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Abstract Biogeographic regionalizations provide frameworks for a holistic under-
standing of river basin areas and their inland water ecosystems. Here we employ the
freshwater ecoregion concept to outline biogeographic aspects of the aquatic and
semiaquatic biota and river ecosystems in Greece. Emphasis is given to freshwater
fishes which cannot readily disperse over mountain watershed barriers and marine
areas; they are utilized as primary biogeographic indicators. Although various
biogeographic regionalization maps are surveyed, the Freshwater Ecoregions of the
World (FEOW) initiative is adopted, and this review helps redefine certain recently
published ecoregional boundaries in Greece. Along with freshwater fishes, other
animal and plant distributions and knowledge of geological history and climatic
patterns help guide the boundary definition of eight freshwater ecoregions in Greece.
Gaps in knowledge concerning species distributions and taxonomy as well as the bio-
geographic understanding of each freshwater ecoregion are assessed.
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1 Introduction

River basins are virtually “biogeographic islands” for freshwater biota. At a re-
gional spatial scale, large areas with aquatic ecosystems that share species assem-
blages can be described as “ecosystem regions” or ecoregions. Robert Bailey [1],
who championed in ecoregional cartography, defined ecoregions as “major ecosys-
tems” ... “resulting from large-scale predictable patterns of solar radiation and
moisture that, in turn, affect the distribution of local ecosystems and their compo-
nent plant and animal species.” For the realm of inland water ecosystems, these
regional entities are appropriately termed freshwater ecoregions [2], and they have
become key geographical units for aquatic ecosystem inventories, monitoring, and
conservation planning in recent years [3]. Ecoregions are also important conceptual
frameworks to describe and evaluate a country’s biodiversity and natural aquatic
resources.

Ecoregional classifications have been widely used as a first-tier screening in pro-
cedures for classifying water resources, and they are also a key geographical cri-
terion for river typologies within Europe’s Water Framework Directive — WFD
2000/60/EC [4]. Many researchers have called for a hierarchical river classification,
where a regional or ecoregional typological criterion tops the standardized classi-
fication framework (e.g., [5, 6]) (Fig. 1). In 2008, a global assessment to delineate
the Earth’s freshwater ecoregions was promoted by conservation organizations [8, 9].
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Ecoregion  River Basin Area Water body Channel Reach

Fig. 1 Scales of river classification that are now part of policy-relevant river management, con-
servation planning, and monitoring; ecoregions or other biogeographical regions top the hierarchy
(adapted from [6] as presented in [7])

This project produced practical classification and regional delineation criteria and a
first baseline charting freshwater ecoregions on a global scale.

The Freshwater Ecoregions of the World (FEOW) project is primarily a fresh-
water biogeography scheme. It is guided by the influences of freshwater species’
phylogenetic history, paleogeography, and ecosystem distribution patterns in order
to delineate regions exhibiting relative homogeneity of aquatic ecosystem structure
[8]. This regionalization mainly utilized freshwater fish species distributions as pro-
xies for the distinctiveness of wholly aquatic biotic assemblages [3]. FEOW utilized
watershed lines and deep marine waters as criteria for boundaries, unlike the older
“terrestrial” ecoregional schemes which give overriding value to potential natural
vegetation and general physiographic and climatic characteristics [10-12]. Expert
judgment was important in making final boundary decisions and a prestigious panel
of biodiversity experts contributed to the freshwater ecoregion delineations [9].

Regionalization schemes such as ecoregion mapping show varying scales of
regional analysis. The freshwater ecoregional scale is definitely spatially restricted
relative to the much broader “biome” scale or the recently redefined “major zoo-
geographical region” scale [13]. For the smallest freshwater ecoregional units, it is
difficult to define a size limit; they usually extend for several hundreds of kilome-
ters and often include at least several dozens of more or less biotically similar river
basin areas (i.e., a simple rule of thumb being that “each basin is a state, each eco-
region a country”). However, in exceptional cases there are some rather small fresh-
water ecoregions, such as some very large tropical lake systems and large islands
which are characterized by millions of years of isolation and outstanding evolution-
ary divergence [2]. Greece, for example, is a country on a “biogeographic cross-
roads” where rather small ecoregions meet. The territory of Greece includes eight
freshwater ecoregional units, the largest number of ecoregions of any EU country
(Fig. 2).

In this chapter, we explore the biogeographic ecoregions that encompass Greece’s
river basin areas, and we survey and interpret the FEOW ecoregional delineations.
Controversy and disagreements on boundaries persist, and the issue of completing an
accurate ecoregional map for the freshwater realm is still in progress. After many
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Fig. 2 The freshwater ecoregion delineations of Greece and the surrounding lands as developed
by the Conservation Science Program of World Wildlife Fund and The Nature Conservancy [9].
There are still disagreements among some of the boundaries; see text (numbers have been super-
imposed and correspond to Table 1). Map extracted from FEOW [9]

years of working with the ecoregional framework at the Hellenic Centre for Marine
Research (HCMR), we propose specific boundary changes to the FEOW map and we
document them, but this is not the place to do this exhaustively. Although we use the
relevant biogeographic literature and previous fish-based biogeographic analyses, we
do not dwell on describing the historical biogeography in detail (i.e., interpreting
biogeographic dispersal episodes or routes or the genesis of current biotic assem-
blages). The ultimate goal here is an introductory regional-scale review of freshwater
lotic ecosystems and their biota.

2 Previous Biogeographic Delineations

Due to its remarkable position among three continents and its diverse and fragment-
ed mountain chains and archipelagos, Greece has been a focus area for biogeogra-
phic research (e.g., [16, 17]). However, the overwhelming majority of research has
focused on terrestrial biogeography; terrestrial species of plants and animals on the
islands have dominated biogeographic work for long periods [18-20]. The Aegean
is one of the world’s hotspots for island biogeographic research, and many new theo-
retical and analytical approaches and interpretations have been produced in this area
[21-24]. This biogeographic research has also helped to integrate a huge body of
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literature from various research endeavors, including geology, paleontology, archeol-
ogy, climatology, botany, zoology, ecology, and conservation science. Biogeography
is particularly important for exploring systematics and taxonomy, especially in areas
where species have evolved in isolation or retained relic populations. As a result of
decades of biogeographic research, many disparate biogeographic maps have been
published, using very different indicator taxa groups (e.g., terrestrial invertebrates,
reptiles, the paleofauna, endemic terrestrial flora, potential natural vegetation, etc.).

Botanists have contributed significantly to biogeographic regionalizations in Greece.
Turrill [19] in 1929 was the first to divide the country into six phytogeographical
regions. Later, Rechinger (1943) [18] first addressed the phytogeographical peculiari-
ties of the Aegean and discovered the important biogeographic boundary along the
mid-Aegean trench, known now as “Rechinger’s line” — the biogeographic divide
between the European and Asian Aegean [17]. Ganiatsas [25] also produced a phyto-
geographical map based largely on Rechinger’s work (Fig. 3a). Some years later, Strid
[17] divided Greece into 13 phytogeographical regions, and this practical compart-
mentalization, also based on the previous phytogeographical regionalizations, has
remained unchallenged and is widely used today [27, 28].

The zoologists also charted biogeographic boundaries in Greece. Often these “zoo-
geographical maps” were exclusively for specific taxonomic groups, including on some
occasions freshwater aquatic and semiaquatic groups (Fig. 3b, ¢). Distributional knowl-
edge of the amazing array of arthropod diversity in Greek aquatic ecosystems is limited
in part because of the lack of local taxonomic specialists and the relatively late
beginning of taxonomic studies. It should be pointed out that by the late 1970s and
early 1980s, zoogeographic interest in Greece helped establish the International Con-
gress on Zoogeography of Greece and Adjacent Regions (ICZEGAR) first promoted by
Prof. 1. Matsakis and by many “philhellene” European biologists who had been
collecting biological material throughout Greece. ICZEGAR is still a hive of develop-
ment for biogeography in Greece and the wider region [29].

Regarding aquatic animals, freshwater fishes dominate biogeographic research
in Greece. We owe a lot of baseline work to Prof. PS Economidis, an

Fig. 3 Important biogeographical delineations for various biotas: (a) Plants [25]; (b) Hydraenidae
beetles [26], and (c) major freshwater biota assemblage breakpoints (key barriers to dispersal)
mainly using fish distributions (this study); gray-colored areas in map (¢) show areas where
intermittent and ephemeral stream flows dominate lotic waters, due to seasonally semiarid
conditions and geology (adapted from [7])
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intrepid explorer who collected and collaborated with many ichthyologists since the
late 1960s (e.g., [30, 31], and references therein). However, most modern fish-based
biogeographic maps are either rather repetitive or their boundaries vary with respect
to changing species taxonomies (nomenclatural changes) and species subsets uti-
lized in the analyses (e.g. [32—34]). Different spatial scales in the regionalizations
also influence biogeographic boundaries; broadscale applications necessarily create
unconventionally much larger and fewer regional units (e.g., the Europe-wide
analysis of Reyjol et al. [35]). In recent ichthyogeographic delineations, only the
most prominent boundaries resulting from the river basin fish assemblage classifi-
cation analyses are charted, and specific criteria for boundary setting are set [36, 37],
while more sophisticated quantitative methods are applied (e.g., [38, 39]).

Compared to fishes, there is limited work on other freshwater biota in Greece or
the neighboring Balkan and Asian countries. At the continental scale, with respect
to the European freshwater biota, spatially broad and rather crude freshwater bio-
geographic regional delineations were originally proposed by J. Illies [40] in his
multi-taxa freshwater zoogeographical compilation Limnofauna Europaea. How-
ever, Illies’s freshwater ecoregions have been seriously criticized and are now con-
sidered outdated and partially flawed [36]. Despite this dispute, Illies’ boundaries
were used for partitioning European ecoregions for Europe’s Water Framework
Directive [4] inland water typologies. One reason for the difficulty of producing
freshwater ecoregional maps has been the many varied and disparate distributional
patterns of very different “freshwater” biota; some taxa are wholly aquatic, large-
sized poor dispersers (such as mussels), while many are semiaquatic or can even
disperse terrestrially by flying across biogeographic barriers (i.e., many semiaquatic
insects). A major problem with aquatic invertebrate work is that inventories
and distributional surveys for many species are incomplete or poorly surveyed
[41, 42].

