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a b s t r a c t
Mediterranean lotic waters such as rivers, streams and springs are poorly monitored for non-indigenous ﬁsh species (NIFS). Since these systems are stressed by multiple anthropogenic pressures, it is important to build robust
procedures to track NIFS distribution and spread. This study applies a multi-faceted assessment of NIFS in the
lotic ecosystems of Greece at different spatial scales by providing: a) a historical review of temporal patterns
and arrival pathways of ﬁsh introductions in river basins of Greece (140 basins) across 100 years; b) an analysis
of occurrence and abundance data of NIFS assemblages at the lotic site scale (644 electroﬁshed sites); c) the mapping of NIFS distributional patterns at river basin (75 basins) and regional scales (7 freshwater ecoregions); and,
d) a vector analysis of ﬁsh translocations using an ecoregional framework. In total, 55 NIFS were recorded (25
alien and 30 translocated); however, there is a low incidence of NIFS in lotic waters at the site scale (30 NIFS recorded in the ﬁeld samples; 10 alien and 20 translocated). NIFS introductions in Greece appear to be inﬂuenced
by speciﬁc socio-historical periods, indicating a gradual increase since late 1970s. Despite this increase, our study
provides evidence that only four alien species are currently widespread and common in the rivers and streams of
Greece: Gambusia holbrooki, Carassius gibelio, Pseudorasbora parva, and Lepomis gibbosus (in order of recorded
abundance). NIFS tend to be absent or distributed in very low numbers in upland streams and in smaller river
basins. However, the issue of translocated ﬁsh species is shown to be a sorely neglected problem that is difﬁcult
to track. This review tests a readily transferable screening procedure, contributes to the application of the
European Union Regulation on Invasive Alien Species; it suggests gaps and uncertainties, and proposes conservation and management actions.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Freshwater ecosystems and their biota are under immediate threat,
confronting multiple and often interacting anthropogenic stresses
(Ormerod et al., 2010). One of the leading drivers for freshwater biodiversity loss and degradation of ecosystems is the human-induced introduction of non-indigenous ﬁsh species (hereafter NIFS) (Saunders et al.,
2002; Dudgeon et al., 2006; Liu et al., 2017). The introduction of NIFS
may produce severe ecological damage by affecting native species at
various levels of biological organization through predation, competition, habitat degradation, food web alteration, hybridization and disease
transmission (Copp et al., 2005; Savini et al., 2010; Ribeiro and Leunda,
2012; Havel et al., 2015). Apart from the ecological perspective, NIFS
may also create serious socio-economic impacts (Pimentel et al., 2000;
Helfman, 2007).
However, although NIFS are frequently blamed for adverse environmental impacts, the evidence for this is often weak and circumstantial
(Ribeiro and Leunda, 2012). We leave aside the questions of how to
identify and quantify impacts of non-native species (for related discussions and debates, see: Gozlan, 2008; Leprieur et al., 2009; Ricciardi
et al., 2013; Russell and Blackburn, 2017; Crowley et al., 2017; Briggs,
2017; Ricciardi and Ryan, 2018; Sagoff, 2018). We further emphasize
that if some kind of (negative) ecological impact is generated by an invader, the magnitude of this impact depends greatly on the invader's
abundance and spatial distribution (Ricciardi et al., 2013; Havel et al.,
2015; Laverty et al., 2017; Sofaer et al., 2018). An important implication
of this reasoning is that the capacity for establishment, proliferation and
spread constitutes a precondition for designating a species or population as a harmful invader. Lockwood et al. (2013) put the argument
thus: “Typically it is only when a population is widespread and abundant that it will cause some sort of ecological or economic harm, and
thus earn the name invasive”. Exceptions nevertheless exist, as is the
case of impacts induced by pathogens, which can emerge immediately
after a species arrives in a new environment (Jeschke et al., 2014).
These considerations highlight the importance of establishing appropriate data collection methods for evaluating the invasion risk of
non-native species. However, detailed information on species occurrence, distributions and population dynamics is rarely available in sufﬁcient detail to guide management priorities and options (e.g.
prevention, control or eradication). A world-wide review of studies providing information on risk assessments of alien species (including freshwater ﬁsh) indicated that only 5% of the studies included information on
abundance and spread (McGeoch et al., 2012). In Europe, comparisons
and evaluations of some of the risk assessment methods revealed substantial uncertainties and inconsistencies in the assessment outcomes
that were largely attributed to the lack of essential baseline data, such
as on establishment and spread rates, thus necessitating an excessive
use of expert judgment (Rabitsch et al., 2012; Verbrugge et al., 2012;
Matthews et al., 2017; Vanderhoeven et al., 2017; Roy et al., 2018).
Another important problem in invasion studies is a lack of common
understanding of terms, concepts and conservation goals across stakeholders and policy makers (Heger et al., 2013; Humair et al., 2014;
Davies, 2016; Heink et al., 2018). For instance, there are still conceptual
problems concerning non-indigenous status (Essl et al., 2018), and the
terminology varies depending on management contexts (Colautti and
Richardson, 2009; EU, 2014). Species translocations (i.e. movements of
ﬁsh across zoogeographical boundaries within the same political entity
(country) (Copp et al., 2005) are often difﬁcult to track and thus often
omitted from nation-wide risk assessments and other surveys (e.g. see
Zenetos et al., 2009 for Greece). However, translocated ﬁsh species
may generate impacts that may exceed those of alien ﬁshes due to
higher possibility of introgressive hybridization between populations
of closely related species (e.g. Buoro et al., 2016). The issue of translocation may be an overlooked invasive species problem despite the fact
that translocated species are currently widely considered an important
part of the NIFS spectrum (Helfman, 2007).

385

Greece is an example of a state facing lotic ecosystem conservation
challenges, especially with respect to freshwater ﬁsh. The country
hosts a diverse freshwater ﬁsh fauna with a substantial proportion of
country-speciﬁc endemics, 47 in total (or 35% of the native ﬁsh fauna).
Many endemic and globally threatened ﬁshes are burdened by various
anthropogenic pressures mainly attributable to water abstraction, habitat alteration, resource extraction, climatic variability/climate change,
pollution and the presence of non-indigenous species. The latter represents a rather recent but increasing form of biological pollution that is
especially difﬁcult to track (Economidis et al., 2000; Zenetos et al.,
2009). The distribution of NIFS in Greece is poorly documented and
even qualitative survey compilations are very recent (Economou et al.,
2007; Corsini-Foka and Economidis, 2007; Zenetos et al., 2009;
Koutsikos et al., 2012; Leonardos, 2016). Most studies referring to NIFS
are mainly from lentic environments (e.g. Tsekos et al., 1992; Rosecchi
et al., 1993; Crivelli et al., 1997; Economidis et al., 2000; Perdikaris
et al., 2005; Leonardos et al., 2007) and there is no surveillance of NIFS
for the entire country. Quantitative data concerning non-native ﬁsh
populations in lotic ecosystems are especially scarce (Economou et al.,
2016). However, even under these data-scarce conditions, some risk assessment studies have been recently implemented at broad spatial
scales and thematic contexts (Papavlasopoulou et al., 2013; Perdikaris
et al., 2016; Piria et al., 2017).
How the risks posed by non-indigenous species are assessed varies
widely in approach, objective, implementation and taxa covered; and
improvements are needed (Copp et al., 2009; Verbrugge et al., 2012;
Ferincz et al., 2016; Vanderhoeven et al., 2017; Roy et al., 2018). Most
screening methods still use qualitative criteria and the need to develop
quantitative approaches is increasingly recognised and recently promoted (Roy et al., 2018). Apart from sparse work and reviews beyond
Europe (e.g. Gido et al., 2004; Mitchell and Knouft, 2009; Fitzgerald
et al., 2016) most studies in Europe and the Mediterranean countries
concentrate on areas of intensive invasion problems such as lentic environments, rarely focusing on site-scale lotic waters or tracking invasions
at multiple spatial scales. Assessing species distributions and prevalence
in all lotic waters at various scales is important for underpinning many
components of NIFS policy and detecting invasiveness, for example in
the application of European Union Regulation on Invasive Alien Species
(IAS) No 1143/2014 (EU, 2014) and decision-making frameworks at
various policy levels (Roy et al., 2018).
In order to address the latter issues, this study applies a multifaceted assessment procedure for lotic ecosystems at the state-wide
level and provides: a) a review of temporal patterns and arrival pathways of ﬁsh invasions/translocations in Greece's inland waters across
100 years; b) an analysis of occurrence and abundance of NIFS assemblages within lotic ecosystems at the site scale; c) the mapping of NIFS
distributional patterns at river basin and ecoregional scales; and, d) a
vector analysis of ﬁsh translocations using an ecoregional framework.

