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Abstract: Non-indigenous fish species (NIFS) can cause severe ecological impacts on the invaded
ecosystems and are considered as one of the leading factors of freshwater biodiversity loss. Unravel-
ing the spatial overlap between NIFS and critically endangered (CR) fish species can contribute to
targeted conservation actions to minimize the potential negative effects. In this study, we applied
geostatistical analyses to investigate the spatial overlap of NIFS against fish species that are desig-
nated under the CR status according to the IUCN and the Hellenic Zoological Society (HZS) Red
Lists. Distributional data (presence—absence) from 800 records of 52 NIFS were compiled for both
lentic and lotic ecosystems of Greece. Our results indicate that freshwater ecosystems under high
NIFS richness were located mainly in lowland areas and often near large cities and ecosystems with
well-developed commercial and recreational fisheries. On the contrary, low NIFS richness was ob-
served in mountainous regions and in relatively small river basins. Overlapping areas of CR species
with moderate to high NIFS richness (1.5-4.3 NIFS per 1 km?) were relatively high (~50%). A quarter
of the overlapping areas (24.8%) fall within NATURA 2000 network, where legal management bodies
could implement specialized programs to minimize the negative impacts. However, the majority of
CR fish species’ distribution remains in unprotected areas indicating that protected areas should be
re-designed to include areas containing freshwater species under the highest threatened category.
Our findings demonstrate that whole assemblages of fishes are rapidly changing as NIFS spread into
Greece and many freshwater ecosystems of outstanding biodiversity conservation value are under
significant invasion pressure.

Keywords: invasive species; alien; translocated; critically endangered; freshwater fishes; freshwater
ecosystems; conservation; biodiversity; red list

1. Introduction

Recent scientific studies have indicated that biodiversity is declining at an extremely
rapid rate, suggesting that the sixth mass extinction of species is already under way [1-3]. In-
deed, according to the International Union for the Conservation of Nature (IUCN), more than
35,500 species (or 28% of all assessed species) are threatened with extinction worldwide, while
at least 1677 species out of 15,060 assessed are threatened with extinction in Europe. Fresh-
water fishes are considered among the most threatened species worldwide [4,5]. The most
recent IUCN Red List includes 20,109 species belonging to the class of Actinopterygii, 51.8%
of which inhabit freshwater ecosystems (10,434 species), where 2234 species (i.e., 22%) of the
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freshwater species are at risk of global extinction as they are under a threatened category (CR:
Critically Endangered (576 species; 5.5%), EN: Endangered (857 species; 8.2%), VU: Vulnerable
(961 species; 9.2%)). In Europe, freshwater fishes display the third highest percentage of taxa
which are at risk; that is, in order of extinction risk: freshwater mollusks (59%), endemic trees
(58%), and freshwater fish (40%). Pollution is one of the major threats that significantly affects
freshwater fish species in the European region [6]; however, currently it is not considered the
leading factor for species extinctions. Other pressures such as over-abstraction, combined
with the increasing frequency of drought events due to climate change [7], the disruption
of river connectivity due to the construction of multiple barriers [8], and the introduction
of invasive alien species severely affect the viability of the native freshwater fish fauna of
Europe [9].

Freshwater fish species inhabiting Mediterranean inland water ecosystems are con-
siderably more vulnerable compared to the species located in the northern temperate
regions of Europe since they are forced to survive under diverse and unstable hydrological
regimes [10]. In addition, a large number of the fish species occurring in Mediterranean
countries display a range-restricted geographical distribution, as they may occur in a single
river or lake [11], thus making them even more vulnerable to additive threats. Greece,
located in the eastern Mediterranean region, holds a unique ichthyofaunal diversity within
Europe and displays one of the highest levels of fish species endemism in the Mediter-
ranean [10,12]. The complex geological processes of the wider area of the Balkans and the
eastern Mediterranean has allowed multiple fish species colonizations, long-term survival
of ancient taxa in aquatic refugia, and enhanced speciation due to long-term biogeograph-
ical barriers that enhance hydrographic isolation among very different biogeographic
areas [12,13]. These factors are mainly responsible for the increased diversity and high
degree of endemicity in Greece’s freshwater fish fauna.

