced by human activities’ (EC 2008). We use the term ‘invasive’ to denote an NIS whose popula-
tion has proliferated and is rapidly extending its range (OCCHIPINTI-AMBROGI & GALIL 2004). We
record NIS as ‘widespread’ when recorded in 10 or more countries in the ES, and as ‘post-1990
widespread’ when recorded and spread to five or more countries since 1990.

Species undergoing climate-shifted population distributions, but no human-assisted spread,
are not considered to be NIS (PEDERSON et al. 2011). Cryptogenic species, sensu CARLTON (1996),
were excluded, as we focus herein on NIS. Cryptogenic species in European coastal waters will be
addressed by GoLLAscH et al. (in prep.).

The identification of an NIS is dependent upon its known regional and global distribution.
Surveys of marine biota in ES, especially molluscs and fish, had been conducted by the 19th
century, allowing for a reasonable measure of confidence in separating NIS from the indigenous
biota in some major taxa. The historical tracking of NIS is based on the tradition of classification
of biota. Country-based records were used to ensure data reliability and validity across the study
area. Criteria for determining an NIS are (modified after WoLFF 2005): (1) conspicuous arrival, (2)
geographical discontinuity, (3) highly localised occurrence, (4) insufficient natural dispersal to
account for presence, (5) rapid population expansion, (6) association with vector, (7) dependent on
another NIS, (8) molecular similarity to spatially distant populations and (9) belonging to a
spatially distant taxon. In this account we limit ourselves to multicellular organisms as the identity
and origin of many single-celled organisms are confused and in doubt (GoMEz 2008). The date of
introduction is rarely known and we use the first record within each country (the date of collection
or, when missing, the date of publication), noting the date of collection may be some years after the
actual date of introduction.

A ‘route’ is defined as the geographic path over which a species is transported from donor to
target area, a ‘vector’ as the transport mechanism or physical means by which an NIS was
transported (after CARLTON & Ruiz 2005). A route may accommodate several vectors (i.e.
‘Culture activities’ comprises ‘aquaculture equipment’, ‘associated water & packaging material’,
‘intercontinental stock movement’, ‘regional stock movement” and ‘unintentional release and esca-
pees’). With the exception of documented intentional introductions (i.e. culture and stocking
activities, introduced live food), only rarely are the pathways and vectors of introduction known
from direct evidence. Mostly they are deduced from the biology and ecology (if known) of the
species, the habitats and localities it occupies in the native and introduced range, and its pattern of
dispersal (if known), i.e. for a fouling species frequently recorded from ports, shipping is assumed
to be the most probable vector. Inference from one case of introduction to another may be fraught
with uncertainty, as routes and vectors may differ between regions and between primary and
secondary introductions. We list the vector where it is known from direct evidence [e.g. removed
from a fouled vessel), or associated with a vector or route (e.g. found in, or adjacent to, ports
(vessels), shellfish-farms (culture), or ‘stepping stones’ records from the Levant (Suez Canal) ']. NIS
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considered to have been introduced by more than a single vector are listed accordingly. Where two
or more vectors may possibly operate, but we don’t know which one(s) are in play for the NIS in
question, it is referred to as polyvectic.

Data were extracted from the AQUANIS, a new pan-European aquatic non-indigenous and
cryptogenic species information system (AQUANIS 2013, version 2.3) and augmented with pub-
lished records to 2013.

RESULTS
Geographical patterns of NIS

NIS richness differed among the ES, and was substantially greater for the
Mediterranean than the WEM or Baltic Sea. Of the 879 multicellular NIS reported in
the ES, 95 were found in the Baltic, 237 along the WEM and 680 from the
Mediterranean. The dataset comprises 2867 introduction events, of which 118 had
been recorded prior to 1900. Post-1900, 249, 630 and 1870 primary country records
were reported along the Baltic, WEM and the Mediterranean, whereas post-1990, 105,
304 and 982 primary country records were reported in the Baltic, WEM and the
Mediterranean, respectively. The number of NIS recorded in the ES increased: over
the period 1970-2013, their numbers grew by 86, 173 and 204% in the Baltic, WEM and
the Mediterranean, respectively (Fig. 1).