2. Material and methods
2.1. Study area
Greece is characterised by a highly fragmented hydrographic network with a large number of medium and small-sized river basins dominated by mountainous landscapes but fringed by a long convoluted
coastline (Economou et al., 2007; Skoulikidis et al., 2009). From a biogeographical perspective, Greece, is divided into eight freshwater
ecoregions (see Fig. 6B). Each ecoregion hosts distinctive assemblages
of freshwater ﬁsh species and other aquatic/semi aquatic life forms,
many being endemic to each region (Zogaris and Economou, 2017).
The spatial scale of the ecoregion is widely used as standard geographical and non-political framework for conservation/ecological evaluations (Abell et al., 2008) and biological assessments (Zogaris et al.,
2018).

386

N. Koutsikos et al. / Science of the Total Environment 659 (2019) 384–400

2.2. Data acquisition and analysis
In order to compare the historical with distributional ﬁsh fauna records of each river basin and freshwater ecoregion, data where obtained
from two different sources: a) a bibliographical survey; from all available literature at each river basin system (including lakes) and b) lotic
waters electroﬁshing survey data; derived from standardized ﬁeld sampling in rivers, streams, canals and springs, in the frame of various regional surveys including the EU Water Framework Directive (WFD)
monitoring. An overview of the procedure to assess the spread of NIFS
based on available knowledge is given in Fig. 1.
Literature review data were based on all available scientiﬁc and grey
literature, using as main references Economidis et al. (2000), Economou
et al. (2007), Koutsikos et al. (2012), Barbieri et al. (2015) and Piria et al.
(2017). Data from complementary sources, including reports from environmental agencies, were assessed and used when appropriate.
Through identifying species richness within river basins and analyzing
the distribution as well as the ﬁsh assemblages across basins,
presence-absence values were used. The derived matrix summarised
the ichthyofaunas of 140 drainage basins within Greek territory; including all species inhabiting the entire watershed, whether the system
consisted of only lotic and/or lentic catchments. On the other hand,
the electroﬁshing samples were entirely within lotic systems.
Electroﬁshing surveys were carried out primarily from May to October in the years 2001–2015, during the rivers' reduce summer ﬂows. In
total, 644 sites were sampled comprising 954 different samples from 75
different drainage basins in Greece. Fish sampling was conducted
through using appropriate electroﬁshing equipment (backpack, shorebased and boat-based electroﬁshing) depending on river size (e.g.
depth) and ﬂow conditions (from small fast ﬂowing upland streams to
main-stem rivers close to river mouths). The procedure is standardized
basically following CEN (2003) guidelines for electroﬁshing and sampling targeted river bioassessment during most samples (Zogaris et al.,
2018); for method description see Economou et al. (2016).
Taxonomy and nomenclature follow Barbieri et al. (2015). A distinction between alien and translocated species is made here; this
categorisation is used widely in recent years (e.g. Copp et al., 2005;
Koutsikos et al., 2012; Tarkan et al., 2015; Xiong et al., 2015; Buoro
et al., 2016; Pofuk et al., 2017; Trochine et al., 2017). Alien species are
considered those whose native distributional range did not include
any river basin within inland waters of Greece. Translocated species
are native ﬁsh species that have been introduced into a given catchment, within Greek territory, but outside their historical native range.
Euryhaline native species of marine origin were excluded from the analyses. When alien and translocated species are referred together they are
cited as non-indigenous ﬁsh species (NIFS).

The arrival pathway of each species was categorised as AQ, aquaculture; OR, ornamental; AN, angling or bait ﬁsh; BC, biological control and
UN, unintentional. Invasion phases were classiﬁed according to
Blackburn et al. (2011). This classiﬁcation scheme views invasions as a
series of stages (transport, introduction, establishment and spread), in
each of which there are “barriers” that need to be overcome for a species
or population to pass on to the next stage. Species (or populations) are
catagorised according to their position in the invasion process, and only
those which have reached the ﬁnal stage are regarded as invasive. The
abundance classiﬁcation followed Macdonald et al. (2003). Both of the
latter classiﬁcations referred on the status of each NIFS at the country
level. Year of introductions represent the earliest date of introduction
or detection of the NIFS and when the latter information was not available we provided an approximate estimation (e.g. mid 1950s entered in
database as 1955, etc.).
In addition, the native ichthyofauna was used to guide assemblage
characteristics by virtue of their abundance and distributional range.
We employed the quadrant graph technique originally used by Ono
(1961; after Soto, 1986) to illustrate the position of native species in occupancy and abundance axes, with lines drawn to show the means and
95% conﬁdence limits of site occupancies and local abundances. Species
site occupancy (number of sites in which a species was recorded) and
mean local abundance (mean number of individuals per site in the
sites of its occurrence) were estimated for all native ﬁsh species. The
lines divide the graph area into four quadrants characterising the species along occurrence frequency (from restricted to widespread) and
abundance (from locally rare, hereafter referred to as rare, to abundant).
Subsequently, based on the latter occupancy-abundance classiﬁcation
produced by native species patterns, we projected the NIFS into the
graph to comparatively depict spatial patterns of spread and rarity of
alien and translocated ﬁsh species.
To further investigate invasiveness at an ecoregional scale, we calculated the NIFS prevalence per 1000 km2, for both bibliographic and ﬁeld
survey data, the percent of NIFS abundance, as well as the percentage of
species per status (native/alien/translocated), on each of the Greek
freshwater ecoregions separately (for names see Fig. 7). To deﬁne the
class ranges of each group we used logical cut-off values for the measured values of % NIFS abundance and the Jenks Natural breaks (Smith
et al., 2015) in NIFS per 1000 km2, as one of the standard classiﬁcation
methods provided in ArcGIS (version 10.4).
The visualization of human-induced movements (e.g. the species
transplants into different ecoregions) allows for the identiﬁcation,
quantiﬁcation and direction ﬂows of their spatial patterns (Abel and
Sander, 2014). Thus, to identify the major donor and recipient areas of
translocated ﬁsh species in the country, we charted the ﬂows of translocations among Greek freshwater ecoregions for both bibliographical