As elsewhere in the Mediterranean basin, anthropogenic alterations such as habitat
degradation and fragmentation are the main threats for freshwater fishes in Greece [13].
These anthropogenic stresses are also augmented by the introduction of alien and intra-
country translocated fishes (i.e., species transferred out of their natural distributional range
but within the country limits) [14]. Non-indigenous species can have severe ecological
impacts on the recipient ecosystems they invade. Due to the possible absence of natural
predators they are able to increase in numbers and disperse to new areas. In addition, they
can hybridize with related native species, spread diseases, compete and displace native
species, and alter the structure and function of ecosystems, even leading to local extinctions
of native species [15,16].

The aim of this study was to identify the potential overlapping areas of non-indigenous
fish species (hereafter NIFS) against fish species that are designated under critically endangered-
CR status according to the IUCN and the Hellenic Zoological Society (HZS) Red Lists. This
applied geographical analysis aims to support conservation planning and actions to minimize
the potential negative effects that NIFS may pose to freshwater biodiversity.

2. Materials and Methods
2.1. Study Area and Species Pool

According to the most recent checklist to date [17], 160 fish species have been recorded
in freshwater ecosystems of Greece, where 137 are native. The country presents a substantial
proportion of country-specific endemics, 47 in total (or 34% of the native fish fauna).
Moreover, a further 10% of the freshwater fish species are “near endemic”; that is, occurring
also in shared transboundary freshwater lake basins. By excluding aliens and species of
marine origin, the percentage of endemic and near-endemic species rises to 57%. In Greece,
51 fish species are considered threatened at a global scale (i.e., CR, Critically Endangered
(20); EN, Endangered (15); and VU, Vulnerable (16)) corresponding to 31.8% of all native
inland water fish species in Greece based on the most recent IUCN Red List and distinctions
made in Barbieri et al. [17].
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2.2. Data Acquisition

We obtained geographic range data for fish species designated as critically endangered
(CR) based on the IUCN Red List integrated with the critically endangered fish species
listed by the Hellenic Zoological Society (HZS) Red List (Table 1). The distributional range
of CR species have been developed during the conservation status assessment of EU species
of conservation concern [18]. Furthermore, we included three additional fish species not
yet evaluated since they display extremely restricted distributional ranges in Greece.

Table 1. Freshwater fish species of Greece listed as Critically Endangered (CR) under IUCN and/or the HZS Red Lists.
Categories: CR, Critically Endangered; EN, Endangered; VU, Vulnerable; LC, Least Concern; and DD, Data Deficient. Transl.
in brackets denotes species that are introduced as translocated populations, not the original wild stock. Species with an

asterisk are currently presumed extirpated or extinct in Greece.

Species Authority IUCN Red List HZS Red List

Acipenser naccarii * Bonaparte, 1836 CR [Transl.]
Acipenser stellatus * Pallas, 1771 CR DD
Acipenser sturio * Linnaeus, 1758 CR DD
Alburnus macedonicus Karaman, 1928 CR CR
Alburnus vistonicus Freyhof and Kottelat, 2007 CR CR
Alosa vistonica * Economidis and Sinis, 1986 CR CR
Aphanius almiriensis Kottelat, Barbieri, and Stoumboudi, 2007 CR CR
Barbus euboicus Stephanidis, 1950 CR CR
Barbus pergamonensis Karaman, 1971 LC CR
Caspiomyzon graecus Renaud and Economidis, 2010 - -
Caspiomyzon hellenicus Vladykov, Renaud, Kott, and Economidis, 1982 CR CR
Cobitis stephanidisi Economidis, 1992 CR CR
Eudontomyzon sp. Almopaios Provisionally in Barbieri et al. 2015 - -
Huso huso * (Linnaeus, 1758) CR [Transl.]
Knipowitschia goerneri Ahnelt, 1991 DD CR
Knipowitschia milleri (Ahnelt and Bianco, 1990) CR VU
Oxynoemacheilus theophilii Stoumboudi, Kottelat, and Barbieri, 2006 LC CR
Pelasgus epiroticus (Steindachner, 1896) CR CR
Pelasgus laconicus (Kottelat and Barbieri, 2004) CR CR
Pungitius hellenicus Stephanidis, 1971 CR CR
Salaria economidisi Kottelat, 2004 CR LC
Scardinius graecus Stephanidis, 1937 CR VU
Squalius sp. Evia Provisionally in Kottelat and Freyhof 2007 CR -
Valencia letourneuxi (Sauvage, 1880) CR CR