Our data by country show strong geographical patterns in NIS richness. In the
Baltic the numbers of NIS are similar between countries, whereas the countries along
the WEM, and those in the Mediterranean, had widely differing NIS numbers (Fig. 2).
The countries with the greatest number of NIS cluster in the eastern Mediterranean.

Almost 6% of the NIS (52 of the 879) were recorded in 10 or more countries, and
25 NIS first recorded since 1990 have been found in five, or more, countries.
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Fig. 1. — Cumulative number of non-indigenous species (NIS) recorded in the Baltic Sea, Western
European Margin and Mediterranean Sea.
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Fig. 2. — Number of non-indigenous species (NIS) recorded by country in the Baltic Sea (BAL), Western
European Margin (WEM) and Mediterranean Sea (MED).

The earliest record in each ES was taken to be the primary record, and the vector
of that record, as far as can be deduced (see above), is considered the primary vector.
The most common vectors in the Baltic are likely culture (47%) and vessels (39%), in
the WEM vessels (45%) and culture (35%), and in the Mediterranean, the Suez Canal
(53%) and vessels (24%) (Fig. 3a), though the relative importance of vectors varies
among individual countries (Fig. 4). A higher percentage of vessel-introduced NIS is
noticeable among the most widespread NIS: 50, 49 and 26% in the Baltic, WEM and the
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Fig. 3. — Likely vectors of introduction of non-indigenous species (NIS) in the Baltic Sea (BAL: upper
panel), Western European Margin (WEM: intermediate panel) and Mediterranean Sea (MED: lower
panel). (a) All NIS; (b) widespread NIS; (c) post-1990 widespread NIS. C = Canals; C, V = Canals,
Vessels; V = Vessels, Cul, V = Culture, Vessels; Cul = Culture; Ov = Other vectors.

Mediterranean, respectively (Fig. 3b), and post-1990 widespread NIS - 80, 77 and 26%
in the Baltic, WEM and the Mediterranean, respectively (Fig. 3c).

Widespread NIS

Of the 879 NIS recorded, 52 species are considered to be ‘widespread”: 26, 37 and
43 respectively in the Baltic, WEM and the Mediterranean. Seventeen of these ‘wide-
spread’ NIS are common to all three ES (Table 1). The most widespread species is the
Pacific oyster, Crassostrea gigas, introduced from the 1960s onwards for cultivation and
now occurring from Norway to North Africa (WRANGE et al. 2010). Widespread dis-
tribution of the algae Colpomenia peregrina, Neosiphonia harveyi and Sargassum muti-
cum most probably reflects the stock movements of oysters (VERLAQUE 2001); other
widespread species, such as Ruditapes philippinarum and Crepidula fornicata, have been
introduced intentionally and unintentionally, respectively. Some of the NIS present in
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Fig. 4. — Cumulative number of non-indigenous species (NIS) by likely vector and country: (a) Estonia
(Baltic Sea), (b) Netherlands (Western European Margin), (c) France (Western European Margin), (d)
France (Western Mediterranean Sea), (e) Israel (Eastern Mediterranean Sea).

all three ES likely originate from historic ship-mediated introductions: the serpulid
polychaete Ficopomatus enigmaticus was described from the Canal de Caen,
Normandy, in 1921 though reported even earlier in the Mediterranean (FAUVEL 1923;
LINDEGG 1934). Nine widespread NIS are common to the Baltic and the WEM but are
absent from the Mediterranean, 11 are recorded in the WEM and the Mediterranean
and are absent from the Baltic, whereas 15 widespread NIS were recorded in the
Mediterranean alone. Introduction records of ‘widespread’ NIS ranged from 80 in the
Baltic, (27% of all introduction events), 251 in the WEM (37% of all introduction
events) and 351 events in the Mediterranean countries (constituting only 19% of all
introduction events) (Fig. 5).

A subset of the widespread NIS expanded in at least 10 countries after the year
1990: Caprella scaura, Caulerpa racemosa var. cylindracea, Fistularia commersonii,
Gracilaria vermiculophylla, Mnemiopsis leidyi, Neogobius melanostomus and Percnon
gibbesi (Table 1). The recent expansion of these species indicates that they are in a
phase of active colonization and should be followed with the utmost attention. In
addition, 25 NIS that were first recorded later than 1990 are now present in at least
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Table 1.