Fig. 1. Assessment scheme applied in this study: highlighting inputs, processing methods, and outputs of the country-wide screening procedure.
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and sampling survey data by assigning each translocated species to its
native ecoregion(s). The analysis is depicted using circular ﬂow plots
created using a R syntax (package version 3.4.3; R Core Team, 2017)
adapted from Abel and Sander (2014) and Van Kleunen et al. (2015).
The origins and destinations of translocations within the seven
ecoregions were each assigned a colour and represented by the circle's
segments (one ecoregion, Southern Anatolia was excluded since the island and islets within Greek territory do not have lotic waters with
ﬁshes). The direction of the translocation ﬂows was encoded by an
arrow head between the ﬂow and the destination segment, whereas
the width of the ﬂow (at the beginning and at the end points) indicated
the volume of translocations. The tick marks on the circle segments represented the number of translocations (species inﬂows and outﬂows),
while number in brackets indicated the native species richness of each
ecoregion in either bibliographical or survey data.
3. Results
3.1. Arrival pathways and temporal patterns of introductions
The two major pathways for alien species were aquaculture with
28% (7 species) and angling/ﬁsh bait with 20% (5 species); and/or
both pathways together (category AQ/AN, Table 1) with an extra 16%
(4 species). In contrast, the dominating pathway for translocated species was the category of angling/ﬁsh bait by scoring 43.3% (13 species).
Although there is anecdotal evidence to support contamination of
stocking as an important speciﬁc pathway of spread, this is not conﬁrmed in many cases and here this means of entry is subsumed in
both aquaculture and angling/ﬁsh bait categories. However, for another
13 translocated species, the 43.3% of already established translocations
within inland waters, no pathway data were available (category UN,
Table 1).
Power relationships were applied for the cumulative number of both
alien (R2 = 0.953) and translocated ﬁsh species (R2 = 0.916) through
the years of introductions (Fig. 2). Patterns were similar for both categories of NIFS (Fig. 2), however differences were observed at the number
of species per time periods. Until the early 1920s (period I) no record
of NIFS was documented into the inland waters of Greece. The ﬁrst documented translocations in the country took place in the 1920s (period
A). After this period there was a paucity of introductions for the next
two decades (from the 1930s to late 1940s, period II). From 1950 and
until the late 1960s (period B) nine more ﬁsh species were introduced,
raising the total number of the NIFS to 13.
Finally, the third and the largest wave of ﬁsh introductions in the
country, started in the late 1970s (period C) with an introduction of a
further 25 species, and during the last two decades (period D) another
17 NIFS were introduced. The average rate of NIFS introductions to
Greece since the 1920s is 5.5 species per decade, but separately for the
periods C and D (Fig. 2) increases to 8.4 species per decade.
3.2. Bibliographical versus ﬁeld survey data
The bibliographical research compiled a total list of 151 freshwater
ﬁsh species present within the 140 studied Greek river basins. Overall,
126 species were native (83%), 25 species alien (17%), while 28 native
species (22% of Greek native) have been translocated into new catchments. The ﬁve most commonly recorded NIFS within Greek drainage
basins were: the Eastern mosquitoﬁsh, Gambusia holbrooki Girard,
1859 with 73 occurrences (52.1% F.O.), followed by the Prussian carp
Carassius gibelio (Bloch, 1782), the common carp, Cyprinus carpio Linnaeus, 1758 and rainbow trout, Oncorhynchus mykiss (Walbaum,
1792), all with 29 occurrences (20.7% F.O.), and the grass carp, Ctenopharyngodon idella (Valenciennes, 1844) with 14 occurrences (10%
F.O.) (Table 1).
Throughout the 15 years of standardized river sampling surveys, approximately 240 small, mid-sized and large tributaries and/or main
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river channels, of 75 river basins were sampled. The current ichthyological survey covered more than half (54%) of the aforementioned drainage basins (n = 140) that are known to sustain native freshwater
ichthyofauna in Greece. In total, 953 samples out of 644 sites were surveyed and over 325,000 individual ﬁsh were recorded. Speciﬁcally, 115
freshwater ﬁsh species were collected, of which 105 were native (91%)
and 10 alien (9%, Table 1). Furthermore, 20 translocated ﬁsh species
were collected, representing approximately an extra 17% of Greek native species sampled.
NIFS are distributed throughout the Greek peninsula as well as the
Aegean and Ionian Islands. On the contrary, the absence of established
NIFS introductions along the Pindos mountain range and in parts of
the southern half of Greece (in relatively small river basin areas) is conspicuous (Fig. 3). Alien ﬁsh species were mainly located in the country's
central, northern and northwestern river basins. In contrast, the majority of translocated ﬁsh species were located within basins of the Ionian
and Western Aegean ecoregions, with some exceptions in Thrace
(Axios/Vardar, Evros, and Thassos) and in the Thessalian Pinios basin
of the Macedonia-Thessaly ecoregion (Fig. 3). The ﬁve most frequent
NIFS sampled within the 75 Greek river basins were: G. holbrooki with
42 occurrences (56% F.O.), followed by C. gibelio with 24 occurrences
(32% F.O.), O. mykiss and the pumpkinseed, Lepomis gibbosus (Linnaeus,
1758) with 11 occurrences (14.7% F.O.) respectively, and the topmouth
gudgeon, Pseudorasbora parva (Temminck and Schlegel, 1846) with 10
occurrences (13.3% F.O.) (Table 1).
In total, 55 NIFS were recorded (25 alien and 30 translocated); however, there is a low incidence of NIFS in lotic waters at the site scale (30
NIFS recorded in the ﬁeld samples; 10 alien and 20 translocated). Out of
55 NIFS listed in Table 1, 28 (10 alien and 18 translocated) were common in the both inventories of bibliographical and sampled data.
Three species, Alburnoides sp., Western Greece goby, Economidichthys
pygmaeus (Holly, 1929) and an unidentiﬁed chub Squalius sp., are referred here as translocated, for the ﬁrst time, in the Evros, Lake Taka
and the Charadros river basins respectively. The invasion categories of
the annotated list, ﬁve NIFS (9.1%) have been categorised as “E” (fully
invasive species, with individuals dispersing, surviving and reproducing
at multiple sites across a greater or lesser spectrum of habitats and
extent of occurrence), 10 species (18.1%) in category “D2” (self-sustaining population in the wild, with individuals surviving and reproducing a signiﬁcant distance from the original point of introduction)
and 11 (20%) in “D1” (self-sustaining population in the wild, with
individuals surviving a signiﬁcant distance from the original point
of introduction).
Under the “C” categories of the invasion phases, 12 NIFS (21.82%)
have been categorised as “C3” (individuals surviving in the wild in location where introduced, reproduction occurring, and population selfsustaining), seven (12.7%) as “C1” (individuals surviving in the wild in
location where introduced, no reproduction), while in the remaining
two categories, “C2” (individuals surviving in the wild in location
where introduced, reproduction occurring, but population not selfsustaining) and “C0” (individuals released into the wild in location
where introduced, but incapable of surviving for a signiﬁcant period),
record only one species (1.8%), respectively. Finally, the remaining
seven NIFS (12.7%) belonged to the category “B3” of the classiﬁcation
scheme (individuals transported beyond the limits of their native
range, and directly released into novel environment) of Table 1.
The abundance classiﬁcation according to Macdonald et al. (2003),
showed that only four NIFS (7.3%), the aliens G. holbrooki and P. parva,
and the translocated Struma stone loach, Oxynomacheilus bureschi
(Drensky, 1928) and Vardar chub, Squalius vardarensis Karaman, 1928
were classiﬁed as “widespread” within the catchments (category “3”)
(Table 1). The majority of introduced species recorded in category “2”
(isolated population in small restricted region/s) with 22 NIFS (40%),
followed by category “3l” (widespread in lower catchment) with 17
NIFS (30.9%) and category “1” (very rare; probably a single record)
with 9 NIFS (16.4%).
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Table 1
Non-indigenous ﬁsh species (NIFS type: Alien and Translocated) in Greece, from bibliographical and survey data. Invasion phase and abundance classiﬁcation followed Blackburn et al.
(2011) and Macdonald et al. (2003), respectively, both at the country level.
Species

Abramis bramaa
Acipenser baerii
Acipenser
gueldenstaedtii
Acipenser naccarii
Alburnoides sp.b
Ameiurus cf. nebulosus
Barbus sperchiensis
Carassius auratus
Carassius gibelio
Carassius langsdorﬁi
Cobitis hellenica
Coregonus cf. lavaretus
Ctenopharyngodon
idella
Cyprinus carpio
Economidichthys
pygmaeusb
Esox luciusa
Gambusia holbrooki
Gymnocephalus cernua
Hypophthalmichthys
molitrix
Hypophthalmichthys
nobilis
Knipowitschia
caucasicab
Lepomis gibbosus
Luciobarbus graecus
Micropterus salmoides
Neogobius ﬂuviatilis
Oncorhynchus kisutch
Oncorhynchus mykiss
Oreochromis niloticus
Oxynoemacheilus
bureschi
Pachychilon
macedonicum
Parabramis pekinensis
Pelasgus marathonicus
Pelasgus stymphalicus
Perca ﬂuviatilis
Poecilia latipinna
Pseudorasbora parva
Rhodeus meridionalis
Rutilus panosi
Rutilus sp.
Rutilus ylikiensis
Salmo farioides
Salmo letnica
Salmo salar
Salmo trutta
Salvelinus fontinalis
Sander lucioperca
Scardinius acarnanicus
Scardinius graecus
Silurus aristotelis
Silurus glanis
Squalius orpheus
Squalius peloponensis
Squalius sp.b
Squalius vardarensis
Tinca tinca
a
b