Valencia robertae

Freyhof, Kérst, and Geiger, 2014 - -

In total, 25 freshwater fish species were included in our dataset: 19 by IUCN, three
species under the HZS Red List (Barbus pergamonensis, Knipowitschia goerneri, Oxynoemacheilus
theophilii), and three additional species which are not yet formally evaluated (Caspiomyzon
graecus, Eudontomyzon sp. Almopaios, Valencia robertae), displaying however restricted
distributional ranges (Table 1). The European eel, Anguilla anguilla (L.), a widespread eury-
haline fish of marine origin, was excluded from our dataset due to its broad distributional
range in the country, considering that this species could confound our analyses.

The geographical distribution of NIFS in Greece was compiled based on data from
two different sources: a) a bibliographical survey for lentic ecosystems and b) survey data
from standardized field surveys in lotic ecosystems (rivers, streams, canals, and springs)
in the framework of various national and local projects. The derived matrix summarized
records from 169 lakes, 154 with at least one NIFS and 15 with none, within the Greek
territory (Figure 1). Data of fish species in lentic waters—lakes, reservoirs and ponds—were
obtained from both field surveys and bibliographical data between the years 2001 and
2020 (107 artificial and 62 natural). Fish sampling data in lotic waters were acquired from
research surveys conducted between the years 2001-2017 by the Hellenic Centre for Marine
Research (HCMR); these cover the entire mainland as well as the major islands of Greece.
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Most of the sampled data have been recently published [14,19]. Field samplings were
conducted primarily through a standardized electrofishing procedure following the FAME
research project guidelines [20] with some modifications; for a detailed description of the
sampling procedure see [21]; in some cases seine nets and other methods were also used to
ascertain fish presence. In total, 265 lotic sites with at least one NIFS and 366 sites without
NIFS in Greece were compiled (Figure 1). Barbieri et al. [17] was used for species taxonomy
and nomenclature. Species that are introduced by humans beyond their native freshwater
ecoregion, but are native to a part of the country, are designated as translocated species [22].
NIFS include both alien and translocated species in all analyses.
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Figure 1. Map of Greece indicating the location of lentic (points) and lotic (triangles) ecosystems
used in this study. Red symbols indicate locations occupied with NIFS and blue NIFS-free locations.

2.3. Spatial Analysis

Spatial analyses of species distributional data were performed in order to investigate
the potential overlapping areas of NIFS against fish species that are designated under a
CR status. The geographical range of each CR fish species was projected within grid cells
of 1 x 1 km in a geographical information system (ESRI—ArcGIS v. 10.4; Figure 2), and
the final matrix generated by the total number of CR species in each cell. The predictive
distributional patterns of NIFS richness was generated by using presence/absence NIFS
data through the Kriging interpolation analysis in ArcGIS, initially separately for lotic and
lentic ecosystems to identify possible differences or limitations attributed to the ecosystems
investigated. The overlapping “conflict areas” were spatially delimited by the produced
NIFS distributional patterns within the geographical range of CR fish species. Finally, we
compared the distribution of CR fish species richness of the overlapping areas for protected
areas (i.e., Greece’s Natura 2000 network) versus areas outside protected regions.
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Figure 2. Geographical ranges of CR fish species in Greece projected in 1 x 1 km grid cells. Background colored areas
show terrestrial (green) and marine (blue) EU Natura 2000 protected areas. Codes: (a) A. naccarii; (b) A. stellatus; (c) A.
sturio; (d) A. macedonicus; (e) A. vistonicus; (f) A.vistonica; (g) A.almiriensis; (h) B. euboicus; (i) B. pergamonensis; (j) C. graecus;
(k) C. hellenicus; (1) C. stephanidisi; (m) Eudontomyzon sp. Almopaios; (n) H. huso; (o) K. goerneri; (p) K. milleri; (q) O. theophilii;
(r) P. epiroticus; (s) P. laconicus; (t) P. hellenicus; (u) S. economidisi; (v) S. graecus; (W) Squalius. sp. Evia; (x) V. letourneuxi;

(y) V. robertae.