List of widespread non-indigenous species (NIS) in European Seas. The second column lists NIS
recorded from 10 or more countries; the third column lists NIS first recorded after 1990 and reported
from five or more countries. Columns 4 to 6, the number of countries in each region (BAL = Baltic,
WEM = Western European Margin, MED = Mediterranean) where the NIS was recorded. In the last
column the likely vectors of introduction are given; C = Canals; Cul = Culture, V = Vessels.

Post-1990
widespread BAL WEM MED Pathways
NIS

Widespread

Species name NIS

Acartia (Acanthacartia) X 9 8 3 \Y%
tonsa Dana 1849

Anguillicoloides crassus X 9 9 Cul
(Kuwahara, Niimi &
Ttagaki 1974)

Asparagopsis armata X 6 10 Cul (WEM) +V
Harvey 1855 (MED)

Asparagopsis taxiformis X 1 9 Cul, V(WEM) + C,
(Delile) Trevisan de V (MED)
Saint-Léon 1845

Austrominius modestus X 9 1 \%
(Darwin 1854)

Bonnemaisonia X 1 11 4 V (WEM, BAL) +
hamifera Hariot 1891 Cul, V (MED)

Botrylloides violaceus X 7 1 A%
Oka 1927

Brachidontes pharaonis X 11 C
(P. Fischer 1870)

Bursatella leachii X 12 C
Blainville 1817

Callinectes sapidus X 2 7 14 A%
Rathbun 1896

Caprella mutica Schurin X 9 A%
1935

Caprella scaura X X 2 8 Cul, V
Templeton 1836

Caulerpa racemosa var. X X 14 \%
eylindracea (Sonder)
Verlaque, Huisman &
Boudouresque 2003

Cercopagis (Cercopagis) X 8 A%
pengoi (Ostroumov
1891)

Cerithium scabridum X 10 C
Philippi 1848

Chama asperella X 5 C
Broderip 1835

(Continued)
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Table 1.

(Continued)

Species name

Post-1990
widespread
NIS

Widespread

NIS BAL

WEM MED

Pathways

Codium fragile fragile
(Suringar) Hariot
1889

Colpomenia peregrina
Sauvageau 1927

Corella eumyota
Traustedt 1882

Crassostrea gigas
(Thunberg 1793)

Crepidula fornicata
(Linnaeus 1758)

Didemnum vexillum
Kott 2002

Dreissena polymorpha
(Pallas 1771)

Ensis directus (Conrad
1843)

Ergalatax junionae
Houart 2008

Eriocheir sinensis H.
Milne Edwards 1853

Evadne anonyx G.O.
Sars 1897

Ficopomatus
enigmaticus (Fauvel
1923)

Fistularia commersonii
Riippell 1838

Fulvia (Fulvia) fragilis
(Forsskal in Niebuhr
1775)

Gammarus tigrinus
Sexton 1939

Goniobranchus
annulatus (Eliot
1904)

Gracilaria
vermiculophylla
(Ohmi) Papenfuss
1967

11 11

10 4

11 3

10

Cul, V

Cul

Cul

Cul

Cul, V

V (WEM, BAL) +
C, V (MED)
\%

A%

Cul, V

(Continued)



Bioinvasions in European Seas 161

Table 1.

(Continued)

Species name

Widespread
NIS

Post-1990
widespread
NIS

BAL WEM MED Pathways

Halophila stipulacea
(Forsskal) Ascherson
1867

Hemigrapsus
sanguineus (De Haan
1835)

Hemigrapsus takanoi
Asakura & Watanabe
2005

Hemimysis anomala G.
O. Sars 1907

Hemiramphus far
(Forsskal 1775)

Heterosiphonia japonica
Yendo 1920

Hydroides dianthus
(Verrill 1873)

Hydroides elegans
(Haswell 1883)

Lagocephalus sceleratus
(Gmelin 1789)

Lophocladia lallemandii
(Montagne) F.
Schmitz 1893

Marenzelleria viridis
(Verrill 1873)

Marsupenaeus japonicus
(Spence Bate 1888)

Mnemiopsis leidyi A.
Agassiz 1865

Neogobius
melanostomus (Pallas
1814)

Neosiphonia harveyi
(J.W. Bailey) M.-S.
Kim, H.-G. Choi,
Guiry & G.W.
Saunders 2001

Oculina patagonica de
Angelis 1908

10 CV

Cul, V

Cul (BAL) + C
(ATL)
11 C
Cul (WEM+MED);
Cul, V (BAL)
2 9 \%

2 10 A%

3 7 Vv
C (MED) + Cul
(WEM)

X 4 6 8 \%

X 9 2 \%

1 9 6 Cul

(Continued)
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Table 1.