Biogeographic ecoregion regionalizations have thus encountered controversy; dif-
ferent spatial scales, statistical methods, and methodological delineation procedures
are used, and many biogeographic maps of the same area give quite different
boundaries. For example, Illies’s [40] biogeographic maps based on many animal
taxa were altered with different published editions and later politically relevant usage
within the WFD, i.e., using state borders instead of biogeographic characteristics
(Fig. 4).

Aquatic biogeographic cartographers look for common biotic breaks in species
distributions in order to chart regional boundaries. For example, the concept of faunal
break boundaries refers to specific boundary lines of rapid faunal change that are usually
associated with prominent long-standing geographical, geological, marine, and/or cli-
matic barriers to species dispersal, such as watershed lines; see Fig. 3c. Faunal break
boundaries are obviously scale dependent, and the degree of dissimilarity will vary
based on taxonomic groups used, their dispersal abilities, and several other parameters.
Misinterpretations or differing opinions easily get published [36].
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Fig. 4 Gradual changes in the broadscale freshwater zoogeographic “ecoregions” of Illies’s
Limnofauna Europaea (the first two maps from the left, with published volume dates) and the
final ecoregion map used in the Water Framework Directive [4]. For ecoregion names, numbers
are provided in Table 1 (figure redrawn from [7])

Finally, we should mention that regional syntheses based on terrestrial ecoregional
concepts are probably even more difficult to standardize than the freshwater biogeo-
graphic approaches, since even more parameters are introduced to the “ecoregional”
perspective [10, 43]. Since distributional patterns of many freshwater taxa and the
ecosystem processes that sustain them do not usually correspond well to terrestrial
ecoregion boundaries, we endorse the development of separate freshwater and ter-
restrial frameworks for conservation-based analyses [2].

Generally, modern terrestrial ecoregional maps vary among scientific teams and
subdisciplines, and this has sometimes created confusion [44]. A recent conservation-
relevant procedure focused on terrestrial ecoregions of the world [11, 45] using
potential natural vegetation categories and various species distributions among
other criteria (Fig. 5). The authors of this map do warn that “no single biogeographic
framework is optimal for all taxa and ecoregions reflect the best compromise for as
many taxa as possible” [11]; boundaries rarely form abrupt edges but are bound by
ecotones and mosaics. Our opinion is that this work is a gross generalization and does
not compare well with the diversity of other potential natural vegetation renditions in
Southeast Europe [46] or even traditional biogeoclimatic cartography [47] for the re-
gion. Olson et al.’s [11] global terrestrial ecoregional map was significantly revised
in some parts of the Earth’s surface (i.e., Arabian Peninsula) in its reissue in 2017
[45], but the ecoregional delineations in the Balkans remain unchanged. Nonetheless,
the conservation-relevant gap analyses using this map have produced a very useful
global conservation evaluation [45].

3 Geological Setting

Greece exhibits a unique geophysical diversity and a tumultuous geological history
in its 132,000 km? area. It has over 3,000 islands, and if we include islets and rock
stacks, the number surpasses 7,800 islands and islets [48]. Greece is also a land of
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Fig. 5 Segment of the terrestrial ecoregions of the world map by Dinerstein et al. [45]. Six eco-
regions are delineated in Greece’s territory: (1) Rhodope montane mixed forests, (2) Balkan mixed
forests, (3) Pindus mountains mixed forests, (4) Aegean and Western Turkey sclerophyllous and
mixed forests, (5) Illyrian deciduous forests, and (6) Crete Mediterranean forests. Extracted map
adapted from Dinerstein et al. [45]

hundreds of peninsulas. Although only about 20% of the land area is made up of
islands and islets, there is a uniquely convoluted and incredibly long coastline with
hundreds of autonomous river basin areas. An overwhelming number of river basins
are very small; many small non-perennial streams and torrents dominate in the
islands, peninsulas, and dry coasts. In contrast, some sizable rivers, including large
transboundary basins, exist in the northwest and north. This globally unique geo-
graphical configuration is a result of the tectonically active geology of the southern
Balkans and its surrounding regions [49, 50].

The geological history of the Balkans and the Aegean region is complex, in-
volving dynamic tectonic action and long periods of orogenesis that created an e-
volving geographical scene effecting the distribution and diversity of the freshwater
biota. As outlined by Banarescu [14] and Skoulikidis et al. [51], the following main
attributes seem to be the major geological events that produced such complex bio-
geographic patterns in the freshwater biota of the southern Balkans:

1. The existence of the former Tethys Sea (in the region between the current
Mediterranean-Danube Valley-Black Sea-Caspian Sea).

2. The orogenic upheaval of the Carpatho-Balkans separating the wider Tethys
into a southern (Mediterranean) and northern sector, the Paratethys, much of
which later formed large lakes or dried out.
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3. The orogenic upheaval of the long and narrow Pindus cordillera (an extension
of the Dinaric Alps) separating Greece and the Western Balkans into east-west
biogeographic sectors.

4. The existence of many ancient lakes, many derived from various parts of the
Tethys and Paratethys, which host many long-isolated endemic species.

5. Fluctuations of sea levels in the Adriatic enabling faunal exchange between Italy,
the Northern Adriatic and the Western Balkans.

6. The continental contact and separation between the southern part of the Balkans
and Anatolia: until the beginning of the Middle Miocene, the southern Balkans
and Asia Minor comprised a continuous composite landmass (Fig. 6a); this was
interrupted by the Aegean landmass subsidence during the late Miocene (Fig. 6b).

7. The existence of archipelagos due to remarkable tectonic diversity and volca-
nism in the Aegean, including the creation of a distinct southern island mass
(Crete) (Fig. 6¢).

8. The desiccation of the Mediterranean at several periods, but especially during
the Messinian Salinity Crisis (from 5.96 to 5.33 MYA), which favored fresh-
water flows and connections among formerly disjunct river basins.

9. The Pleistocene glaciations which dropped eustatic sea levels down to approx-
imately 120 m and created connections among many river basins (Fig. 6d) but
also created climatically benign “refugia” in the southern coastal and lowland
parts of our area.

10. The gradual modification of river networks through repeated river captures (ri-
ver piracy in tectonically active areas) which blended the headwaters of rivers
and helped biota dispersal over previously impenetrable mountain watersheds.

4 Climate

The Mediterranean climate was established about 3.2 MYA [53], and during the
Holocene, most of the territories belonging to Greece have been typically Mediter-
ranean in climate. The Mediterranean climate is diverse, and there are important
variants that affect the water cycle, hydrological flow regimes in surface waters, and
the aquatic communities. Precipitation is irregularly distributed across Greece, rang-
ing from 1,300 mm annually in northwestern Greece (especially in the Tzoumerka
mountains) to 300 mm in the southeast coastal rain shadow areas [54]. The west
side of Greece, west of the Pindus mountain range, is much wetter and more humid
than the eastern part. In much of eastern continental Greece, rain shadow areas
create pockets of seasonally arid conditions with high evapotranspiration rates and
a long summer drought. These rain shadows create conditions where non-perennial
river systems dominate, since long-term droughts define the character of flow re-
gimes [55]. Hydrology and natural flow regimes vary remarkably among basins and
longitudinally along the river courses, depending on local climate and the geological,
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Fig. 6 Examples of paleogeographic change in Greece: landmasses in dark gray, lakes in white (the
present geography outlined within the images). (a) Middle Miocene 12 MYA, with the Aegean being
a continual landmass; (b) late Miocene 8 MY A, first breakup of the Aegean; (c¢) Pliocene 3.5 MYA;
south Aegean arc islands including Cretan paleo-islands. (d) Middle Pleistocene 0.8 MYA; lowering
eustatic water levels during glacials reconnect islands, and many river basins merge. Selected map
depictions originally from Valakos et al. [52] and modified in Zogaris [7]

geomorphological, and topographical conditions. Due to the predominance of calcare-
ous geology in western and southern Greece, karstic springs are very important in pro-
viding steady flow regimes to relatively small rivers [51]. Spring-fed streams are
therefore quite incongruous “oases” and are often associated with geological patterns
and a steep mountain relief. In contrast, disturbance regimes such as flash floods and
severe droughts are also common, often even in small seasonally arid torrents.
Climatic research has shown that important aspects that affect lotic waters and their
biota in the Mediterranean are droughts, and a remarkable variability of precipitation



The Biogeographic Characteristics of the River Basins of Greece 63

pattern has been documented through the centuries [56]. It is certain that even before
the high-intensity water exploitation of modern times, there have been “epic
megadroughts” that may have had an important role to play in the locally
impoverished state of insular and peninsular aquatic faunas and floras. Finally, the
influence of anthropogenic water abstraction and climatic variability or recent climat-
ic change create mixed stresses on running water ecosystems, and it is often difficult
to interpret what is modified solely by human activities [57].

S The Aquatic and Riparian Biota

The southern Balkans and Anatolia are famous as acting as biological refugia dur-
ing the past glacial periods, thus conserving many Eurasian aquatic and semiaquatic
species that were extirpated by climate change in much of temperate Europe. Iso-
lation and vicariance (i.e., the splitting of populations by barriers to dispersal) have
created conditions for the evolution of a large percentage of range-restricted spe-
cies, known as local endemics. Endemics can be defined to a geographical entity
(such as a region or the state’s political borders). One of the most outstanding at-
tributes of using biogeographic indicators is the identification of areas where these
range-restricted species concentrate. The territory of Greece has the highest percen-
tage of endemic fishes in the EU [58] and may equally be important as a center of
endemism for aquatic, semiaquatic invertebrates and aquatic species parasites as
well [59]. In contrast, many aquatic microorganisms are generally very widespread
(cyanobacteria, fungi, and microscopic plants) since they are dispersed by atmo-
spheric phenomena or larger animals [41]. Evidence of the cosmopolitan distribu-
tion of lentic planktonic organisms and other microscopic plants and animals has
been documented in Greece [38]. Biogeographic patterns can certainly be gathered
for interpretation purposes from reviewing a wide range of aquatic and semiaquatic
species distributions. Below we provide a summary of some well-known aquatic
species groups with notes on their usefulness as biogeographic indicators (Fig. 7).