3. Results

In total, 800 records were utilized from 169 lakes and 631 lotic sites from 51 river
basins. By using solely lotic data from field surveys, our results indicated low NIFS richness
(0~1.40 NIFS per 1 km?) throughout the country, with the exception of specific hotspots in
central and northern Greece (Figure 3a). On the contrary, by utilizing bibliographic data
from lentic ecosystems the patterns of predictive NIFS richness was predominately high
(2.7-4.3 NIFS per 1 km?) in most areas of the country, followed by moderate NIFS predicted
richness (1.5-2.6 NIFS per 1 km?) in the remaining parts (Figure 3b).
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Figure 3. Patterns of the predicted richness of non-indigenous fish species derived from (a) lotic data and (b) lentic data.
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Overall, we recorded 52 NIFS in 154 lentic and 51 lotic ecosystems (265 sites) of
which 17 were categorized as alien and 35 as translocated. The five most widespread NIFS
within Greece included four aliens, namely Gambusia holbrooki occurring in 223 locations
(53.1%), Carassius gibelio occurring in 187 locations (44.52%), Lepomis gibbosus occurring
in 113 locations (26.9%), Pseudorasbora parva occurring in 93 locations (22.14%), and one
translocated species Cyprinus carpio occurring in 109 locations (25.95%). NIFS richness
ranged from single species (176 sites) up to 12 fish species (one site—Lake Pamvotis). Our
results indicate that freshwater ecosystems under high NIFS richness are located mainly in
lowland areas of western, central, and northern Greece (Figure 3a), usually near large cities
and the presence of lentic ecosystems with well-developed commercial and recreational
fisheries. On the contrary, areas with low NIFS richness were observed in mountainous

regions and within small river basin areas in southern Greece and the Aegean islands
(Figure 4a).
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Figure 4. (a) Patterns of predicted richness of non-indigenous fish species (indicating high invasion pressure) and (b) geograph-
ical distribution range of critically endangered freshwater fish species and protected areas (Natura 2000 network).
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The distribution of the CR freshwater fish species in Greece was scattered throughout
the aquatic ecosystems of the country (Figure 2), covering approximately 28% (36,708 km?)
of the entire area of Greece (Table 2). In most areas, only one CR fish species occurs or
is known to have occurred (69.9%); however, in some ecosystems two or more species
co-occur (Figure 4b; Table 2). The highest species richness of CR fish species was observed
in the north and northeastern, western, and central parts of Greece, while no CR fish species
were recorded in the mountainous areas of northern and central Greece, in the majority of
the Aegean or Ionian Islands, or the island of Crete (Figure 4b).

Table 2. Distributional coverage of critically endangered (CR) freshwater fish species in Greece.

CR Category (n of Species) Area (km?) Percent (%)
1 25,658 69.9
2 8925 243
3 1796 49
329 0.9
Total 36,708 100

Overlapping areas of CR species with moderate to high NIFS richness (1.5-4.3 NIFS
perl km?) were relatively high (~50%) (Table 3). These areas were located in the western,
central-east, and northern part of Greece (Figure 4). Shared absences indicating both low
CR species and NIFS and thus low overlapping areas were observed in the mountainous
regions of central Greece, the Aegean Islands, and the Island of Crete (Table 3; Figure 5).
The above is to be expected since most Aegean Islands (with the exception of the Island of
Lesbos) as well as the Island of Crete lack any CR species.

Table 3. The proposed class boundaries (low, moderate, high) of the overlapping areas of non-
indigenous and critically endangered freshwater fish species, the actual areas, and the total percentage
for each category.