NIFS
type

River basin occurrence
(bibliographical data)

Bibliographical data
F.O. (%)
(n = 140)

River basin occurrence
(survey data)

Survey data F.O. Invasion
phase
(%)
(n = 75)

Abundance
code

T
A
A

1
1
3

0.7
0.7
2.1

–
–
–

–
–
–

C2
B3
C1

1
1
2

T
T
A
T
A
A
A
T
A
A

1
–
1
1
7
29
1
1
2
14

0.7
–
0.7
0.7
5.0
20.7
0.7
0.7
1.4
10.0

–
1
–
1
1
24
–
–
–
1

–
1.3
–
1.3
1.3
32.0
–
–
–
1.3

C0
B3
C3
D2
C3
E
B3
C3
C3
C1

1
1
2
3u
3l
3l
3l
2
3l
3l

T
T

29
4

20.7
2,9

9
5

12.0
6.7

E
D2

3l
3l

T
A
A
A

2
73
1
11

1.4
52.1
0.7
7.9

–
42
–
–

–
56.0
–
–

D1
E
C3
C1

2
3
2
3l

A

2

1.4

–

–

C1

3l

T

1

0.7

1

1.3

D1

2

A
T
A
A
A
A
A
T

12
3
1
1
5
29
6
1

8.6
1.4
0.7
0.7
3.6
20.7
4.3
0.7

11
–
–
1
1
11
–
1

14.7
–
–
1.3
1.3
14.7
–
1.3

E
C3
B3
B3
C1
C1 (C3)
C3
D2

3l
2
1
1
2
3u
2
3

T

1

0.7

1

1.3

D2

3l

A
T
T
T
A
A
T
T
T
T
T
A
A
A
A
T
T
T
T
T
T
T
T
T
T

1
1
3
2
1
11
1
2
1
1
4
1
2
2
3
1
1
2
3
5
1
2
–
1
9

0.7
0.7
1.4
1.4
0.7
7.9
0.7
1.4
0.7
0.7
2,9
0.7
1.4
1.4
2.1
0.7
0.7
1.4
2.1
3.6
0.7
1,4
–
0.7
6.4

–
1
1
–
–
10
1
1
1
–
1
–
–
1
–
–
–
–
1
2
1
1
1
1
2

–
1.3
1.3
–
–
13.3
1.3
1.3
1.3
–
1.3
–
–
1.3
–
–
–
–
1.3
2.7
1.3
1.3
1.3
1.3
2.7

C3
D1
D1
E
C3
E
D2
D2
C3
D1
D2
C1
C1
B3
B3
E
D1
D1
D2
D2
D1
D1
D1
D2
D1

2
3l
2
3l
2
3
3l
2
1
2
3u
2
1
1
2
3l
2
2
3l
3l
2
2
2
3
2

Population of the species probably extirpated.
First occurrence record of species population (this survey).

3.3. Occurrence, co-occurrence and dominance
The mean number of NIFS individuals varied among species, sites and
samples. The most abundant species was G. holbrooki with a total of 8677

individuals in 154 sites (mean abundance 88.1 ± 21.01 per sample) and
the two rarest species were coho salmon, Oncorhynchus kisutch
(Walbaum, 1792) and Alburnoides sp., represented by a single specimen
(Table 2). Of the total 30 NIFS recorded through the ﬁeld surveys, only
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Fig. 2. Temporal patterns of NIFS introduction into Greek river basins. Cumulative number of alien and translocated ﬁsh species. Time periods: I, until 1922; A, 1922–1931; II, 1932–1949; B,
1950–1969; C, 1970–1999 and D, 2000–2018.

Fig. 3. Lotic sampling sites, showing the distinction among sites where wholly native exist and sites inhabited also by non-indigenous ﬁsh species (alien and translocated).
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Table 2
Non-indigenous ﬁsh species sampled in Greek lotic ecosystems, occurrence, abundances, dominance, richness and co-occurrences with other species within samples.
Species

NIFS
code

Alb.
sp.
B.
Barbus sperchiensis
sper
Carassius auratus
C.aur

Alburnoides sp.

Occurrence
in sites
(n = 664)

Occurrence
in samples
(n = 953)

1

1

1

1

0

13

9

1

1

150

150

100

3

1

1

5
5392
(1–814)

5
28.8
(5.05)

100

1

4.3

2

4

32
(1–3)
451
(3–129)
18,677
(1–4015)

1.7
(0.19)
50.1
(16.92)
88.1
(21.01)

Carassius gibelio

C.gib

128

187

Ctenopharyngodon
idella

C.ide

1

1

Cyprinus carpio
Economidichthys
pygmaeus
Gambusia
holbrooki
Knipowitschia
caucasica
Lepomis gibbosus
Neogobius
ﬂuviatilis
Oncorhynchus
kisutch
Oncorhynchus
mykiss
Oxynoemacheilus
bureschi
Pachychilon
macedonicum
Pelasgus
marathonicus
Pelasgus
stymphalicus
Pseudorasbora
parva
Rhodeus
meridionalis
Rutilus panosi
Rutilus sp.

C.
carp
E.
pyg

Total
Mean
abundance abundance
(min-max) per sample
(SE)

Dominance
per sample
(%)

Richness
Native species
(min-max) co-occurrence
richness
(min-max)

Only NIFS
within
samples
(%)

Co-occurrence
with aliens
(%)

Co-occurrence
with
translocated
(%)

0

100

0

1

0

0

100

0

100

0

0

2–20

0–16

16.0

81.3

12.8

0

11

7

0

100

0

5.3

4–15

0–8

10.5

89.5

47.4

11.1

2–9

0–4

0

100

33.3

21.7

1–20

0–16

33.5

58.5

15.1

16

19

6

9

G.hol

154

212

K.
cau

1

1

50

50,0

0

3

1

0

100

0

21.3
(3.36)

6.1

2–20

0–16

13

86.1

11.3

8,0

0

18

12

0

100

0

1

1

0

3

1

0

100

0

455
(1–77)
259
(1–64)
39
(1–19)
43
(2−31)

15.2
(4.22)
25.9
(8.01)
9.8
(3.68)
10.8
(6.80)

30

1–10

0–8

70

3.3

26.7

0

5–17

4–13

20

80

0

0

3–7

0–2

0

100

0

0

4–16

2–12

0

100

0

100

3

1

0

100

0

0.9

3–20

0–16

19.7

80.3

8.5

0

7–15

3–10

0

100

57.1

L.gib

81

115

2445
(1–198)

N.ﬂu

1

1

8

1

1

O.
kisu
O.
myk
O.
bur
P.
mac
P.
mar
P.sty
P.
parv
R.
mer
R.
pan
Rut.
sp.

23

30

8

10

1

4

3

4

1

1

76

117

4

7

1

1

1

1

Salmo fariodes

S.far

10

11

Salmo trutta
Silurus aristotelis

S.tru
S.ari

1
1

1
1

Silurus glanis

S.gla

5

5

Squalius orpheus

S.
orph

1

1

14

14

2529
(1–271)
129
(1–44)

21.6
(3.47)
18.4
(5.96)

4

4,0

0

5

0

0

100

100

0

9

8

100

0

0

63.3

1–7

1–7

81.8

18.2

0

100
0

1
9

0
4

100
0

0
100

0
100

0

5–10

1–6

20

80

60

100

0

0
0

3

3

243
(1−101)
2
3
17
(1−11)

22.1
(8.62)
2,0
3,0
3.4
(1.91)