5.1 Agquatic and Riparian Plants

Plant distributions and vegetation formations are informative for ecoregional cartog-
raphy [10]. In Greece, most botanists have focused on terrestrial species, terrestrial
vegetation, and particularly on the floral distribution patterns in the archipelagos and
mountains [60]. Aquatic plants were less interesting for early plant biologists and col-
lectors since most of the range-restricted species are actually dry-land species, often
inhabiting rocky outcrops, mountain cliffs, etc. In fact, Greece is a global center of
plant endemism for many such species groups: the country sustains 1,462 endemic plant
taxa (species and subspecies) which roughly amounts to 22% of its 6,600 documented
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Fig. 7 Various animal taxa that provide biogeographic knowledge. (a) The Freshwater crab Potamon
pelops from the Peloponnese (Alpheios river); (b) unidentified unionid mussels from the Western
Aegean Ecoregion (Spercheios river); (¢) endemic Rhodeus meridionalis from the Macedonia-Thessaly
Ecoregion; (d) endemic Greek stickleback Pungitius hellenicus and a water snail (Theodoxus sp.) from
the Western Aegean Ecoregion; (e) terrestrial salamander, Lyciasalamandra luschani from the South-
ern Anatolian Ecoregion (Kastellorizo island). (Photos (a) I. Strachinis; (b) A. Christopoulos; (c, d)
S. Zogaris; (e) K. Sotiropoulos)

taxa [27]. Most of the local endemics are in the southern part of Greece, the islands and
mountains [61, 62].

Unlike the “taxonomically attractive” local endemics, the aquatic and “‘water-loving”
(hydrophilous) plant species are geographically rather widespread. Many hydrophilous
plants are easily dispersed primarily by atmospheric phenomena, migratory birds, and
other animals. Recent reviews show a poor documentation of hydrophilous species (e.g.,
[27, 63, 64]). Some species distributions are poorly known because their aquatic and
wetland habitats have suffered much change in Greece during the last century, and the
smaller wetland habitats have been poorly surveyed [65, 66].

Since hydrophilous plants are particularly dependent on specific aquatic and hu-
mid habitat conditions, some species that are “intolerant” to drought (or the effects
of seasonal water scarcity) have become locally or regionally extirpated. Despite
their widely scattered distributions, some species groups, even such as the charo-
phytes (macroalgae in the family Characeae), include taxa that are said to have
localized distributions, and some are considered threatened [63]. Species that need
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deeper waters and stable lentic conditions in rivers, such as water lilies and water
chestnuts, for example, are scarce in the southern half of the Hellenic peninsula and
its islands; these are locally common in the larger river basins of the north and
northwest of the country. In fact, one of the few recent plant extinctions in Greece
includes a water plant, Stratiotes aloides (Hydrocharitaceae), which was used to be
found in north-central Greece [27]. It is unusual that only a very few hydrophilous
plants are featured in the Greek Red Data Book account of 2009 [28]. The Red Data
Book does, however, include some interesting and rare Mediterranean endemic
species such as Callitriche pulchra (Gavdos, Crete ecoregion) and the riparian orchid
Dactylorhiza pythagorae (Samos, Eastern Aegean Ecoregion), but information of
many important species and groups such as the charophytes is scant and poorly
inventoried and documented [63, 66]. Finally, the bibliography on river plants is very
limited for such a rich country in streams and the value of these plants as
bioindicators (e.g., [67]).

Riparian vegetation includes all wetland and riverside or lakeside vegetation that
is influenced by the adjacent water body. European assemblages are very similar to
the water plants in being rather widespread. However, there are several distinct ri-
parian plant communities with biogeographic characteristics defining particular pat-
terns especially in Southern Europe [68] and parts of Greece [69]. Interesting and
widespread riparian trees in Greece include the oriental plane (Platanus orientalis)
and bay laurel (Laurus nobilis); these are relics from the Tertiary period that have
long become extirpated from other parts of Southern Europe. Some very rare woody
plant assemblages exist that have high biodiversity and biogeographic interest. These
include river riparian stands of the oriental sweetgum Liquidambar orientalis on
Rhodes Island and the Cretan date palm Phoenix theophrasti, restricted to Crete and
Southwestern Anatolia. In Greece, a north-south gradient in species richness in river
riparian woody plants can be detected, with northern montane assemblages being much
richer in species than the south [70]. This pattern may be also due to anthropogenic
degradation since southernmost areas have had much denser human populations along
river valleys than the more extensive mountain areas of the north.

5.2 Agquatic Invertebrates

Although not a single taxonomic group, this is definitely the most important animal
assemblage in terms of sheer biomass and species diversity in inland waters, wet-
lands, and riparian zones. The aquatic invertebrates include many groups such as
arthropods, flatworms, worms, gastropods, bivalves, and a myriad of microscopic
forms that are found in nearly all running water environments, even in intermittent
or near-ephemeral stream conditions. Some of these organisms disperse among wat-
er bodies via the atmosphere (many insects for example have a flying stage); others
use dispersal vectors such as birds [71, 72]. Relatively poor interbasin dispersers are
the wholly aquatic benthic groups such as the bivalves [73] and several gastropods
[74]. Many spring-inhabiting snails are restricted to specific parts of Greece, and
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many new endemic species are still being described [75-77]. Some aquatic insects
such as the aquatic beetles (Coleoptera) in the family Hydraenidae also include
relatively poor dispersers [26, 78], and several other beetle groups also have many
range-restricted species, many endemic to parts of southern Greece [79]. Generally, it
is estimated that Greece has more than 4,000 endemic invertebrate species, an
incredible number for such a small country [80].

Endemicity of macroinvertebrate species seems to be highest in the south and west
of the country and in the islands [81], and this is also reflected in many terrestrial
invertebrates [79, 82, 83]. Prominent barriers to lowland species are the main mountain
chains, especially the Pindus. In some groups such as the planarian flatworms (Genus
Dugesia, Platyhelminthes), initial patterns of distribution are surprisingly similar to ag-
uatic vertebrates [84]. The larger islands and peninsulas have more endemics; Crete,
for example, is an important endemicity hotspot. In the southern part of Greece and the
west, even widely distributed insect groups such as the dragonflies (Odonata) and stone
flies (Plecoptera) have endemic species [80]. Freshwater crabs are widespread in Greek
streams and rivers (species belonging to the genus Potamon), some considered
endemic to parts of Greece. Of the crustaceans, freshwater shrimps and amphipods
are also especially interesting biogeographic indicators as well [85, 86].

Lastly, general patterns also show Greece’s high species richness, since many
species from nearby biomes and zoogeographic regions enter the territory [§7-90].
Greece is located way to the east and south on the European continent and hosts
many interesting species that have their centers of origins in Asia, examples being
the huge Bellostomid water bug (Lethocerus patruelis) which just reaches Europe
solely in the extreme southeast and the damselfly Epallage fatime which has mostly
southwestern Asian distribution.

It is remarkable that the aquatic invertebrates are still so poorly studied in Greece;
even work on common and rather large-sized groups is preliminary or at a develop-
mental stage (e.g., [42, 73, 91, 92]). Despite the outstanding importance of the larger
benthic macroinvertebrates, for stream typology and ecosystem understanding, few
works exist on species assemblages in specific running water ecosystem types. Se-
veral works focus on general patterns of distribution at family or genus level (e.g.,
[93, 94]) mainly for the purposes of ecological status assessment and monitoring. More-
over, many crenobionts — the spring-inhabiting aquatic invertebrates — show remark-
able endemism, and many may be threatened with extinction [76, 95]. Unfortunately,
the most recent Greek Red Data Book compilation in 2009 pays little attention to many
groups of aquatic invertebrate species primarily due to the grave lack of completeness
in documented distributional knowledge [80].

5.3 Freshwater Fishes

Freshwater fishes are the most widely utilized biogeographic indicators in inland
waters at the regional scale, and they are rather well studied in Greece. There is much
to be learned by utilizing fishes in conservation biogeography [96], and their
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importance as biogeographic indicators has been corroborated by historical biogeo-
graphic evidence [15, 34] and new analytical methods [97]. Importantly, fish proved
to be good vehicles to explore phylogeography with new and developing genetic
molecular methods and analyses [98]. Extensive collections of genetic samples that
grace museum and academic archives from nearly all fish populations in our area of
study and the surrounding states have been rigorously studied during the last two
decades. The genetic work has assisted in making quantum leaps for taxonomic
clarification and the understanding of biotic affinities among taxa and their constituent
river basin areas [58, 99]. Thus, the overriding importance of fishes in regionalization
work has dominated recent freshwater biogeographically based ecoregional delinea-
tions [8]. The importance of freshwater fish geographical distributions has created
increasing interest in taxonomy, as has the description of many new range-restricted
species, especially in endemic-rich areas, such as the Balkans and western Asia.
Fishes are one of the earliest biogeographic elements explored in the Balkans [100],
and interest in their distribution patterns has continued to produce many and varied
fish-based biogeographic maps.