Category Area Percent Total Area Total Percent

(km?) (%) (km?) (%)
_ 0-0.37 4270 11.6

Low 0.38-0.87 5906 16.1 18.408 50.1
0.88-1.40 8232 22.4
1.50-1.90 7154 19.5

Moderate 2.00-2.30 3926 10.7 14.997 40.9
2.40-2.60 3917 10.7
2.70-3.00 1637 45

High 3.10-3.40 1371 3.7 3.303 9.0
3.50-4.30 295 0.8
Total 36,708 100

Only, five CR species were recorded exclusively in areas with low NIFS richness
(Barbus pergamonensis, Knipowitschia goerneri, Knipowitschia milleri, Oxynoemacheilus theophilii
and Pungitius hellenicus). The CR fish species co-occurring in areas with moderate to high
NIFS richness were: Pelasgus epiroticus (Lake Pamvotis), Valencia robartae, Salaria economidisi
(Acheloos basin), Scardinius graecus (Lakes Yliki and Paralimni), Cobitis stephanidisi (Lake
Karla basin), Alburnus macedonicus (Lake Doirani), Barbus euboicus, Squalius sp. Evia (streams
of Euboea Island) and Caspiomyzon hellenicus (Strymon basin) (Figure 5; Table 4).



Diversity 2021, 13, 233 8of 13

N
ey
f
b SR |
Overlapping areas of non-indigenous and’ 3 L/' :
critically endangered freshwater fish speciesr 3 g
Number of species (n per 1x1 km): 0 e {f\
Eo-037 [150-190 EE270-300 [ Lo~ A
I 038-087 [ ]200-230 [l 3.10-340 T b“j
R R S [
[o0s8s8-140 [ ]240-260 [l 3.50 - 4.30 s e 0 30 60 1zgm
<

Figure 5. Overlapping areas between the distributions of NIFS and critically endangered freshwater fish species.

A quarter of the overlapping areas (24.8%) fall well within the NATURA 2000 network
(Figure 6a), where management bodies could implement control or mitigation programs to
minimize the negative impacts from NIFS to native biodiversity. However, the majority
of the distribution areas of CR fish species in Greece are located outside of protected
areas (75.2%; Figure 6a) and any additional anthropogenic stressors have the potential
to increase pressure to the populations of these species. Moreover, the vast majority of
the overlapped areas within the protected zones encompassed only one or two CR fish
species per 1 km?: 78.4% and 17.2%, respectively (Figure 6b), while three or four CR fish
species per 1 km? covered considerably smaller areas (4.4% in total; Figure 6b). In addition,
the area coverage of moderate to high NIFS richness was similar within the unprotected
(49.3%) and protected areas (44.5%) (Figure 6¢,d), potentially indicating that no effective
preventive measures are applied to prevent NIFS spread in protected areas.
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Table 4. The distributional coverage and the overlapping areas per critically endangered freshwater

fish species for each NIFS predicted richness category (low, moderate, high).

. Area Area per Category (%)
(1.5-2.60)
Acipenser naccarii 1026 85.96 14.04 -
Acipenser stellatus 11,614 31.90 48.90 19.20
Acipenser sturio 7369 29.00 58.30 12.70
Alburnus macedonicus 277 - 53.43 46.57
Alburnus vistonicus 4187 97.04 2.96 -
Alosa vistonica 433 94.46 5.54 -
Aphanius almiriensis 153 63.40 36.60 -
Barbus euboicus 562 20.28 65.30 14.41
Barbus pergamonensis 461 100 - -
Caspiomyzon graecus 602 96.51 3.32 0.17
Caspiomyzon hellenicus 499 60.32 39.68 -
Cobitis stephanidisi 1296 - 94.21 5.79
Eudontomyzon sp. Almopaios 1473 91.99 8.01 -
Huso huso 292 20.21 79.79 -
Knipowitschia goerneri 301 100 - -
Knipowitschia milleri 403 100 - -
Oxynoemacheilus theophilii 100 100 - -
Pelasgus epiroticus 400 9.50 18.50 72.00
Pelasgus laconicus 3120 87.66 12.34 -
Pungitius hellenicus 737 100 - -
Salaria economidisi 202 - 83.17 16.83
Scardinius graecus 2343 30.99 69.01 -
Squalius sp. Evia 53 - 100 -
Valencia letourneuxi 2152 90.20 9.80 -
Valencia robertae 2428 28.54 66.85 4.61
a 100 b Within Natura areas
80
_ 17.2%
= 60
® £28 o6%
g 40
= 78.4%
0
Unprotected Protected Number of CR fish species
Areas Areas (nperixlkm) 1 2 3 ma4
C NIFS in unprotected areas NIFS within Natura areas