(Continued)

Species name

Post-1990
widespread BAL WEM  MED
NIS

Pathways

Oncorhynchus mykiss
(Walbaum 1792)

Palaemon
macrodactylus
Rathbun 1902

Paraleucilla magna
Klautau, Monteiro &
Borojevic 2004

Percnon gibbesi (H.
Milne Edwards 1853)

Petricolaria
pholadiformis
(Lamarck 1818)

Pinctada imbricata
radiata (Leach 1814)

Potamopyrgus
antipodarum (J.E.
Gray 1843)

Pseudodiaptomus
marinus Sato 1913

Pteragogus pelycus
Randall 1981

Rhithropanopeus
harrisii (Gould 1841)

Ruditapes
philippinarum
(Adams & Reeve
1850)

Sargassum muticum
(Yendo) Fensholt
1955

Saurida macrolepis
Tanaka 1917

Sepioteuthis lessoniana
Lesson 1830

Siganus luridus
(Riippell 1829)

Siganus rivulatus
Forsskal & Niebuhr
1775

10

10

Cul

Cul, V

Cul

C (MED) + V
(WEM)

Cul, V

Cul

Cul

(Continued)
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Table 1.

(Continued)

Wid d Post-1990
Species name \desprea widespread BAL WEM MED Pathways
NIS
NIS
Sphyraena flavicauda X 5 C
Riippell 1838
Stephanolepis diaspros X 12 C
Fraser-Brunner 1940
Styela clava Herdman X 1 9 1 Cul, V
1881
Tricellaria inopinata X 8 2 Cul, V
d'Hondt & Occhipinti
Ambrogi 1985
Zoobotryon verticillatum X 2 9 A%
(Delle Chiaje 1822)
2000
£
3 1500
[
C
0o
©
3 1000
<
S
k)
2 500
£
p |
) -
o) e [
Baltic Sea Western European Margin Mediterranean Sea

Other NIS mWidespread NIS

Fig. 5. — Number of introduction events in the Baltic Sea, Western European Margin and Mediterranean
Sea showing the proportion of records of widespread non-indigenous species (NIS).

five countries (Table 1); their spread too should be accorded special attention. The
majority of the post-1990 introductions occur in the Mediterranean, underscoring the
dynamics in this nearly enclosed sea.

Of the 879 multicellular NIS in ES, molluscs (26.8%), crustaceans (19.7%), fish
(16.8%) and macroalgae (14.1%) make the largest contributions to the number of
documented NIS, comprising nearly 78% of NIS richness (Table 2). The relative fre-
quency of taxonomic groups shifts somewhat when only widespread NIS are polled: a
disproportionate percentage is comprised of macrophytes (23.1%), while mollusc con-
tribution decreases (21.2%). Among the post-1990 widespread NIS, the relative fre-
quency of taxonomic groups shifts dramatically, macroalgae contribute only 8%,
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Table 2.

Taxa composition of all non-indigenous species (NIS), widespread NIS and post-1990 widespread NIS in
European Seas.

Taxa All NIS Widespread NIS Post-1990 widespread NIS
Molluscs 26.8% 21.2% 16.0%
Crustaceans 19.7% 21.2% 36.0%

Fish 16.8% 15.4% 20.0%
Macroalgae 14.1% 23.1% 8.0%

Annelid worms 9.3% 7.7% —

Other taxa 13.2% 11.5% 20.0%

whereas crustaceans and fish dominate, with 36 and 20%, respectively, of the total,
comprising ship-mediated introductions such as the skeleton shrimps Caprella mutica
and C. scaura, and fast spreading Erythraean fish Fistularia commersonii and
Lagocephalus sceleratus.