Greece is the richest country in the EU in terms of its endemic fish species and
one of the most important for fish conservation in the Mediterranean [101]. At least
47 out of its 160 freshwater fish species are now considered exclusively endemic
within the country’s boundaries; several more taxa — at least 15 — are near endemic,
i.e., confined to Greece and the near-border frontier areas with neighboring Balkan
states (i.e., shared water bodies such as Prespa, Doirani, and Butrint basins). Hydr-
ographic isolation and vicariance are the main factors responsible for Greece’s
ichthyofaunal diversity. Fish-based biogeographers are not only interested in the
endemics; they carefully use all species that are more or less intolerant of seawater
and do not disperse through the seas. Primary freshwater fishes are those with little
or no tolerance of brackish water (i.e., water with more than 0.5 g per liter total
dissolved mineral salts), while secondary freshwater species are tolerant of brackish
waters but normally occur in inland aquatic systems rather than the sea, and some
are capable of occasionally crossing narrow sea barriers [102]. Primary or primary-
like freshwater fishes are by nature confined to freshwater island-like basins, and
many of these species have been confined for several millions of years [33, 98]. It
should be noted, however, that the arithmetic figures of endemism attributed to the
country are changing almost every year as range extensions are discovered (e.g.,
particularly in Albania; see [103, 104]). Furthermore, the actual number of inland
water fish species is also not easily determined, as various marine species are often
encountered in the lower sections of inland waters, while new translocated species
are becoming established in the wild, particularly in lake and reservoir systems. Fi-
nally, taxonomic changes continue taking place at a rapid pace, with new species
being described, former synonyms being reinstated, and former “subspecies” val-
idated to species rank. This dynamic state of seemingly perpetual taxonomic change
may be confusing, but the situation is clearing up as detailed checklists are regularly
revised [58, 105].
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5.4 Reptiles and Amphibians

Terrestrial reptiles are at the forefront of zoogeographical research in Greece [16, 23].
The country hosts at least 63 reptile and 23 amphibian species, thus being particularly
rich in European terms [106]. Semiaquatic amphibians are less studied, but there are
very good case studies that inform biogeographic patterns [107]. Endemic amphibian
taxa are confined as endemics to Crete, Karpathos, and some other areas [80]. Also as
in fishes, the Pindus mountain range acts as a prominent biogeographic barrier; a
near-endemic frog and some newt species, and some terrestrial reptiles, are found
only along the west coast of Greece and Albania, bounded by the Pindus [52]. As are
fishes, many reptiles are liable to extinction in more fragmented isolated geographical
areas such as peninsulas and islands [108]. Reptile species taxonomy has seen many
recent changes and much informative phylogeographic research at the genetic level,
similar to the changes seen in fishes in the first years of the twenty-first century.

5.5 Birds

Birds are well studied in Greece [109]. Although they are the best interregional
dispersers and many species undergo mass migrations, there are some species with
distinct biogeographic regional distributions. For example, species with an “eastern
distribution” are found most frequently or in larger concentrations in northeastern
Greece and the larger wetlands of the Eastern Aegean islands [20, 110]. Some
characteristic and iconic waterbirds are collectively near absent from the western
parts of Greece (i.e., west of the Pindus range). Many species seem to be much more
abundant and frequent in northeastern Greece despite the fact that adequate and
extensive wetland habitats exist along the coast of western Greece, and this relates
to the important land bridge migration flyways of Thrace. The long cordillera of the
Pindus mountains is an important boundary that affects bird migration [109], and
even certain long-distance dispersers such as pelicans are known to have different
subpopulations on either side of the Pindus cordillera [111]. In rivers it is difficult to
tally the full number of birds using exclusively aquatic or riparian habitats; many
terrestrial species also use the waters [41]. Finally, birds and especially the waterbirds
are very important for the dispersal of plants, animals, microbes, and fungi (seeds,
cists, spores, etc. attached to the mud on birds’ legs and feathers) [112]. A large suite of
aquatic organisms can also survive passage through the digestive systems of birds
because of a digestive trade-off in many birds [72]. In Greece, the north-south
distribution of many widespread plant and small aquatic invertebrate species probably
has its origin in bird-assisted dispersal along the north-south mass migration routes.
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5.6 Mammals

As everywhere in Europe, a megafaunal collapse has taken place during the late
Pleistocene and early Holocene [113]. This remarkable species turnover is outstand-
ing in the Aegean islands, where several endemics had developed, such as dwarf
elephants [114]. Crete, for example, has one of the best-studied fossil histories of
mammal colonization and adaptive radiation in the Mediterranean [115]. There is
now much evidence that human-induced overkill is the reason for the rapid extinc-
tion of many animals on the Greek islands [116]. During the last 2000 years, several
species have gone extinct on the mainland too; these include lion, bison, aurochs,
and beaver, among others [117, 118] while the Anatolian leopard may have existed
on Samos until little more than a century ago [119].

Greece’s extant mammal fauna is still quite rich; it includes more than 115 spe-
cies [80], although large mammals are noticeably scarce. The mammal fauna of
exclusively semiaquatic or semiterrestrial species is limited, but many species
utilize rivers, lakes, and wetlands. The European beaver (Castor fiber), a keystone
“ecosystem engineer” in running waters, was native in mainland Greece and is said
to have become extinct in the early nineteenth century, perhaps last recorded in the
Alpheios river [117, 120]. However, this is difficult to verify, and there are
conflicting interpretations of past ranges and exact extinction dates for the beaver
in the Balkan countries [121]. Sadly, little has been written about the beaver in the
Balkans or Anatolia, and a thorough review is much needed.

Mammals disperse rather slowly and are prone to extirpation and extinction, and
they are limited by recently created natural and artificial barriers to movement. Ex-
tinction rates are more rapid on islands and peninsulas, and species may go extinct
with little knowledge of how and exactly when (see references to large mammals on
the Aegean islands in [119]). A semiaquatic mammal once thought to be rare and
geographically localized in Greece is the Eurasian otter (Lutra lutra). In fact, it is
quite widespread in mainland Greece but is rare and perhaps declining in xerother-
mic areas with little permanent water, although still found even on some islands,
including very small river basins on Euboea, Kerkira, Lefkada, Samos, Chios, and
Lesbos islands. The species may have existed on other islands, and there is anec-
dotal evidence for extirpation, but this is poorly documented. Interestingly, an en-
demic otter species (Lutrogale cretensis) existed until about the late Pleistocene on
Crete; the genus Lutrogale survives in southern Asia but had a wider distribution in
the past [114]. Terrestrial mammals do show some general biogeographic trends,
some patterns being similar to the reptiles and amphibians, i.e., distinctive eastern
elements in northeastern Greece (e.g., marbled polecat Vormela peregusna and
Eurasian ground squirrel Spermophilus citellus) and the Eastern Aegean islands
(e.g., some Asian bats, a squirrel, and certain rodents). In contrast, the mountains
that run southward toward Greece assist in hosting many “temperate forest species”
that are restricted to the cool forest habitats and not found in the central lowlands or
the south of Greece. As birds, migrating mammals probably played a role as aquatic
biota dispersers for short distances, especially in the distant past.
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6 Charting Biogeographic Ecoregional Boundaries Using
Indicator Species

The object of our biogeographic review here is to describe regional-scale patterns of
aquatic/semiaquatic species distributions along with conditions that help chart
discernible “freshwater ecoregional units.” We do this from the perspective of the
territory of Greece but necessarily must look further beyond the political boundaries
to appreciate the “ecosystem region” patterns over wider areas. This work is largely
based on an aquatic fish faunal survey of river basins [31], and as in the FEOW [9],
the freshwater fish taxa are used as primarily biogeographic indicators.

6.1 Complexity and Uncertainty with Biogeographic
Indicators: Freshwater Fish in a Mixed-Method
Approach

Since it is well known that freshwater fish distributions often largely reflect his-
torical patterns of river basin drainage connections, fish-based biogeographic in-
vestigations continue to develop in Greece and the surrounding countries. Important
distributional and phylogeographic reviews have already been completed for most
freshwater fish species in Greece (e.g., [58, 98]); some detailed molecular genetic
approaches are also investigating fishes at the populations’ level. No other wholly
aquatic group of organisms is so well studied in the wider study area. Despite pro-
gress, there is still a need for taxonomic investigations and detailed distributional
studies since many taxonomic revisions are taking place. Genetic-level screening of
populations is also important in exploring relations among species that may have been
translocated by humans. Fish must be used with care in biogeographic investigations.

The issue of scale is paramount in developing fish-based biogeographic interpre-
tations. At the ecoregion scale, we are initially interested in interpreting the broad
patterns, a continental-scale biogeography [2]. It is therefore permissible to initially
compile information from so-called parent river basins (i.e., the largest hydro-
graphic basin units), ignoring the many small basins that have the imprints of
local or subregion ecological and idiosyncratic historic effects on the fauna (e.g.,
extinctions from stochastic events such as epic droughts, human-induced extirpa-
tions, etc.). Figure 8 outlines the biotically based inventory procedure for compiling
each major river basin’s fish assemblage (presence/absence data) for delineating
freshwater biogeographic regions; Greece’s 23 major “parent” river basins are
mapped. Figure 9 shows typical cluster analysis classification of the species to assess
the “parent” river basin similarities. The major faunal breaks are defined using the
“parent” river basins [7, 36]. Figure 10 produces a different cluster dendrogram when
105 river basins are used in the classification analysis [37]. Despite differences in
species sets used, the major biogeographic boundaries are retained. However, the
latter cluster analysis does create unexpected patterns due to confounding effects such
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as a small number of variant basins. For example, the Thrace ecoregion is awkwardly
clumped near the Southeastern Adriatic since only two basins from the latter are
included (Prespa and Aoos) (Fig. 10). Arbitrary cutoffs in such classification analyses
should by no means be used as a sole guide to chart biogeographic regionalizations.
Finer-scale approaches and the use of other evidence to discern biotic distinctiveness
should be applied.

Mixed-method approaches (integrating quantitative and qualitative information)
based on various assumption-free numerical analyses and through building a broad-
er evidence-based biogeographic understanding must help guide final boundary
decisions. Investigating site-based samples of species abundance, instead of pres-
ence/absence data, may also be very informative [39]. Whatever the numerical ana-
lyses used in exploring interbasin faunal relationships, uncertainties and data gaps
will be better interpreted through a mixed-method approach. Both quantitative ana-
lyses and expert judgment have guided the original FEOW [9] delineations and
earlier works at the ecoregional scale [2].