S

NIFS richness = Low = Moderate  High
(nper1x1km) (0-1.40) (1.5-2.60) (2.7-4.3)

Figure 6. (a) The overlapping areas of NIFS and CR freshwater fish species in unprotected areas
(grey) and protected areas (black); (b) the area coverage (%) of CR freshwater fish species richness
within the protected areas; (c) the area coverage (%) of NIFS richness in unprotected areas; and (d)

within protected areas.
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4. Discussion

Until fairly recently, Greece was a country that had relatively few alien fish species
compared to other European states [23]. However, nowadays, whole riverine fish assem-
blages are rapidly changing as non-indigenous fish species spread into several lotic and
lentic ecosystems [24]. This study aimed to identify the potential overlapping areas of
NIFS against fish species that are under the highest extinction threat category (CR) in
Greece. The findings of this study demonstrate that many freshwater ecosystems in the
country are under significant invasion pressure and concurrently exhibit high biodiversity
conservation value; this problem is now pressing throughout the European Mediterranean
basins [25,26].

Predictive patterns of NIFS richness varied largely by utilizing different data sources
(i.e., bibliographic data for lentic and field surveys for lotic). These immense differences in
NIFS predicted richness between lotic and lentic ecosystems can be attributed to several
factors. For instance, bibliographic data usually overestimate the total species richness
of an ecosystem, since species that were once reported could now have been extirpated.
This is actually true for aliens in several Greek lentic systems, which were once stocked
with fishes that were unable to develop viable populations (i.e., Acipenser baeri, Acipenser
gueldenstaedtii, Ctenopharyngodon idella, Hypophthalmichthys nobilis, Oncorhynchus kisutch,
Oncorhynchus mykiss) [17]. Thus, these species will be included in checklists and eventually
in future analyses despite the fact that they could be currently extirpated. In this study, our
combined analysis is indicative of the situation at the country-wide level, as far as possible,
in all inland freshwater ecosystems. Correspondingly, results of how bibliographical data
may depict overestimated NIFS richness in Greece were reported by a recent study [22], in-
dicating that alien fish species were relatively restricted in Greek rivers, based on sampling
data in contrast with bibliographic data.

Similar to other recent studies, the most common NIFS within the overlapping areas
were Greece’s four most widespread and abundant aliens G. holbrooki, C. gibelio, L. gibbosus,
and P. parva as well as the translocated C. carpio, Salmo farioides, and Economidichthys
pygmaeus [14,22]. Evidently, the most recorded NIFS display limnophylic (lacustrine) life
history strategies. Indeed, apart from the introductions of cold-water species such as
salmonids which are primarily conducted in the upper catchments of rivers and streams,
most species introductions in Greece concern warm-water lacustrine species in lowland
rivers and lentic ecosystems [27]. In most sites, NIFS richness comprised single species;
however, in a single case NIFS richness raised up to 12 fish species (Lake Pamvotis),
indicating high invasive pressure. Historically, Lake Pamvotis included only four native
species; however, during the 1930s until the late 1990s several NIFS were introduced for
purposes of eutrophication control or fisheries enhancement [24]. Overall, lowland riverine
areas and lentic ecosystems with well-developed commercial and recreational fisheries
indicated higher NIFS richness in comparison with small streams in higher altitudes or in
arid regions (e.g., southern Greece and the Aegean islands).

According to the latest Red List assessment at the European level, more than 37%
of the freshwater fish species are considered as threatened; 15% as Vulnerable, 10% as
Endangered, and 12% as CR status [11]. The IUCN analysis shows that Greece hosts the
most species under a threatened status and the most critically endangered freshwater fish
species in Europe [28]. Despite this fact, few conservation actions have been applied to
protect the CR freshwater fish species of Greece, while how NIFS affect their viability
is almost totally neglected. According to current distributional records, two CR species
(P. epiroticus and C. stephanidisi) co-occurring in areas with moderate to high NIFS richness
are considered on the brink of extinction [17], while an additional species (Alosa vistonica)
which indicated low to moderate overlapping areas with the distributions of NIFS has
recently been assessed as extinct [29].