DISCUSSION
Terminology

The study of biological invasions resulted in a glut of terms, liable to misapplica-
tion and error. OCCHIPINTI-AMBROGI & GALIL (2004) aimed to clarify the terminology
as a consensual set of terms and definitions regarding invasions in order to facilitate
discourse among the science, policy and management communities. Yet the EC’'s own
documents utilize assorted terms and confusing definitions.

Annex I of MSFD (EC 2008) concerns ‘Non-indigenous species introduced by
human activities’, when Annex III of the same document lists ‘... non-indigenous exotic
species’. The Commission Decision on criteria and methodological standards on Good
Environmental Status of marine waters (EC 2010) uses both ‘Non-indigenous species
introduced by human activities’ (their, L 232/19), and ‘invasive non-indigenous species’ —
the latter term is associated with consequences: Tmpacts of non-indigenous invasive
species at the level of species, habitats and ecosystem’ (L 232/19).

A recent proposal for a regulation of the European Parliament and of the Council
on the prevention and management of the introduction and spread of invasive alien
species (EC 2013) uses a different term: ‘Alien species are species that are transported as
a result of human action outside of their natural range across ecological barriers’, and
defined ‘Invasive Alien Species’ (IAS) as those with ‘a significant negative impact on
biodiversity as well as serious economic and social consequences’, but declined to
clarify the levels of disturbance to be considered significant and serious. A companion
document, Commission Staff Working Document, Impact Assessment (EC SWD 2013,
Annex VIII: 80), defines IAS as ‘alien species whose introduction or spread has been
found, through risk assessment, to threaten biodiversity and ecosystem services, or to have
a negative impact on the environment, society and the economy’, again, without deli-
neation of threat levels. These documents utilize both ‘pathway’ and ‘vector’ [as in ‘some
alien species are introduced ... in transport vectors’ (3) but only the former term is
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defined as ‘the routes and mechanisms of biological invasion’ (16)]. We follow the
concepts of CARLTON & Ruiz (2005) who laid out a detailed framework for vector
terminology.

A uniform, unambiguous terminology must underpin EU and EC documents. NIS
(synonyms: alien, exotic, introduced, non-native) is defined as a species, subspecies or
lower taxon introduced intentionally or accidentally by a human-mediated vector out-
side its natural range (past or present) and outside its natural dispersal potential
(OLENIN et al. 2013). Since quantitative, or even qualitative, levels of NIS impacts on
biodiversity, economy and society have not been delineated, let alone discussed and
agreed upon, it is best at the present time to adhere to plain, transparent and uncom-
plicated terms, clearly defined. Therefore, we use the term ‘invasive’ for clearly quantifi-
able ‘wide spread’ > (NIS recorded in 10 or more countries in ES), and ‘post-1990
widespread’ (NIS first recorded in ES in 1990 or later, and reported in five or more
countries) to describe NIS populations sustained without human assistance and spread-
ing beyond introduction sites.

Routes and vectors

The MSFD (EC 2008) places emphasis on the ‘trends in abundance, temporal
occurrence and spatial distribution in the wild of non-indigenous species ... in relation
to the main vectors and pathways’. A recent proposal for the ‘regulation concerning the
prevention and management of the introduction and spread of invasive alien species’
(EC 2013: 11) acknowledges the essential role of vectors in biological invasions and
considers it ‘crucial to manage the pathways of unintentional introduction’. The general
provisions ask Member States to ‘carry out a comprehensive analysis of the pathways of
unintentional introduction and spread of invasive alien species in their territory and
identify the pathways which require priority action [“priority pathways”], because of the
volume of species or of the damage caused by the species entering the Union through
them’ (Article 11, p. 22).

Identifying the major introduction vectors is a first step to prioritize vector
management efforts with the aim to reduce new species arrivals. For both dominating
vectors, i.e. shipping and culture, mechanisms have been identified. In shipping, a
voluntary exchange of ballast water at sea applies for vessels arriving with ballast
water originating from outside Europe (DAVID & GOLLASCH 2008; HELCOM 2008).
Intra ES ballast water movements are not addressed; stricter standards are considered
once the International Maritime Organization (IMO) Ballast Water Management
Convention enters into force. Biofouling of recreational and commercial vessels was
considered by IMO, resulting in voluntary recommendations (IMO 2004; IMO MEPC
2011, 2012). For culture imports, quarantine measures are recommended by the
European Council Regulation No 708/2007 of 11 June 2007, concerning use of alien
and locally absent species in aquaculture. This regulation applies to NIS introductions
or locally absent species (translocations) for aquaculture use and covers all aquatic
species (exemptions apply) (EC 2007).