7 The Current Regionalization Framework: A Review
of the Freshwater Ecoregions of Greece

Here we provide an updated freshwater ecoregion map of Greece (Fig. 11) and a
brief review of each ecoregion. This work is based on the FEOW [9] baseline and
reviews of freshwater fish and aquatic and semiaquatic species distributions. This is

DEFINE “hydrographic basin units” (HBUs)
BUILD fish s il.':s inventory per HBU

| ANALYZE by applying statistical analyses to define assemblage groups | L
J!

| DRAFT initial biogeographic barriers with respect to watershed divisions
d!
EXPERT APPRAISAL of boundaries & comparison of existing

biogeographic or relevant delineations; investigate climatic & other features
that may also define I:llinfeugrap hic boundaries

‘ DELINEATE preliminary boundaries of the “Freshwater Ecoregional map”
|}

VERIFY:Research taxa distribution gaps, species taxonomy, re-evaluate,
revise map boundaries

Fig. 8 Mixed-method procedure used to procure data, analyses, and delineations (/eff) and
“parent” river basins which are larger than 700 km? and were used in initial analyses of fish-
based classification and ordination: 1. Prespa, 2. Aoos, 3. Kalamas, 4. Acheron, 5. Louros,
6. Arachthos, 7. Acheloos, 8. Evinos, 9. Mornos, 10. Pinios (Peloponnese), 11. Alpheios, 12.
Pamissos, 13. Evrotas, 14. Assopos, 15. Kifissos (Boeotian Kifissos-Kopais basin), 16. Spercheios,
17. Pinios (Thessalian Pinios), 18. Aliakmon, 19. Axios, 20. Strymon, 21. Nestos, 22. Filiouris, 23.
Evros (adapted from [7])
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Fig. 9 An example of classification analysis of the major river basins based solely on fish species
presence/absence (a subset of 90 lotic species). Cluster analysis (hierarchical clustering using
group-average clustering from Bray—Curtis similarities) revealed four main biotically similar
groups of basins at an arbitrary resemblance of 20%. This defines important faunal breaks on
the watershed boundaries (bold black lines) of Greece’s mainland. In this analysis lesser distinc-
tion is shown in the supra-region of the “Northern Aegean,” area B split only by a dotted line (adapted
from [7])

supplemented by knowledge of geological and climatological characteristics. We
outline justifications for redefining boundaries and any changes made with respect
to the FEOW [9]. Comparison among five important regionalization schemes is shown
in Table 1, which tabulates the disparate biogeographic unit nomenclature as well. Ef-
forts must be made to standardize the ecoregional/biogeographic regional names. We
prefer to use the well-known anglicized names, instead of the local language-specific
names in this review (i.e., Macedonia not Makedonia), but this has not held sway in
earlier publications [14, 58].

7.1 Thrace

This is a species-rich region for aquatic biota; the so-called Thracian land bridge is
located at the heart of the pivotal crossroads between the Balkans, Asia Minor, and
the Black Sea Region. Freshwater biota has enriched the region due to a former con-
nection with Black Sea and Danubian faunas (e.g., see [51]). It is an area rich in fish
species, with at least 57 native species in the freshwaters of its Greek section [58];
large parts of this ecoregion expand into Turkey and Bulgaria. The Greek part hosts
intriguing and specialized taxa such as lake-isolated shad species (Alosa vistonica,
Alosa macedonica), migratory shemayas (Alburnus volviticus, Alburnus vistonicus),
range-restricted loaches (Cobitis puncticulata), and Black Sea river gobies
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Fig. 10 Cluster analysis (Ward’s method) with the presence/absence of all primary and primary-
like freshwater fishes (120 native species) in 105 hydrographic basins. The arbitrarily defined cut-
off at 12% creates four groupings: (a) “Thrace and Southeastern Adriatic”, (b) Macedonia-Thessaly,
(c) “Western Aegean and other islands,” and (d) Ionian. The breakpoints between these groups are
approximately projected on the inset map (adapted from [37])

(Proterorhinus semilunaris, Neogobius fluviatilis). Many of these species are related to
species that are from the Danubian and Black Sea Region or are distributed further east
in Asia Minor. Many fish genera are shared with the Macedonia-Thessaly region
which also hosts Danubian species. Many other species of freshwater biota, including
a freshwater shrimp (Atyaephyra strymonensis) and even a riparian willow (Salix
xanthicola), are known to be restricted to the European part of this ecoregion. This
richness is mirrored in terrestrial and semiterrestrial animals and many plants as well,
which include terrestrial species from the Anatolian terrestrial fauna and flora as well,
including some rare species restricted to this area within Greece [28, 122].

In Greece, the western limit of the ecoregion is a line of geologically old and
stable mountains forming the watershed roughly between the Strymon and Axios
river basin systems. The western boundary is enhanced by two idiosyncratic realms
on this region’s barrier line: the ancient lakes of the Mygdonia basin (Lake Koronia
and Lake Volvi) and the rain shadow area and varied coasts of the Chalkidiki pen-
insula. The Mygdonia basin is a long-lived lake basin which functions as a refuge
for various species from the Thracian ecoregion, while the Chalkidiki is a species-
depauperate peninsula surrounded by deepwater areas creating a definite barrier to
east-west freshwater species dispersal. The Chalkidiki peninsula is also a definite
barrier for species dispersal between the Thrace and Macedonia-Thessaly Ecoregions
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Fig. 11 Ecoregions of Greece, boundaries follow Zogaris [7] and the present study. Ecoregions
numbered as in Table 1. See Fig. 2 for differences from the FEOW [9] of the study area

due to the deepwater marine areas around the peninsula (i.e., no significant conflu-
ences among major rivers where possible here during the Pleistocene sea-level trans-
gressions) [123]. Despite this definite boundary area, in some fish-based biogeographic
work, both Thrace and Macedonia-Thessaly have been charted together [124]; this
supra-ecoregion has been called the “Northern Aegean.”

There are still some poorly defined boundaries encompassing this region, espe-
cially outside the Greek territory. Banarescu [14] charts the Thrace ecoregion ex-
clusively in Europe, while Abell et al. [8] delineate it straddling both European and
Asiatic shores of the Marmara Sea (Fig. 2). Since, during the last glacials, Thrace
was fully connected with the northwestern basins of Asia Minor, the boundary of
Abell et al. [8] should be justified; however, evidence for the specific boundary out-
line in Asiatic Turkey is required [125]. Finally the inclusion of the Northern Aegean
islands of Limnos and Aghios Efstratios in this ecoregion should be better explored
since they lie south of the North Aegean Trough which created a definitive deepwater
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Table 1 The present study redefines some boundaries proposed initially FEOW [9] and reviewed
in Zogaris [7]

Maurakis et al.
Banarescu | [15] (with WEFD 2000/60
Present study | FEOW [9] [14] subdivisions) ecoregions [4]
Thrace Thrace Thraki Ponto-Aegean: Eastern Balkans (7)
Thracian-East
Macedonian
Macedonia- Vardar Macedonia- | Ponto-Aegean: Eastern Balkans and
Thessaly Thessaly Macedonia- Western Hellenic Bal-
Thessaly kans (7 and 6)
Southeastern | Southeastern | South Paleo-Hellas: Western Hellenic Bal-
Adriatic Adriatic Adriatic- Adriatic kans (6)
drainages Ionian
Western Aegean Attika- Paleo-Hellas: Western Hellenic Bal-
Aegean drainages Beotia Attika-Beotia kans (6)
Tonian Ionian South Paleo-Hellas: Western Hellenic Bal-
drainages Adriatic- Tonian kans (6)
Tonian
6 | Crete Undefined Undefined | Undefined region | Western Hellenic Bal-
region region kans (6)
7 | Eastern Western Undefined Undefined region | Eastern Balkans (7)
Aegean Anatolia region
8 | Southern Southern Undefined Undefined region | Eastern Balkans (7)
Anatolia Anatolia region

The table compares nomenclature with four other ecoregion maps covering the study area. Some
schemes had undefined areas, and these undesignated entities are mentioned. See Fig. 11 for
delineations of the present study

zone separating the “European” continental shelf islands with the latter islands, which
are geographically closer to the continental shelf area of the Troad of Asia Minor.
Moreover, immediately to the south of the Troad, lies Lesbos, in the Eastern Aegean
Ecoregion. Evidence-based guidance is needed to validate the proper ecoregional
boundary around these islands since although the current boundary agrees with the
phytogeography [17], others place a biogeographic boundary on the mid-Aegean
Trough, i.e., between Samothraki and Limnos [22].

7.2 Macedonia-Thessaly

This diverse region is biologically closest to Thrace but with several important dis-
tinctive aspects and some different Danubian elements as well [33]. Its river basins
include areas rich in wetlands and varied lentic surface waters, including several
important ancient lakes, such as the Vegoritis basin lakes, Lake Kastoria and Lake
Doirani. The last lake hosts at least one valid endemic fish species, and the former
lakes have genetically distinct populations of fishes and invertebrate taxa. Like Thrace,
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Macedonia-Thessaly is also a fish species-rich area, hosting at least 49 native species
in its freshwaters [58]. This rather small ecoregion hosts several range-restricted en-
demics, more than the Greek part of the Thrace ecoregion. This is due to the existence
of more and older ancient lakes and to the unique geological history of the Thessalian
Pinios basin as well [14]. The Pinios lowlands were a former lake bed, and it hosts
three local endemic fish species (Cobitis stephanidisi, Knipowitschia thessalus, Gobio
feraeensis) and several other genetically distinct fish taxa (i.e., local variant of Barbus
macedonicus, etc. [58]). Paleogeographic research in the Thermaicos Gulf has shown
that despite these distinctions, the Pinios was a tributary of the greater Axios paleo-
river about 24,000 years ago [126].

As explained in Sect. 7.1 “Thrace,” Thrace and Macedonia-Thessaly have been
shown to be ichthyogeographically closely related in numerical taxonomic classifi-
cations [124]. When solely considering riverine fishes, a relatively modest
ichthyogeographic difference is detected between the Axios (Macedonia-Thessaly)
and Strymon (Thrace) [36](Fig. 9). However, this close relation requires further
investigation. If one adheres to the FEOW delineation of Thrace, which includes
territory in NW Asia Minor, the ichthyological distinctions will carry more weight
(i.e., if more river basins are included in the analysis). Nearly all holistic biogeo-
graphic publications support the ecoregional boundary between Macedonia-Thessaly
and Thrace [7, 8, 14, 37, 39]. A frequently stated biogeographic hypothesis for such a
different assemblage in Macedonia-Thessaly is that the Axios valley functioned as a
dispersal “roadway” leading south for Danubian Morava-origin rheophilic fish and
invertebrate species [14], and this is a key distinction between this ecoregion and
Thrace for its fish fauna [31]. The relationship and possible biotic connections
between the Axios and Danubian Morava may be explained by possible episodes
of “river capture” (river piracy) since the headwaters of these rivers are in close
proximity within Southern Serbia. Recent reviews show that new fish species splits
are eminent in the Macedonia-Thessaly region, and new interpretations of the
ichthyofaunal provenance of some species should prove the area as being even more
ichthyologically distinct in the near future (see [58, 98]). This complex fish-based
boundary controversy shows the importance of providing mixed-method evidence for
delineations in precautionary incremental steps.