162

162

100

1

0

69.5
(14.52)
66

50

2

0

0

25

100

2

1

100

0

0

Squalius
peloponensis
Squalius sp.
Squalius
vardarensis

S.pel

1

4

Sq.sp
S.
vard

1

1

278
(38–108)
66

1

1

59

59

0

3

1

0

0

100

Tinca tinca

T.tin

3

5

25
(1–15)

5
(2.61)

0

4–8

1–5

40

60

40

eight species exceeded 10 sample occurrences. The most widespread species in the samples were G. holbrooki, C. gibelio, L. gibbosus, P. parva, and
O. mykiss (Table 2). On the contrary, 18 NIFS (ﬁve alien and 13
translocated species) were caught in no more than a single site.
In terms of dominance, while the translocated Sperchios barbel,
Barbus sperchiensis Stephanidis, 1950, Maritza chub, Squalius orpheus
Kottelat & Economidis, 2006, Squalius sp. and Stymphalia minnow,
Pelasgus stymphalicus (Valenciennes, 1844), as well as the alien common goldﬁsh, Carassius auratus (Linnaeus, 1758) and brown trout,
Salmo trutta Linnaeus, 1758 were sampled only in one site, they

dominated 100% the sites sampled. Moreover, 63.3% of the presence of
West Balkan trout, Salmo farioides Karaman, 1938 within the samples
were numerically dominant, and followed by Peloponnese chub,
Squalius peloponensis (Valenciennes, 1844), O. mykiss and G. holbrooki
with a 50%, 30% and 21.7% dominant presence per samples, respectively.
Overall, 50% of the NIFS (15 species) co-occurred in all cases with other
introduced species among the samples (Table 2). In addition, almost
half of the NIFS (14 species, 46.7%) typically co-occurred with other
translocated species, while over 23 NIFS (76.6%) co-occurred with
other alien species.
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3.4. Site occupancy and local abundance relationships

3.5. Patterns of NIFS dominance at basin scale

The position of native and non-indigenous species according to the
quadrant graph technique is displayed in Fig. 4. The species enclosed
in the constituent quadrants can be characterised as “I: restricted and
rare”, “II: restricted and abundant”, “III: widespread and abundant”
and “IV: widespread and rare”, respectively. The majority of the native
ichthyofauna (49.5%, 52 species) plotted in quadrant I, suggesting numerical scarcity and localized distribution.
The remaining native species are distributed almost equally in the
three quadrants II, III and IV with 18, 16 and 19 species, respectively.
Species in quadrant III are both frequent and abundant indicating that
these native species are found throughout most of the sites sampled.
Thus, in proportion to the native ichthyofauna's occupancy-abundance
patterns (Fig. 4), of all NIFS only one alien (G. holbrooki) is categorised
as widespread and abundant (quadrant III), whereas none of the
translocated species is distributed in the two areas of widespread classiﬁcation (quadrants II and III). Translocated species distributed primarily
in quadrant I are restricted and locally rare (14 species), while the 6 remaining species plotted in quadrant II are restricted and abundant. Most
of the alien species (60%) similarly to the majority of translocated species in quadrant I, are restricted and locally rare. On the contrary, the
alien species C. gibelio, P. parva and L. gibbosus have been placed in quadrant IV, suggesting a widespread distribution and numerical scarcity.

Although the major larger river basins hold most NIFS species
(Fig. 5A), NIFS are more prevalent within the ﬁsh assemblage in the
smaller species-poor southern basins (Fig. 5B). In terms of proportional
abundance, the representation of NIFS is low, with the exception of certain rather smaller basins, most of which are dominated by lakes, some
being incidentally adjacent to urban centers (Athens, Thessaloniki, Ioannina; Fig. 5C).
As is immediately apparent when assemblage species density
among alien, translocated and natives is graphed, the prevalence of
NIFS is sparse when all sampled basins are considered; very few are
dominated by NIFS (Fig. 6).

3.6. Ecoregional scale coverage: prevalence and donor/recipient regions
Jenks natural breaks deﬁned four classes of the distributional prevalence of NIFS per 1000 km2 for each group (in bibliographical and survey
data, respectively) within the freshwater ecoregions in Greece (Fig. 7A).
Bibliographical data ranked NIFS prevalence in ecoregions, from highest
to lowest, as follows: 1. Southeastern Adriatic; 2. Thrace, Ionian, E. and
W. Aegean; 3. Crete and 4. Macedonia-Thessaly. On the other hand,
prevalence based on survey data classiﬁed ecoregions in the following

Fig. 4. Species site occupancies plotted against species abundances in Quadrant graph. Blue lines show the means and dashed lines indicate the upper and lower conﬁdence limits of site
occupancies and local abundances. Quadrants: I, restricted and rare; II, restricted and abundant; III, widespread and abundant; and IV, widespread and rare. For NIFS code see Table 2.
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Fig. 5. Basin scale analyses of NIFS in Greek lotic ecosystems using ﬁeld survey data: A, NIFS richness; B, %NIFS richness and C, %NIFS abundance in four arbitrary categories respectively.
Small-sized river basins were depicted as circles (with each category colour) for visualization purposes.

descending order: 1. Thrace; Southeastern Adriatic and W. Aegean; 2.
Ionian; 3. Macedonia-Thessaly and 4. E. Aegean and Crete.
NIFS prevalence was also deﬁned within four categories (from minimum to high), through the percent of NIFS individuals sampled towards the total abundance per freshwater ecoregion (Fig. 7B). The

ﬁrst category of minimum prevalence (% NIFS abundance b10%) included Macedonia-Thessaly with 9339 NIFS individuals out of 138,898
(6.72%), Ionian with 4597 NIFS individuals out of 70,763 (6.50%) and
S.E. Adriatic with 3 NIFS individuals out of 5273 (0.06%). In the second
category of low prevalence (% NIFS abundance 10–25%) followed the

Fig. 6. Species density (A) and species abundance (B) at reach scale and basin scale samples ranked by native species in each sample. Inﬂection points (I, II, III) show the beginning, the stepchange and point of dominance of NIFS in the samples respectively.
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Fig. 7. NIFS presence at the ecoregional scale within Greek lotic waters: A. density of NIFS per areal coverage (both for bibliographic at river basin scale and ﬁeld survey site data); B. NIFS
abundance per freshwater ecoregion in the ﬁeld survey site data. Numbers in the ﬁrst map denote the freshwater ecoregions: 1. Thrace; 2. Macedonia-Thessaly, 3. Southeast Adriatic; 4.
Western Aegean; 5. Ionian; 6. Crete; 7. Eastern Aegean; 8. Southern Anatolian.
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Fig. 8. Flows of translocated ﬁsh species among the freshwater ecoregions of Greece, on A. bibliographical and B. survey data. Tick marks on the circle segments show the number of translocations, while number in brackets denotes the native species richness of each ecoregion per bibliographical and per survey ﬁeld data.