The relative importance of shipping and culture activities as the principal vectors
in the Baltic and WEM is apparent in the numbers of NIS and widespread NIS. The
Mediterranean is strikingly different; there the Suez Canal is the main route (GALIL
2006; 2012). Eleven widespread NIS restricted to the Mediterranean have been intro-
duced through the Suez Canal. An analysis of the temporal and spatial patterns of
introduction events, such as the one performed through AQUANIS, provides supporting
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evidence to legislation and management in their efforts to prevent new introductions
into ES and to manage the spread of NIS already present.

Some NIS, once introduced, may spread by natural dispersal mechanisms, i.e.
currents or transport by another organism of a different species (ARMONIES & REISE
1998; WASSON et al. 2001; RIBEIRO et al. 2012). This spread, although widely recog-
nised, requires further assessment since these natural processes may impede manage-
ment efforts.

Risk and prediction of possible NIS impact

Commission Decision (EC 2010, Annex I, Part b, L 232/19) which establishes
criteria and methodological standards for Good Environmental Status relevant for
Directive 2008/56/EC, calls for assessment of ‘Trends in abundance, temporal occur-
rence and spatial distribution in the wild of non-indigenous species, particularly inva-
sive non-indigenous species, notably in risk areas’. Our data distinguish countries with
several times more NIS than others in the same sea (Fig. 2). A large number of NIS
unquestionably indicates heightened risk. Yet it is accepted that we grossly under-
estimate the total number of NIS. As a matter of fact, data are entirely absent for
many of the small-sized invertebrate phyla because of limited search efforts and erosion
of taxonomic expertise. The NIS unicellular biota is underreported, though it is well
established that anthropic dispersal and redistribution of propagules in ballast water
and sediments and shellfish transplantation facilitate range expansions. These encom-
pass harmful algal bloom (HAB) forming species and other microalgae, as well as other
microbial loop components, including viruses, algicidic bacteria and microbial loop
grazers such as protoperidinians, ciliates and other protists (HALLEGRAEFF & BOLCH
1992; GALIL & HULSMANN 1997; PIERCE et al. 1997; SMAYDA 2007). The magnitude of
the gap is difficult to assess as research efforts vary greatly among taxa, habitats and
locations. Data are rarely if ever gathered through standardized surveys specifically
designed to detect NIS. Poorly-studied NIS taxa, NIS in poorly-studied habitats and
regions, small-bodied species and additional lacunae impede our understanding of NIS
diversity (CARLTON 2009).

Our understanding of the impacts of marine bioinvasions is extremely limited, as
most have not been quantitatively or experimentally studied over a sufficiently long
term, and thus no conclusions about the percentage of NIS impacts on the marine
environment can yet be drawn. The proportion of marine NIS with ‘significant negative
impact’ is low because our understanding of marine ecosystems functions is con-
strained due to lack of study, and unless impacts are conspicuous, they fail to elicit
research funding. Studies show NIS marine herbivores and predators transforming
community composition and ecosystem properties through trophic cascades and chan-
ged nutrient cycling (e.g. KORNIS et al. 2012), whereas ‘engineering’ NIS build struc-
tures, altering erosion regimes and changing habitat suitability for other species
(WALLENTINUS & NYBERG 2007). However, cumulative impacts at the ecosystem level
may not be readily detected and NIS populations may remain innocuous for many years
before spreading and turning invasive (CROOKsS 2011; ESSL et al. 2011).

The MSFD recognizes that ‘There is still only limited knowledge about the effects
of the non-indigenous species on the environment’ (EC 2010: L 232/19); at present, we
lack the knowledge to ascertain the magnitude of impacts of the great majority of
marine NIS in ES either from direct observation or accurate quantitative risk assess-
ment processes. The EC does recognize ‘that costs per IAS tend to increase in line with
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their spread ... that many IAS are continuing their expansion and, consequently, it is
reasonable to expect that the average damage per TAS will increase’ (EC SWD 2013:
321,19).