Finally the name Macedonia-Thessaly was proposed by Maurakis et al. [15] and
Bénarescu [14], and we use this instead of “Vardar” as proposed in FEOW
[9]. Vardar is a Slavic name for a single river (Axios/Vardar) in this otherwise
very diverse and culturally prominent region; we feel it is proper to use the classical
geographical names that best help distinguish the region.

7.3 Southeastern Adriatic

Although most of the region lies within Albania, parts of the Aoos and Prespa Lake
tributary basins are in Greek territory. This ecoregion is one of the most
endemic species-rich; however, its aquatic species taxonomy, phylogeography, and
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general biogeography are poorly studied. This ecoregion holds a long-isolated fish
species assemblage and one that has evolved and diverged due to important vicari-
ance events and the existence of long-lived lakes (Ohrid, Prespa, and Skadar)
[14]. The region is rich in fish species [127]; about 20 native freshwater species are
recorded in the part of these basins that belong to Greece [58]. There are only very few
affinities with the Thrace and Macedonia-Thessaly regions (i.e., some Danubian
genera that have since diverged [98, 103]). This region has remarkable differences
with the adjacent Ionian region to the south; however it has many “shared species
absences” with the Ionian since relatively few Danubian fish species exist in both the
Southeastern Adriatic and Ionian. The region also has a higher percentage of regionally
endemic fishes than Macedonia-Thessaly or Thrace.

The southern boundaries of this region are fairly distinctive. A rather abrupt
faunal break exists in the southern rim of the Aoos basin watershed divide, i.e., bet-
ween the Aoos and Butrint/Kalamas basins. The Butrint basin includes the Bistrica
river, located just north of the Greek-Albanian border but belonging to the Ionian
ecoregion. This boundary was originally charted by Bianco [128], but it was not
identified in a later descriptive analysis [33]. Banarescu [14] showed this boundary
on a map, but in his detailed description, he defined a broader regional unit, the
“Ionian-South Adriatic,” as a single biogeographic region. Zogaris et al. [36, 37],
Oikonomou et al. [124], and Economou et al. [39] confirm the Butrint/Kalamas-Aoos
boundary (although it was erroneously charted in the FEOW (2009) map (Fig. 2)).

The coastal marine depths between the Aoos and Butrint basin help define the
southern boundary. The steep sloping continental shelf along the southern Albanian
coast (Strait of Otranto) effectively separates the Butrint from the Aoos basin, pre-
sumably even during sea-level regressions which took place during the Tertiary and
Quaternary [123]. It is possible that the Southeastern Adriatic biogeographic unit
has been influenced by incursions of species from the Danube due to river piracy
among the Danubian Sava and Drin tributaries. This makes it distinctly different
from the Northern Adriatic also [124].

Finally the ancient lakes of Ohrid and Prespa represent a world-renowned en-
demicity hotpot, and they are biogeographically related to the faunas of the north and
south of Albania, respectively [127]. Phylogeographic relationships of several fresh-
water fishes of Prespa with the southern Albanian drainages (formerly endemics of
Prespa) have been recently clarified [129]. The unresolved taxonomic status of
several fishes in the area and poor knowledge of their distribution have created
difficulty in charting biogeographic boundaries. We therefore propose one should
not consider the Prespa lake basin (or a wider entity including Ohrid) as a distinct
biogeographic region as has been published by Oikonomou et al. [124]. Ohrid has a
higher overall endemicity than its shallower sister Lake Prespa, and their faunas are
remarkably different [130]. Both lakes as is Lake Malik are hydrologically connected
to the Adriatic. Finally the Prespa basin area, which has an areal cover of about
2,520 km?, does not constitute a large enough areal entity to be considered an
“ecoregion” (as compared to other biogeographic regional units or the freshwater
ecoregion areas [9]). Nevertheless, Lake Prespa and Lake Ohrid are globally impor-
tant biodiversity hotspots and should be considered distinct parts of the Southeastern
Aderiatic freshwater ecoregion.
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7.4 Western Aegean

This is a rather small freshwater ecoregion and the most geographically fragmented
such entity in Greece. For a long time, the eastern coast of mainland central Greece
south of and including the Spercheios basin was called the Attiko-Beotian region
[15, 131]. The FEOW [9] expands this region; it now includes the Western Aegean
islands (Cyclades, Euboea, Northern Sporades) and the northeastern parts of the
Peloponnese peninsula. Zogaris [7] corroborated the general regionalization but mod-
ified these boundaries to follow watershed lines belonging exclusively to the Aegean
basin, as presented in Fig. 11. This ecoregion includes an extensive rain shadow area
that sustains a seasonally semiarid area with frequent prolonged droughts (this is a
climatically homogenizing effect created by the Pindus cordillera). Most of the area is
made up of dry-land calcareous mountainous landscapes with rather scarce running
water ecosystems and many small-sized seasonally arid river basins. Although the
area’s “small waters” (i.e., springs, rivulets, etc.) host many interesting local endem-
ics — especially of smaller aquatic animals such as spring-inhabiting aquatic snails
[75-77] the region is generally considered species-poor for aquatic life. Although
this is so for fishes and many larger aquatic plants due to the scarcity of larger per-
manent waters, its aquatic invertebrates are poorly studied and may include many un-
described taxa [76, 91].

This is a difficult ecoregion to delineate. Some boundaries are still poorly jus-
tified in a biological sense [7]. The region hosts about 30 native fish species in its
waters and most are actually widespread marine migrants and transients; some
species need further taxonomic research, including the Alburnoides and Rutilus of
the Spercheios, Squalius of Euboea, Aphanius, and Knipowitschia [58]. This geo-
graphically fragmented complex of peninsulas and islands hosts only three major
“parent” river basins holding substantial fish faunas (i.e., Spercheios, Kifissos-Kopais,
and Assopos). The region sustains very few lakes, one of them a marshy extensive
ancient lake area, the greater Kopais basin (including the Kifissos and Lake Yliki and
Lake Paralimni) in Boeotia. This is the region’s most endemic-rich area with emblem-
atic fishes such as Telestes beoticus, Scardinius graecus, and Rutilus ylikiensis, while
the enigmatic Luciobarbus graecus is shared with the Spercheios. Further north, the
river Spercheios is exceptional since it is a biogeographic crossroads also hosting se-
veral fish genera from the Macedonia-Thessaly freshwater ecoregion [39]. Fish phylo-
geography also provides evidence for a connection between the Spercheios and the
Pagasitikos Gulf to the north (the Pelion peninsula being a biogeographic barrier).

Ecoregional boundary justification becomes difficult especially in the southern
part of this region. The remarkably dry limestone landscapes of the eastern Pelo-
ponnese, the Saronic and Argolic Gulfs and the Cycladic islands, have very few
stretches of perennial streams or other permanent water; this is one of the driest
parts of the country. The eastern Peloponnese is also a rain shadow area with many
“shared species absences” with the Attiko-Beotian heartland. In this way the eastern
Peloponnese is similar to the other Western Aegean drainages, but the boundary lines
are difficult to set precisely. Taxa-particular distributional idiosyncrasies complicate
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boundary issues, since in some parts of this region, as in the Ionian ecoregion, many
spring-inhabiting endemics thrive [95]. Many zoologists have considered the Pelo-
ponnese a distinct biogeographic unit (see [7]), although some who study aquatic biota
have also provided evidence for an east-west split (e.g., [26]). The east-west boundary
within the Peloponnese, as prescribed in this study, requires further research.

This region includes the Cyclades islands which during the Pleistocene glacia-
tions were much larger “mother-island” entities surrounded by smaller islands. The
Cyclades were also probably connected via Attika and Euboea, during the middle
Pleistocene, ca. 180-140 kya BP [132]. Despite their current aridity, the Cyclades
surprisingly host several endemic aquatic insects [91, 133] and many terrestrial
invertebrates as well [134]. Euboea is Greece’s second largest island, a true con-
tinental island that was connected to Boeotia and Attica during the early Holocene,
a few thousand years ago. However, Euboea’s long and rather high mountains are
geographically and geologically isolated, creating river basins that are long inde-
pendent from the mainland’s basins. This long mountainous island is unusual in being
relatively rich in significant spring-fed perennial flowing streams that also host en-
demic macroinvertebrates [75] and even two endemic fish taxa, an undescribed chub
Squalius sp. and the critically endangered Evia barbel Barbus euboicus [58].

Since the Western Aegean’s aquatic animals are still rather poorly inventoried
[14, 84, 91] and perennial surface water features are patchy and isolated, the
particular biogeographic boundaries have never really been precisely charted. The
delineation of the “Aegean drainages” freshwater ecoregion by FEOW [9] is un-
fortunately inaccurately and coarsely charted since it erroneously includes basin
areas that have no biogeographic relationship to this particular region (i.e., the nor-
thern Corinthian Gulf drainages which obviously drain into the Ionian basin and
parts of Thessalian Northern-Pelion and Mavrovouni mountains which have rela-
tions with the fauna of northern Greece) (see Fig. 2). Therefore, this ecoregion’s
final delineation is obviously in need of documented evidence in order to verify the
redefined boundaries in our revised map (Fig. 11).

7.5 Ionian

Greece’s west coast surface waters are collectively the most endemic species-rich
freshwater ecosystems in the country. A small part of this ecoregion also belongs to
the southernmost part of Albania (the Butrint basin and Bistrica river, south of the
Aoos watershed). Many endemic fish and other aquatic animals are extremely range
restricted in this, or in isolated parts of this, ecoregion [31]. The region has about
48 native fish species in its freshwaters [58]; however, basin-scale species richness is
much poorer than Macedonia-Thessaly or Thrace [39]. In mainland Greece native fish
distributional patterns clearly indicate that the Pindus mountains create a prominent
long-term biogeographic discontinuity that separates distinct freshwater biogeo-
graphic regions east and west of the Pindus, something well depicted in many
biogeographic studies of the wider region [33, 124]. The Pindus biogeographic barrier
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has been corroborated by the distributions of many animals and plants including
selected amphibians [107]; semiaquatic terrapin; Emys orbicularis, among other
species [135]; floristic assemblages [60]; and selected aquatic invertebrates, such as
the Hydrobiidea gastropods [14] and freshwater shrimp [85]. Despite its remarkable
isolation by the ribbonlike Pindus mountain chain, there is much variation within this
ecoregion.