ecoregion of Thrace with 10,208 NIFS individuals out of 82,160
(12.42%). Crete, Western and Eastern Aegean were in the category of
medium invasive prevalence (% NIFS abundance 25–50%), with 43
NIFS individuals out of 93 (46.24%), 549 NIFS individuals out of 1664
(32.99%) and 7144 NIFS individuals out of 27,600 (25.88%), respectively.
Finally, as would be expected, none of the ecoregions recorded the
highest category of invasive prevalence (% NIFS abundance N50%).
An important portion of NIFS spread concerns translocated nonindigenous species; thus it is important to track donor and recipient regions. The ﬁrst circular plot in Fig. 8A visualises the translocation ﬂows
according to bibliographical data. The northern ecoregions, namely
Thrace and Macedonia-Thessaly, were the major donor areas within
Greek river basins, while Ionian, W. Aegean, S.E. Adriatic, E. Aegean
and Crete are identiﬁed as the main recipient regions. Despite the fact
that the Ionian outranked 16 species in absolute numbers, more than
half (nine species) were donated in basins within the ecoregion itself,
raising the total amount of intake translocation to 19. Finally, on the
basis of survey data (Fig. 8B), the majority of translocated ﬁsh species
sampled within lotic ecosystems followed similar trends already described from the bibliographical data. Thrace and Macedonia-Thessaly
were the main donors of translocations, while Ionian as well as W. Aegean are deﬁned as the major recipient ecoregions. The main differences
between of the two circular ﬂow plots were that Crete, W. Aegean and E.
Aegean in survey data neither supplied nor received any translocated
species.
4. Discussion
4.1. The importance of history
NIFS introductions into freshwaters in Greece appear to be inﬂuenced by speciﬁc socio-historical circumstances. The ﬁrst documented
introductions (including G. holbrooki) occurred in the mid and late
1920s (Livadas and Sfagos, 1940), a late start for invasive ﬁsh entry by
European standards (Piria et al., 2017 and references therein). From
the early-1930s, when the Great Depression hit Greece (Chouliarakis
and Lazaretou, 2014) until the end of the late 1940s the country was frequently war-torn, including periods of civil strife and mass migration,
leading to widespread land abandonment (Pantelouris, 1980), thus no
NIFS are known to have been introduced then. A second wave of introductions took place after World War II and the Greek civil war, when
aquaculture and stocking were proposed as a food shortage solution;
six additional species were introduced, including the highly invasive
C. gibelio. In 1956 the ﬁrst hatchery for rainbow trout, O. mykiss, was

created (Louros river), which facilitated widespread salmonid stocking
operations (MacCrimmon, 1971; Economidis et al., 2000). Greece's
per-capita GDP between 1950 and 1973 increased rapidly
outperforming all the major European economies, with an annual
growth averaged of 7.7%, a rate second only to Japan's during the
same period (Singh, 2010).
The greatest wave of ﬁsh introductions begun in the late-1970s after
the end of a seven-year military dictatorship (1974) (Period C, Fig. 2).
During this period state policy was strongly directed to ﬁsheries and
aquaculture development. Financial incentives also increased and new
species where tested for aquaculture and inland ﬁsheries, especially
after Greece's entry into the European Community (1981). Large quantities of hatchery-reared or wild-caught fry were released into lakes and
rivers (primarily of carp and rainbow trout, but also other salmonids,
perch, Asian “grass-carps”, catﬁsh, tench, coregonids, eels, greymullets, etc.). By 1999, 23 more species had been added to the list of introduced species of which at least 14 have been established in their new
areas or have hybridized with local species (Economidis et al., 2000).
Practically no care was taken for genetic stock management or recording/monitoring species translocations, something especially problematic for native trout (Apostolidis et al., 1997, 2008). Furthermore,
during this period, there was a rapid spread of particularly nuisance species such as P. parva and L. gibbosus, perhaps primarily as contaminants
in ad hoc stocking activities. Finally, from 2000 until the present-day
(period D in Fig. 2) another nine NIFS were discovered in the country's
inland waters; recording of these new species was assisted by increasingly standardized sampling efforts (i.e. EU WFD monitoring). The increasing invasion of lotic waters by NIFS shows an expanding trend
through site-based monitoring during this period (Economou et al.,
1999; Koutsikos et al., 2012; Zogaris et al., 2018).
4.2. Low richness and limited spread of alien ﬁsh species in lotic waters
Despite the recently increasing entry of NIFS in lotic waters, our
review provides both qualitative and quantitative evidence that
alien ﬁsh species are not widespread in the rivers and streams of
Greece (Fig. 6). Only four alien ﬁshes are currently commonly encountered: G. holbrooki, C. gibelio, P. parva, L. gibbosus (in order of
sampling catch abundance). Of these species, P. parva is broadly
regarded as a highly invasive species with a pan-European distribution and is already included in the Union List of the EU IAS Regulation
(Tsiamis et al., 2017).
The four species mentioned above represent 16% of all alien species
reported from the freshwaters of Greece (25 species). They can be
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characterised as “widely spread” in the sense of the IAS Regulation, i.e.
their population have gone beyond the naturalisation stage and have
spread to colonise a large part of the potential range. Similar numbers
of widespread established alien species, with proportions to the total
number of species introduced ranging between 10 and 20%, have been
reported from some central and north European countries, including
Germany (ﬁve species; Wolter and Röhr, 2010), England and Wales
(six species; Britton et al., 2011), Czech Republic (four species; Lusk
et al., 2010) and Lithuania (three species; Rakauskas et al., 2016). By
contrast, generally high invasion rates, with numbers of alien
established species ranging from 15 to 55, and establishment success
rates ranging from 50 to 80%, have been reported from other Mediterranean countries (Garcia-Berthou et al., 2005; Ribeiro et al., 2008;
Maceda-Veiga, 2013; Bianco, 2014). However, when ﬁne-scale or quantitative analysis was conducted, only a fraction of the species introduced
into Mediterranean areas appeared to be widespread and/or abundant
(Nocita et al., 2017; Teletchea and Beisel, 2018). Beisel et al. (2017)
remarked that of the 25 species considered to be established in
France, most still have limited distributions around the country and
their abundances have remained (and are likely to remain) low. These
authors raised the need for additional research on the spatial distribution of species in order to develop criteria for prioritising intervention
measures. In a more general European context, Rabitsch et al. (2013)
asserted that only a minority of introduced alien species become invasive, and considered that reported establishment rates between 36
and 64% at the continental and/or global scale constitute signiﬁcant
overestimations.
The rather low incidence of alien ﬁsh species in Greece relative to
other European countries was ﬁrst noted by Bianco (1990) and to the
best of our knowledge it seems that at least in lotic waters this state
has until recently persisted in Greece (Economou et al., 2016; Marr
et al., 2013; Zogaris et al., 2018). We hypothesize the following nonmutually exclusive reasons for this state of affairs: i) Low invasion
rates could be due to the relatively low density of dams in Greece as
compared to other Mediterranean-climate countries which have many
major river transfers and much higher numbers of aliens in their inland
waters; such as Spain (Clavero and Hermoso, 2011). Proximity to dams
is not a guarantee of NIFS spread at the assemblage/site level (see Gido
et al., 2004) but it is frequently and widely shown to be a direct contributor to alien species spread over broader scales (Clavero et al., 2004;
Johnson et al., 2008; Moyle, 2013; Crook et al., 2015). ii) Greece's
small seasonally desiccated stream basins may have some capacity to
resist species invasions due to their highly variable and fragmented conditions. This includes their swings in hydrological regime, temperature,
and desiccation events (Cid et al., 2017) that may not allow NIFS to persist or disperse. These conditions are not conducive for sustaining most
temperate lotic and lacustrine species that usually spread in larger more
stable European temperate/northern lotic waters (Irz et al., 2004; Marr
et al., 2010). iii) Alien cold-water hatchery-raised salmonids have not
prospered in Greece. Although hatchery-raised rainbow trout have
been widely stocked in Greece since the 1950s, for reasons concerning
the domesticated and hybridized stock of this species reproduction in
the wild is extremely rare and localized (Koutsikos et al., 2012;
Stoumboudi et al., 2017). This echoes the general situation for rainbow
trout in Europe, where this species is recently re-evaluated as a noninvasive element (Stanković et al., 2015; Koutsikos et al., 2019). iv) A
relatively low number of recreational anglers use Greece's inland waters, and rather few using live ﬁsh bait or target predatory ﬁshes
(Lachanas et al., 2016). Since there was a rather low recreational ﬁshing interest, stocking for angling occurred historically far later than
in other Mediterranean countries. It has been shown that in the Mediterranean climate-regions occurrence and spread of NIFS was not
signiﬁcantly related to the invasive species life-history traits, but
more to historical introduction date (Vila-Gispert et al., 2005) often
relating to local ﬁshing/angling cultural practices (Cerri et al.,
2018; Marr et al., 2010, 2013).
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4.3. Translocations as a priority issue
Our analysis is the ﬁrst to explore the issue of translocated native invaders using quantitative ﬁeld survey data in Greece; and to use freshwater ecoregions as a benchmark for species provenance. In contrast
to alien species, we provide evidence for overlooked introductions of
many translocated species in Greece's lotic waters. As derived by the
occupancy-abundance analyses, 1/3 of the translocated species are locally restricted and abundant producing thriving populations, and
these may impact community and ecosystem dynamics (quadrat II in
Fig. 2). The remaining 2/3 of translocated species may currently be locally restricted and rare but range within areas occupied by many
range restricted endemics and threatened species (quadrat I in Fig. 2);
this includes species co-existing in endemicity-rich lowland lotic
waters.
The northern ecoregions of Greece (Thrace and Macedonia-Thessaly), that include large transboundary river basins and support rich
ﬁsh faunas (Economou et al., 2016), are deﬁned as the major donor
areas of translocated species (Fig. 8). Ecoregions in the western and
southern parts of the country (e.g. Ionian, W. Aegean, S.E. Adriatic),
which can be characterised as depauperate in terms of regional species
richness (Economou et al., 2016), were identiﬁed as the main recipient
areas. The two latter trends support the argument that NIFS mainly originate from river basins with richer native ichthyofaunas than basins of
the invaded ﬁsh community (Fitzgerald et al., 2016). Insular ecoregions
(E. Aegean, Crete) neither supplied nor received any translocated species within the survey data; this may be due to the fact that until very
recently the xerothermic areas of Southern Greece and the Greek
islands had very few artiﬁcial reservoirs (Georgiadis et al., 2010) and
also since inland waters angling in the Greek islands is nearly nonexistent (Catsadorakis and Paragamian, 2007; Zogaris pers. obs.). In
total, we document for the ﬁrst time 20 translocated NIFS; while approximately 1/3 of these species are locally abundant at the sites they
inhabit (Fig. 4). This number is much higher than a recent review for
neighbouring Turkey (Tarkan et al., 2015).
The invasion potential of translocated species is enhanced by the
geographic proximity between the source and receiving areas, which
increases the transport possibilities and release frequencies. Moreover,
most translocated species establish reproductive populations easily because of the greater likelihood of adapting to the county's general natural ﬂow, habitat and temperature regimes than can alien species
(Ribeiro et al., 2008). However introduction pathway data are often unavailable and this is a serious impediment to stemming their spread
(Hulme et al., 2017). In Greece, local ﬁshers have mentioned that
translocated species may frequently be an unintentional by-product of
ad-hock carp re-stocking since this species is often moved in an unregulated manner from certain lakes with a rich native fauna. Additionally,
many translocated species are difﬁcult to identify and may go unnoticed
since they physically resemble local “sister species” (related similarlooking species from neighbouring ecoregions). During electroﬁshing
surveys translocated cyprinid species could easily be overlooked by research teams as “on site” identiﬁcation is “subjective and observerdependent” (Sousa-Santos et al., 2018). Although some translocations
may not entail visible negative ecological or socio-economic consequences, they may have a considerable impact on the genetic composition and future survival of many endemic ﬁsh assemblages.
Interspeciﬁc hybridization due to translocations seems to be an ongoing pressure and an increasing threat in Greece, but without appropriate monitoring and genetic screening, this kind of impact is difﬁcult
to track and quantify. Fishes have a great potential for successful interspeciﬁc introgressive hybridization (Scribner et al., 2000) and there
are numerous examples of gene pool erosion of native species following
the introduction of aliens and translocated species (Largiadèr, 2007;
Apostolidis et al., 2008). One of the greatest translocation problems concerns threatened local trout populations; translocation of S. farioides
from the Acheloos drainage (western Greece) to the Aliakmon and
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Nestos drainages (eastern and northern Greece), where distinct Salmo
species exist (Pelagonian trout, Salmo pelagonicus Karaman, 1938 and
Macedonian trout, Salmo macedonicus Karaman, 1924), has resulted in
serious hybridization problems (Apostolidis et al., 1997, 2008). Recently, genetic screening identiﬁed hybrid minnows of the endemic
genus Pelasgus in the Peloponnese (Viñuela Rodríguez, 2016). The expansion of translocated species is poorly reported and not yet considered as a signiﬁcant threat even in protected area assessment; this
may be similar to the situation of underreported alien threats in marine
protected areas (Mazaris and Katsanevakis, 2018). As emphasized by
Buoro et al. (2016) the global effects of translocated introductions
may exceed those induced by non-native aliens. The impacts of
translocated native invaders are often appreciated at the individual
level on sister species and wild conspeciﬁcs, however ripple-effects at
the community and ecosystem levels could also be serious (Helfman,
2007; Moyle, 2013).