Attempts at predicting which species are more likely to be successfully introduced
and thus candidates for the keenest monitoring and surveillance have been made (e.g.
CATFORD et al. 2012). Thus far, the most reliable indicator is past performance: wide-
spread NIS are likely to disperse further. Therefore, for the purpose of this study, we
chose the geographic spread of NIS populations across ES as a proxy measurement for
potential impact. About 5% of the NIS recorded in ES may be characterized as wide-
spread, having been recorded in 10 or more countries. We are aware of the short-
comings of this measure, as some NIS may exert ‘significant negative impact on
biodiversity as well as serious economic and social consequences’ (EC SWD 2013: 2)
but have limited spread. We argue that close monitoring of NIS richness, abundance
and spatial extent may indicate whether management is effective and sufficient.

Climate-driven changes

Climate-driven changes in marine ecosystems, through modifications in physical,
chemical and biological components and processes, challenge management to provide
effective preparation and response. Rising temperatures and other climate-driven
changes have already shifted geographic distributions of marine species by boosting
thermophilic NIS (OCCHIPINTI-AMBROGI 2007; ARONSON et al. 2009; VAN DER PUTTEN
et al. 2010). Climate change effects on marine organisms and ecosystems are set to
increase with projected changes in temperature, salinity, acidification, circulation,
stratification and other parameters, though due to the complexity of marine ecosystems
and non-linear interactions with climatic and non-climatic stressors, the change is far
from predictable (GRIFFIS & HOWARD 2013).

Climate-related changes in shipping routes (i.e. opening the Arctic route) and
commercial patterns, and choice of species for mariculture will affect the diversity
and frequency of introduced propagules. Climate-induced shifts in the distribution of
thermophilic NIS raise the possibility of driving these NIS, now mostly restricted to
tropical and subtropical seas, into temperate regions. As the world is exposed to climate
change, policy and management are urgently needed to reduce non-climatic marine
stressors, including bioinvasions, that may augment the resilience of regional ecosys-
tems. It is impossible to predict whether some environmental changes may be beyond
human control; however, unabated bioinvasions further constrain the choices available
to us.

CONCLUSIONS

The present study provides the first comprehensive analysis of NIS data in ES
based on scientifically validated data. Our results highlight the ever-rising role of
shipping (commercial and recreational) as a vector for the widespread and recently
spread NIS. The Suez Canal continues to act as a route enabling some Indo-Pacific and
Erythraean biota to enter the warming Mediterranean Sea.

The use of the first introduction event as the basic information unit has provided
a first-hand measurable metric to assess the magnitude of the NIS invasion
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phenomenon across biogeographic and administrative borders. It is also suggested here
that the number of NIS per country (or better, the combination of country and regional
sea) may provide a robust estimate of the ecological status and may be used as a
baseline for future monitoring schemes and evaluating the success of species introduc-
tions management measures.

The unification of invasion terminology as well as clarification of invasion vectors
requires urgent attention. In order to provide decision makers with adequate scientific
knowledge, further research needs include risk evaluation methods, identification of the
Good Environmental Status (including impact assessments) and effective prevention
measures.

We conclude by pointing out that at the time of writing, the 2020 goal of the EU
Biodiversity Strategy concerning marine Invasive Alien Species may not be fully achiev-
able. Current knowledge regarding several important aspects related to the agreed
targets is insufficient. Therefore, one of the urgent needs is to institute scientifically
robust, NIS-targeting standardized quantitative monitoring. The resulting data is essen-
tial for documenting the full extent of marine bioinvasions, and for providing informa-
tion for the development of competent and pragmatic management plans and effective
conservation policies.
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NOTES

1. NIS may also be introduced through the Suez Canal with shipping, likely in fouling.
The proposal for Regulation of the European Parliament and of the Council on the preven-
tion and management of the introduction and spread of invasive alien species (EC 2013)
defines ‘widely spread’ as ‘an invasive alien species whose population has gone beyond the
naturalization stage, in which a population maintains a self-sustaining population, and has
spread to colonize a large part of the potential range where it can survive and reproduce’
(Article 3, p. 16).
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