One of the most outstanding aspects that characterize this ecoregion is the re-
markable diversity at the subregional level. Parts of the region have unique water
bodies, isolated in the past by former inland lakes, such as the Corinthian Gulf, or
long-standing fairly large river basins with extant long-lived lakes, such as the
Acheloos. The lotic waters around the ancient lake of Trichonis are especially in-
teresting [136], and new species are still being described in this global biodiversity
hotspot. Distinctive and long-isolated basins such as the Evrotas, for example, are
unique and idiosyncratic for their range-restricted endemics and depauperate biocom-
munities, well adapted to non-perennial and spring-fed stream conditions [57]. Of the
river basins included in this heterogeneous ecoregion, the so-called northern Ionian
(northwest of the Acheloos watershed line) seems to create a distinctive
subregional entity. Many species of fish are restricted to this area, including distinct
species of the genera of Pelasgus, Squalius, Telestes, Knipowitschia, Valencia, and
Cobitis. Work on aquatic invertebrates in the Ionian ecoregion will reveal very
interesting biogeographic interpretations, including new species and informative
subregional patterns; a productive area is research on freshwater mussels [137],
freshwater shrimps [85, 138], and fish parasites [59]. More research into the fishes
and other aquatic life of the Ionian ecoregion is required, and new species will
certainly be described in this relatively understudied “center of endemism.”

All the offshore Ionian Islands are definitely a part of the Ionian ecoregion, and
they constitute a species-depauperate area compared to the varied biotic riches of
the adjacent mainland. An exception to this is Kerkira, which is really a recently
isolated continental island, being connected to the mainland 8,000 years ago [50].
The island waters were obviously connected to the Kalamas and Butrint basin, and
today the island still sustains diverse stream and wetland ecosystems [104, 139]. As
would be expected, the Ionian Islands’ aquatic fauna is very similar to the mainland.
For example, the Ionian Islands share a similar caddisfly fauna (Trichoptera) with
the mainland’s west coast, in contrast to the many endemics found in the Aegean
islands [81]. Similarly, the flora of the islands also has more connections to the main-
land than in the endemic-rich Aegean [140]. Even some species of isolated fish are
genetically closely related to the west coast mainland species [141], and there are no
endemic fish species known to be restricted to any of the islands [104].

7.6 Crete

Crete has been called a small “continent” due to its distinctiveness and diversity
[142]. Van der Geer et al. [114] refers to Crete as an “oceanic-like island” for its
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unique geological and zoogeographical history. This proposed freshwater ecore-
gional unit includes Crete and its satellite islets and the Karpathos archipelago (with
three main high-relief islands and about 20 very small islets). Controversy about the
biogeographic ecoregional status of Crete and its surrounding islands persists.

Phytogeographically, Crete is a separate floristic region, noted as “Kriti + Karpathos”
in the Flora Hellenica map [17, 60]. With respect to the Karpathos archipelago cluster,
Raus [143] concluded that botanic relations are to the west, to the “European” Cretan
and south Aegean flora, rather than to the Asian flora of the other Dodecanese Islands.
The Karpathos archipelago has several faunal elements not found in Crete but exhibits
many “shared species absences” relative to the species-rich Dodecanese, which are
nearer to the Asian coast. However, nearly all zoologists traditionally group the
Karpathos islands toward the Asian Dodecanese and not with Crete. The Karpathos
archipelago has been geologically isolated from the Cretan landmass for over
10 MYA; however, inclusion within a broader Crete ecoregion is justified based on
the internal endemism seen among the different former “paleo-island” sectors of
Crete. In this way the Crete Freshwater Ecoregion can be conceptualized as an
“insular” ecoregion linking isolated but geographically proximate and geologically
similar areas together. The FEOW [9] global freshwater ecoregion delineation did not
classify the Cretan area to a particular ecoregion; Crete along with Karpathos-Saria-
Kassos was labeled as “undesignated” on the global FEOW map. During the devel-
opment of the expert-guided process of the FEOW project, there were differing
opinions about the place given to the island, and one of the early maps had erroneously
lumped the island to Southern Anatolia and Cyprus (Abell, R. pers. com). In contrast,
Crete is a distinct ecoregion in the terrestrial ecoregions of the world map but without
the Karpathos archipelago [11, 45] (Fig. 5). Crete was proposed as an independent
freshwater ecoregion in Zogaris [7], and in this account we suggest a distinct fresh-
water ecoregional status for Crete and the Karpathos archipelago.

The wider geological context here is important for interpreting the proposed eco-
region’s boundaries and its relationship and affiliation to other geographic areas [114,
144-146]. For nearly six million years, Crete have been completely isolated from the
continent. About 15 MYA Crete belonged to a large subcontinent that extended from
the Western Balkans to Asia Minor. The Aegean landmass subsided under the sea
beginning 10 MYA, and only the higher mountains, the so-called Cretan paleo-
islands, remained above water. This period of vicariance within the island chain
augmented evolutionary development in many species [62, 83]. The Karpathos
archipelago was also isolated from Asia, long before Rhodes, and it has been isolated
from Rhodes for at least 3.5 MYA [145]. Around 2 MYA, the wider region of Crete
was tectonically uplifted and much land emerged, and the palao-islands were joined to
form Crete’s present-day outline. Crete is characterized by an impressive and ancient
mountain range system with four steep massifs and more than 20 satellite mountains.
Karpathos, Saria, and Kassos although very narrow and steep islands also have very
high mountain ridgelines and gorges similar to Crete.

Climatic conditions and hydrology also connect Crete and the Karpathos archi-
pelago. The eastern part of Crete and the Karpathos archipelago are located within a
prominent rainshadow (created by the Cretan mountains), and this produces some
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of the driest conditions in Europe in Eastern Crete [142]. Crete’s running waters are
diverse, but many are non-perennial flowing and subterranean; surface water eco-
systems are stressed due to both high evapotranspiration rates, climatic variability,
and widespread human-induced water over-abstraction [147]. Naturally arid ephe-
meral streams dominate in Eastern Crete and the Karpathos islands, and some are
nearly like semidesert wadis. The eastern part of Crete and the Karpathos area are a
very windy part of the Aegean compared to the more leeward relatively calm con-
ditions on Rhodes [148]. In this way climatically and geologically, the Karpathos
archipelago shows more affinity with Eastern Crete than the more humid conditions
and gentle landscapes of Rhodes.

Since geologically isolated islands such as Crete are prone to natural and anthro-
pogenic extinctions, these islands have very few native fish species. Crete is de-
finitely one of the poorest ecoregions for native fish fauna in the Mediterranean as
nearly all native fishes in inland streams and lakes are of marine origin (about
11 native species). Actually only a very few native species live all their life cycle in
inland waters, namely, the localized river blenny Salaria fluviatilis and landlocked
smelt Atherina boyeri [149]. For this reason, invertebrates, the fossil record, and
perhaps water plants should be better explored for the region’s freshwater biogeo-
graphic description. Although, endemism among the extant terrestrial plants and in-
vertebrates is impressively high, most aquatic species distributions are not well
studied [42]. Also, the aquatic biodiversity of Crete is probably characterized by the
extirpation of several aquatic species due to modern anthropogenic wetland and sur-
face water degradation [65, 142].

Today, Crete and the Karpathos archipelago certainly have a depauperate fresh-
water biota relative to the large continental islands or peninsulas of the Balkans and
Asia Minor, but there is a relatively high number of endemic freshwater and wetland
invertebrate life forms, including endemic aquatic insects (e.g., Trichoptera, Cole-
optera, Heteroptera, Plecoptera, among other groups), freshwater crabs, a freshwa-
ter shrimp, and endemic amphibians. Because the Crete ecoregion is a long-isolated
“former” island chain, its overall uniqueness is well known [146, 150], but further
study of its aquatic and wetland species is definitely required for a complete bio-
geographic review. Finally a thorough evaluation of the freshwater biogeographic
affinity among Crete and the Karpathos archipelago must be researched. For now,
we take a precautionary approach and suggest union of the Karpathos archipelago
with Crete.

7.7 Eastern Aegean

Most of the Greek islands in the Eastern Aegean show biological affinities to the
faunal assemblages of Asia Minor, but freshwater assemblages are comparatively
species depauperate to the adjacent Asian continent. Unfortunately, the aquatic bio-
ta remain poorly studied, and new species have been recently recorded and de-
scribed in the area, such as on the wetland-rich Lesbos island [151]. The Eastern
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Aegean islands have few freshwater fish; although at least 18 native species inhabit
freshwaters, only six are confirmed primarily freshwater fishes. All native primary
freshwater species show strong affinity to Asia Minor [58, 152]. Abell et al. [8]
correctly regard the Eastern Aegean islands as part of their so-called Western Anatolia
Freshwater Ecoregion (see Table 1); other researchers use the name “Eastern Aegean”
to be consistent with marine area geographic terms often used in other
regionalizations [35].

The literature provides full biogeographic support to the notion that these insular
ecosystems should constitute part of an ecoregion that belongs to western Asia
(Anatolia) [119, 153—-155]. Botanists, such as Strid [17], call the biogeographic line
at the mid-Aegean trench “Rechinger’s line” which in his words “constitutes the
phytogeographical borderline between Europe and Asia” in the Aegean. However,
there are varied patterns in the aquatic biota distributions among the different is-
lands. Some islands such as Tilos, Fournoi, Nissiros, and Kalymnos, for example,
have very little surface water, and their freshwater biota is relatively unknown. Some
islands were rather recently connected to the Asian mainland less than 10,000 years
ago (Lesvos, Chios, Samos, Kos), while others, such as Rhodes, had separated
approximately three million years ago [145].