our account, incidental or single observation data of NIFS are not used
(i.e. casual observations, citizen science compilations) since data from
amateur anglers and naturalists are poorly documented in Greece. Finally, there are taxonomic complications concerning NIFS which may
hide species (i.e. cryptogenic species sensu Essl et al., 2018) and some
translocated species many not be easily identiﬁed in ﬁeld survey conditions. Taxonomic problems and uncertain identiﬁcations may include
hatchery-reared salmonids and their hybrids, Asian Carassius spp.
(Koutsikos et al., 2012); hybrid C. carpio varieties (Balon 1995) and
recently-translocated cyprinids and/or hybrid cyprinids (Barbieri et al.,
2015; Viñuela Rodríguez, 2016). Regular genetic screening for NIFS is
a serious unmet need in Greece. Finally, new methods such as eDNA
have not yet been applied to track NIFS in Greece, despite the fact that
these are being developed recently in several Mediterranean countries
(e.g. in Turkey, see Keskin, 2014).
4.5. Policy relevance

4.4. The multi-scaled distributional assessment, uncertainties and gaps
Lotic waters are rarely investigated in the Mediterranean basin speciﬁcally for NIFS. These ecosystems sustain specialized and often vulnerable biota and it has been widely shown that deteriorating lotic
conditions may be associated with NIFS invasion (Aparicio et al., 2011;
Milardi et al., 2018). Site-based river and stream sampling using a common method (standardized electroﬁshing) is the main workhorse in our
documentation and assessment; although this has been used to screen
aliens in rivers outside of the Mediterranean (Mitchell and Knouft,
2009) such applications are scarce for lotic waters in the Mediterranean
countries. Most European country-wide studies use either presence/absence lists, historical and incidental records and expert judgment desk
studies (e.g. Elvira and Almodóvar, 2001; Leunda, 2010; Hesthagen
and Sandlund, 2007; Musil et al., 2010; Almeida et al., 2013; Anastácio
et al., 2019).
Simple yet robust analyses at different spatial scales can provide insights on co-occurrence and spatial interaction with native ﬁshes, signaling out the most prevalent invaders. Our multi-scale investigation
supports conceptual approaches showing that native to non-native distributional relationships in rivers vary across spatial scales (Guo and
Olden, 2014). Distinct evolutionary histories in different biogeographical regions strongly inﬂuence invasion of intact communities
(Fitzgerald et al., 2016) and may explain the conﬂicting or varied relationships cartographically depicted for native and non-native species
richness parameters found at different spatial scales. Comparative studies that examine patterns across multiple regions and spatial scales provide an understanding of ﬁsh assemblages at the community level
(Angermeier and Winston, 1998) and only recently have these approaches been used in invasive aquatic species studies (Gido et al.,
2004; Mack et al., 2007; Guo and Olden, 2014).
Our distributional assessment displays some important gaps and uncertainties. Complete representation of the majority of rivers and
streams across Greece is not available, thus the results from this study
should be viewed in light of areal coverage and sampling constraints.
Areas such as Crete for example were at the time of the data compilation
poorly explored, although there is evidence that a few alien species are
already widespread in this island's lentic and heavily modiﬁed lotic waters (Tigilis, 2000; Barbieri et al., 2013). Also, although the EU CEN standardized electroﬁshing sampling has many positive aspects in terms of
standard protocols and repeatability it is well known that certain benthic ﬁshes often escape electroﬁshing catches in larger water bodies
(e.g. catﬁshes; see Ruetz III et al., 2007). Nevertheless, for nearly all
river types in Greece, electroﬁshing has shown a rather high level of
catch consistency and broad selectivity (Zogaris et al., 2018). Unfortunately electroﬁshing and other complementary sampling methods are
not yet fully standardized in lakes or other lentic waters, so we deem
it is not yet appropriate to comparatively explore lentic waters within
this country-wide review (but see Petriki et al., 2017). Furthermore, in