Despite the fact that our analysis utilizes broad-scale data of NIFS and CR fish species
inhabiting both lentic and lotic ecosystems, we acknowledge its limitations by not in-
corporating the connectivity of aquatic ecosystems into the approach [30,31]. Generally,
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geostatistical techniques are suitable for modeling features that are inherently continu-
ous [32], which contrasts with the fragmentation observed in freshwater ecosystems and
the geographic isolation of the islands. However, in an attempt to mitigate the latter issues
we used an extensive sampling/site network, thus narrowing the number of maximum
neighbors and minimizing the distance points used to perform the interpolation. Further-
more, we acknowledge that some formerly widespread species, with marginal distributions
in the country, are now probably totally extirpated as wild native populations from Greece.
For instance, regions which include wild populations of sturgeons (Huso huso, Acipenser
sturio, Acipener naccarri, Acipenser stellatus) [17] may have an overestimated distributional
coverage bias of CR fish species.

Even though there has been a rapid growth in developing protected areas world-
wide [33], such efforts are not usually optimally designed for freshwater biodiversity.
Many conservationists accept that freshwater conservation must relate to a separate ecolog-
ical realm, beyond the terrestrial or marine, whose specific recognition may have important
consequences for both biodiversity conservation and the wider water management is-
sues [34]. A recent study that aimed to overlap the ranges of threatened species, based
on the IUCN Red List and Natura 2000 delineations in Greece [35], reported that species
belonging to the class of Actinopterygii (including exclusively freshwater species) were cov-
ered fairly well within protected areas. However, the aforementioned study also included
freshwater fish species within the threatened categories of Endangered and Vulnerable,
thus this increase in spatial overlap with protected areas of the Natura 2000 sites is ex-
pected, since more species occupy wider areas. In our study, by focusing on the highest
extinction threat category (CR), we revealed that the largest part of the distributional
ranges of CR freshwater fish species fall outside protected areas. Finally, it is evident,
based on the absence of relevant scientific literature, that conservation actions targeting CR
freshwater fish species in Greece have rarely been applied. In fact, out of the 25 CR fresh-
water fish species, concrete conservation actions have been applied only for four species
mainly by conducting conservation translocations (A. naccarii, [36]; Pungitius hellenicus, [37],
V. letourneuxi, and V. robertae; [38]).

IUCN and national red listing assessment schemes are scheduling to modify a number
of listed species categories as new reviews of vulnerability status are revised (i.e., some
species that are Critical may be downgraded to Endangered and so forth). Although the
new red listing revisions may alter the status of some species, in our opinion, most of the
species utilized in our study should remain as important guiding species for conservation
planning. The Hellenic Zoological Society’s Greek Red List procedure was last reviewed
in 2009, lagging far behind many other EU states; efforts to revise it have recently been
initiated through funding scheduled from the Hellenic Ministry of Environment and Energy.
Recently, a new review of Mediterranean freshwater fish species has also begun by IUCN
experts and is expected to be completed in 2021. In the current work, we solely utilized
the highest extinction threat level category as a proxy indicator for identifying areas of
outstanding conservation interest in a rapid screening process that may be easily repeated
and transferable to other states and for future monitoring.

Conservation planning in its entirety is a highly complex process encompassing
several steps in order to develop and implement the protection, conservation, and en-
hancement of natural resources. As freshwater protected area effectiveness is usually
challenging [39], especially regarding NIFS threats [40], the need for well-designed pro-
tected areas and management plans for freshwater biodiversity is a necessity for critically
endangered fishes and the ecosystems that host them in Greece. Unraveling the spatial
overlap between NIFS and critically endangered fish species can support the first stages
of targeted conservation planning and contribute to preliminary actions to minimize the
potential negative effects. Future studies should aim to a) identify and assess broader
important fish areas for conservation and b) assess how the combined effects of various
stressors (i.e., NIFS, water abstraction, pollution, river fragmentation, etc.) can affect the
populations of the threatened freshwater fish species of Greece under a climate change



Diversity 2021, 13, 233 12 of 13

context. Moreover, there is a need for high-quality comprehensive reviews regarding the
ichthyofaunal compositions of Greek lentic ecosystems, which will exclude all species with
questionable occurrences and clarify the actual and current status of NIFS introductions.
Finally, future work should also address the analysis of species traits of the mixed fish
assemblages (native and NIFS) to better understand the functional organization of these
novel ecosystems.
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