Rhodes is especially interesting due to its long-term insular isolation, its south-
ern location near the Southern Anatolian shores, and rather diverse stream ecosys-
tems. Although the island has a unique endemic fish (Ladigesocypris ghiggi), it also
sustains a species of freshwater shrimp (Palaemon colossus), which it shares with
the Southern Anatolian Ecoregion [85]. Rhodes is also remarkably isolated from the
southernmost of the Dodecanese Islands, Karpathos, and Kassos — totally separated
perhaps for at least 3.5 MYA [24] — while these two islands are attributed by
phytogeographers to the Crete ecoregion. Baseline species inventory work and
research are urgently required on both Eastern Aegean islands and the adjacent
Anatolian shores in order to explore freshwater biotic relations and provide for
potential subregional delineations and a thorough biogeographic interpretation.

7.8 Southern Anatolia

Greece administers a tiny island cluster of just 11 rocky islets and sea rocks, the
Kastellorizo cluster, along the Mediterranean coast of Southern Anatolia. This is-
land cluster lies just 2 km off the Anatolian shore and lies east of the Western
Aegean-South Anatolia division boundary as charted by Abell et al. [8] and other
terrestrial and aquatic biogeographic delineations of Asia Minor (e.g., [125, 156]).
The Kastellorizo island group has no large wetlands apart from tiny micro-springs
and temporary pool-like depressions, sometimes flooded in the winter season; the
stream courses are only ephemeral gullies, and there are a few artificial cisterns, wells,
and a tiny modern reservoir [157]. The tiny artificial water bodies hold a very few
hydrophilous plants [158]. Of course, no native freshwater fishes exist on the island. It
does host a terrestrial amphibian, that is definitely a species of Southern Anatolia, the
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Lycian salamander (Lyciasalamandra luschani) (Fig. 7), but we have no knowledge
of its hydrophilous invertebrate fauna in its few aquatic/semiaquatic ecosystems. The
biogeographic boundaries of Southern Anatolia are not well explored [125]. Research
is needed to confirm the Eastern Aegean/Southern Anatolian ecoregional boundary and
to better define the latter.

8 Discussion

8.1 Freshwater Ecoregions as a First-Tier Biogeographic
Framework

The current freshwater ecoregional map of Greece provides a holistic regionaliza-
tion framework, grouping river basins based on major biotic similarities and rele-
vant geological and climatic attributes. As Bailey [1] has said: “such exercises in
regionalization approach truth by a series of approximations.” Despite this current
map’s mixed-method approach and expert-guided procedure with the associated ca-
veats [7], the ecoregional units have already been very useful in inventory and
conservation research (e.g., [39, 58, 159]). The freshwater ecoregion map is suited
for in-depth, intraregional analysis that could better support boundary validation and
the definition of biogeographic “subregions” in order to further assist river basin class-
ification [160]. Finally, we reiterate Forman’s [161] wise words: “Regional ecology is
a little-understood research frontier that will noticeably strengthen conservation, plan-
ning, sustainability, and land-use policy. We had better learn the ecology of regions.”

8.2 Taxonomic Complexities and the Taxonomic
Impediment

Freshwater fish distributions have traditionally guided aquatic biogeography. One
current problem with solely using fish in regionalizations is taxonomic. An unprec-
edented percentage of European fish species name changes has taken place in the
last two decades [127]. Most of the changes have resulted from the application of
new taxonomic concepts and methods, especially the adoption of the phylogenetic
species concept (PSC), which has now replaced the biological species concept (BSC)
(for a review, see [31]). Traditionally, under the BSC, a “species unit” is a group of
actually or potentially interbreeding populations. The PSC, by contrast, considers “spe-
cies” as the smallest diagnosable cluster of individuals within which there is a parental
pattern of ancestry and descent. In this context, the PSC accepts the evolutionary po-
tential of a lineage that has just started to separate from other lineages as the main
criterion for defining species. Thus, under the PSC, there are no subspecies. As a
result, many taxa recognized as subspecies under the BSC have often been raised to
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the species rank. As taxonomic research continues, former species and subspecies will
either tend to be “split” into distinct species or “lumped” within already valid species
[141]. Several new freshwater fish species are expected to soon arise through this
research within the area of Greece’s territory [58]. Ongoing research in the fish pop-
ulations’ systematics and phylogeography will continue to guide constituent freshwater
biogeographic boundaries.

These taxonomic complexities obviously spread to all species, not just fish. If
current species distributions are to be utilized in biogeographic analyses, adequate
taxonomic and phylogeographic information must be inventoried, organized, inter-
preted, and published. Part of the reasons for very different approaches to freshwa-
ter biogeographic delineations is that Southeastern Europe’s species-level taxonomy
is still far from being resolved, and there are still data gaps in basic biodiversity
distributional knowledge [41]. There is no better time to restate the value of orga-
nizing a broadscale effort for a full biodiversity inventory of inland waters. We believe
foreign and Greek professional researchers and amateur naturalists should coordinate
and participate in collections in Greece. The “taxonomic impediment,” reflecting a
global shortage of taxonomists and systematists which negatively impacts biodiver-
sity conservation, is a worldwide problem [162]. Organized biological collec-
tion campaigns, taxonomy, and phylogeography should become defining priorities
for conservation-relevant aquatic research in Greece and other Mediterranean
countries [163].

Finally, a rising issue in biogeography is xenobiodiversity, the increase and spread
in non-indigenous species that are artificially dispersed by humans. Here too, due to
the taxonomic impediment, this issue has been poorly monitored in inland waters in
Greece [164]. This concerns both alien species from abroad and locally translocated
species from nearby ecoregions. In some cases, it is difficult to be sure if certain pop-
ulations are translocated or have a naturally disjunct distribution. An example is the
unusual Caucasian goby (Knipowitschia caucasica) population in a coastal stream
near Karystos on Euboea Island; its genetically closest relatives are in the Thracian
Ecoregion [165]. Since a genetic screening of other Western Aegean Knipowitschia
gobies has never been done, we cannot be sure if the Karystos population is natural or
introduced by humans. Evidence for species translocations across ecoregions, involv-
ing both vertebrates and invertebrates native to Greece — but not indigenous to the
river basin areas they currently inhabit — is a serious conservation concern (e.g.,
[84, 159]). Monitoring for biodiversity must necessarily study xenobiodiversity to
interpret patterns, trends, and impacts to local biodiversity.

8.3 Freshwater Ecoregion Delineation Difficulties

Hartshorne [166] described the concept of region as being characterized by “rela-
tive homogeneity in prescribed characteristics, selected for their salience in high-
lighting areal differences at the regional scale.” In Greece, it has been repeatedly
shown that freshwater fish assemblages can effectively depict dispersal barriers and
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the influence of hydrographic history and paleogeography [15, 34]. However, fish-
based classification of river basin relatedness does have limitations in species-
depauperate areas dominated by very small basins and islands [36]. These chal-
lenges are instrumental in terms of identifying basic needs for evolving better
methods to delineate ecoregion boundaries [2, 44, 167].

Greece and the surrounding Eastern Mediterranean countries are also challeng-
ing areas for tracing biogeographic patterns at the regional scale because of the in-
tensive influence humans have had on ecosystem modification and cultural landscape
patterns [116]. In zoogeographic and vegetational sense, this has been most intensive
in the southern half of Greece and the islands [116, 168]. Species-depauperate
conditions in some areas of the south may point to recent anthropogenic extirpation
instead of “natural” biogeographic patterns; a potential example of this is the species-
poor riparian zones in more populated and degraded river basins of southern Greece
[70]. Humans have also transported/translocated many species, especially on the
islands (e.g., [116, 169]), in reservoirs, and in larger river basins [159]. Humans
have shaped the landscape patterns in such a way as to sculpt the evolution of
so-called cultural landscapes, where human-modified habitat types now dominate
[168]. In the Greek islands, human influence has been widespread for at least
8,000 years [48, 142].

It should be made clear that on the islands and peninsulas, there are naturally in-
creased extinction rates [108]. Detailed work to define exact ecoregional (and subecore-
gional) boundaries is needed in the islands and the southern half of Greece’s mainland
due to the natural (or human-induced) species-depauperate conditions. Macroinver-
tebrates are important target groups for biogeographic research here, and their com-
munities may differ markedly from adjacent mainland conditions, e.g., the near-natural
streams of Samothraki Island [170]. Many small streams in the islands may sustain
macroinvertebrate communities that have survived totally isolated for millions of years
[133], and many of these are still poorly explored [14, 42, 171]. Inventory and tax-
onomic work will provide scientific justification for the legislative conservation of the
so-called small waters of the islands and xerothermic Mediterranean coasts; many of
these areas’ small streams and wetland conservation values have long been underap-
preciated [76, 163].

9 Conclusions

Ecoregional maps may inspire controversy, but they are also powerful organiza-
tional, educational, and exploratory tools. Charting biogeographically based fresh-
water ecoregional units has been especially challenging in Greece since tectonic,
climatic, sea-level, and anthropogenic changes have created outstanding complex-
ity. The eight freshwater ecoregion delineations that encompass Greece’s territory
are akin to the “Freshwater Ecoregions of the World” [9] delineations, but specific
boundaries have been redefined in this review. We strongly suggest a revision of the
FEOW [9] boundaries based on the incremental revisions in this study for Greece.
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Although Greece is a living laboratory for biogeographic studies, many of the
aquatic biota have been poorly studied. Extensive aquatic and semiaquatic species
distributional inventories will be required for a full review and more complete
interpretation of freshwater biogeographic patterns. Particular emphasis must be
given to key indicator aquatic groups for inland waters, such as the EU WFD’s
biotic quality elements: fishes, benthic macroinvertebrates, and aquatic plants. This
will help couple policy-relevant EU water management with biodiversity conservation
initiatives. A detailed fish atlas (and associated archive of specimen and genetic
collections) is an imperative for furthering any kind of organized fish-based biogeo-
graphic and phylogeographic work. Fish populations require genetic screening, and
novel molecular analytical methods now help speed up the inventory process. Cur-
rently, data on the taxonomy and precise distributions of aquatic macroinvertebrates is
particularly poorly developed in Greece, and these groups are highly important
aquatic biogeographic indicators. Researchers from Greece and other countries must
cooperate to increase the intensity of organized field collections. Biogeographical
research should provide an impetus to coordinate more productive taxonomic and
phylogeographic research that will ultimately assist scientifically guided conservation
actions.
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