The issues and problems associated with alien species introductions
are addressed, arguably incoherently, by a large number of EU policies,
e.g. related to biodiversity conservation, ecological status evaluations,
ﬁsheries and aquaculture (Shine et al., 2010). The EU Regulation on
IAS (No 1143/2014) introduces a framework for developing standardized procedures concerning non-native species at the European level
(EU, 2014). The Regulation makes a distinction between “alien species”
and “invasive alien species”, where the latter are deﬁned as those found
“to threaten or adversely impact upon biodiversity and related ecosystem services”, and stipulates that management is taken up for those invaders which are “widely spread”. The Regulation promotes the
creation of a list of IAS of Union concern (the Union List), to be updated
at regular intervals, for which member states are required to apply restrictive, preventive or eradication measures in order to minimise the
risks of their introduction, establishment and spread (EU, 2014). The
creation of lists of IAS of regional and of Member State concern is also
envisaged. Inclusion of a species in the Union List and the general listing
and prioritisation process should be based on a comprehensive risk assessment, which must include information relevant to the evaluation of
threats (e.g. species ranges, reproduction, spread patterns and documented impacts), with a due consideration of various socio-economic
aspects (EU, 2014). It is explicitly stated that only IAS for which the
available scientiﬁc evidence indicates capacity for establishment and
spread shall be considered for inclusion. Member states are required
to establish surveillance systems to monitor the occurrence and spread
of invasive alien species, and also to assess the effectiveness of intervention measures, making use of all available relevant information, e.g. data
from monitoring systems established by Union law (e.g. WFD
monitoring).
It is obvious that, for an effective implementation of this regulation,
appropriate data on alien species establishment rates or capabilities,
persistence through time and spreading potentials must become available. The present work can contribute in this direction by providing
data and evaluations that may assist in future risk assessments and
the prioritisation procedure of alien ﬁsh species.
4.6. Conservation implications
NIFS have already negatively impacted the distinctiveness and biogeography of freshwater ﬁsh assemblages in many rivers in all Mediterranean climate regions (Moyle et al., 2003; Marr et al., 2010, 2013) and
in Europe in general (Sommerwerk et al., 2017). It is almost certain that
new introductions will continue in Greece due to increasing river reservoir/water development works, a continued angling interest, low public
biodiveristy awareness, and very poor law enforcement (Aperghis and
Gaethlich, 2006; Zenetos et al., 2009; Lachanas et al., 2016). The poorly
organized monitoring of NIFS and scarcity of quantitative data at the
local scale presents an important obstacle to the ﬂow of accurate
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information needed to support NIFS prevention and management measures in Greece. In such situations where distributional information is
highly uncertain the inﬂuence of misinterpretations, gross generalizations and subjective values may create confusion and conﬂict (Humair
et al., 2014), thus hindering effective conservation actions.
Preventing further harmful NIFS introductions remains the most important and immediate measure needed in Greece's inland waters. Prevention strategies require the “management of humans and human
behaviour” (Wolter and Röhr, 2010) primarily with strategic investments and multi-party engagement in relevant research, monitoring,
education, awareness, and policy enforcement (Galil et al., 2016).
Deﬁning targets and prioritising objectives that address NIFS invasion in inland waters may lead to much better planning and effective
management. The following issues are shown to be important in this
review:
• Focus must not be restricted to aliens per se since translocated species
and intraspeciﬁc genetically-modiﬁed strains and hybrids are also
pivotal to tracking non-indigenous invasions (Marić et al., 2006).
• Site-based assemblage inventories such as electroﬁshing should be
expanded to include speciﬁcally for NIFS in all lotic waters since this
provides standardized quantitative data at the ﬁsh community level.
Efforts for standardizing lentic water surveys should continue.
• Molecular identiﬁcation methods are critically important for tracking
NIFS especially at the stage of “early detection monitoring” (Trebitz
et al., 2017). Advancing technologies for molecular identiﬁcation
(in-country capacity building) and rapid assessments using eDNA
must also be promoted.
• Tackling NIFS demands collaboration, harmonization and sharing of
data. Citizens can provide substantial contributions by reporting
NIFS sightings. Citizen support should supplement state nonindigenous species surveillance systems (Tsiamis et al., 2017). Openness, accessibility of databases and appropriate public interest/awareness must be enhanced (Olenin et al., 2014).
• It is important to prioritise based on identifying highly invasive species (e.g. Gozlan and Newton, 2009); in Greek rivers aliens such as
G. holbrooki, C. gibelio, L. gibbosus, and P. parva, are spreading and
should be regarded as the most harmful invasive ﬁshes in country's
lotic waters.
• Efforts must aim at preventing entry of NIFS in currently NIFS-free waters (Hermoso and Clavero, 2011). Invasive species control
programmes should focus on the areas of highest value for biodiversity and those most at risk from non-native invaders (Saunders
et al., 2002).
Our assessment shows that Greece presents important opportunities
to prevent the spread of NIFS in its river, stream and spring waters since
many areas are still not impacted by NIFS that are otherwise widespread
in other European countries (Clavero and Hermoso, 2011). As in other
European and Mediterranean countries, most NIFS occupy lentic habitats (Irz et al., 2004) and lower river courses (Crivelli, 1995; Elvira,
1995). The lower courses of the main rivers and associated diverse wetland habitats in the lowlands of Greece represent the areas with a
highest degree of the endemism, rare ﬁsh habitat types and concentrations of threatened species (Economou et al., 1999; Catsadorakis and
Paragamian, 2007; Barbieri et al., 2015). These lowland areas are often
most vulnerable to NIFS expansion and good-quality lowland habitats
with good ecological integrity are much scarcer than upland lotic habitats in Greece (Zogaris et al., 2018).
Finally, on the “other side of the coin”, alien and translocated ﬁsh
species are not all bad or undesirable in a conservation context. In
many cases there are beneﬁcial and suitable reasons for scientiﬁcallyguided introduction (Helfman, 2007; Hoegh-Guldberg et al., 2008).
Conservation-relevant species introduction to ﬁll habitats where a species has been extirpated has had some success (Minckley, 1995; IUCN,
2013). “Conservation translocations” could be promoted more
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frequently in the Mediterranean, for example in climate-change adaptation programmes (Wolter and Röhr, 2010) and for managing novel lotic
and lentic ecosystems (Moyle, 2013). Ichthyologists have recently
began isolated translocation studies and applications for a very few
threatened species, including range-restricted poor-dispersing endemics in Greece (Zogaris et al., 2017).
4.7. Conclusions
The need for methodological consistency and standardized approaches in collecting and analyzing data on alien species is increasingly
recognised (Matthews et al., 2017; Vanderhoeven et al., 2017; Roy et al.,
2018). In this study we introduce a readily transferable screening procedure utilizing standardized site-level quantitative data, qualitative
(presence/absence) data, and historical survey at different spatial scales
for the identiﬁcation of potentially high risk non-native species. Using
occupancy-abundance sampling data brings an integrated perspective
that allows the simultaneous consideration of a wide array alien,
translocated, and native species across the state. Although we found
that only a small group of alien species has invaded lotic ecosystems
in Greece, we assert that one of the most neglected and insidious NIFS
problems concerns translocated species. Our review identiﬁes aquaculture and ﬁsheries-related activities as the main vectors of introduction;
this includes frequent contamination of stockings. Consequently, action
on the priorities identiﬁed here ultimately should beneﬁt not only conservation and sustainable river management at the country level, but
also broader efforts to better assess the risk and interpretation problems
concerning NIFS at a broader European level.
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