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Abstract It was reported that the complex geolog-

ical history of the southern Balkans caused diversifi-

cation of terrestrial species. On the other hand,

knowledge of the evolutionary history of freshwater

biota is scarce. In order to contribute to an under-

standing of the historical biogeography of the region’s

freshwaters, as well as to describe intraspecific

diversity and structure of a species distributed in the

Ionian Ecoregion, we have analysed the population

genetic structure and evolutionary history of Telestes

pleurobipunctatus. Analyses were based on the mito-

chondrial gene for cytochrome b from samples

covering the whole distribution range of this species.

A high level of intraspecific structuring was revealed

inside T. pleurobipunctatus. Its evolutionary history

corroborates the complexity of historical geologic

events in the area. Telestes pleurobipunctatus com-

prises two main clades (northern and southern), which

have been separated from each other for about seven

million years and that are further divided. The Louros

and Arachthos Rivers were denoted as ancestral

geographic ranges of the northern clade. The distri-

bution range of the ancestor of the southern clade

seems to comprise rivers flowing into the Patraikos

Gulf. Structures within the two main clades, as well as

timing of diversification events are different, implying

separate evolutionary courses.
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Introduction

Historical isolation of the Balkan Peninsula from the

remaining parts of Europe, starting from the Oligocene

with the uplift of the Dinarides–Hellenides range, and

continuing during most of the Neogene (Rögl,

1998, 1999), induced the emergence of many endemic

species (Economidis & Banarescu, 1991). Diversifi-

cation events were furthermore provoked by a com-

plex geological history. The southern Balkan

Peninsula has been exposed to significant tectonic

events, volcanism and sea level changes from the

Oligocene onwards (Rögl, 1998). As a consequence of

movements of the African and Anatolian plates during

the early Miocene (around 23 million years ago;

MYA) a continuous landmass (so-called Ägäis)

appeared at the northern coast of the Tethys Ocean.

In the Middle and Late Miocene (around 12–8 MYA)

tectonic disturbances provoked the break-up of the

southern Aegean landmass and initiated the modern

biogeographic history of that area (Poulakakis et al.,

2005b). In the same time period, the Mid-Aegean

Trench (MAT) was formed, beginning from the east of

Crete and dividing the Aegean into Asian and

European sides (Poulakakis et al., 2005b). During

the latest part of the Messinian (MSC; 5.96–5.3

MYA), the level of the Mediterranean Sea dropped

(so-called Messinian Salinity Crisis; MSC). Accord-

ing to Bianco (1990), it was subsequently filled with

freshwater from the Paratethys so it might have

allowed dispersal of freshwater fishes. Even though

there is a lack of evidence on the freshwater phase of

the Mediterranean Sea during the MSC (Roveri et al.,

2014), some authors recognized MSC as the most

important event causing a great level of endemism in

southern Greece (Zardoya & Doadrio, 1999). How-

ever, there is evidence that older events played even a

more important role (Perea et al., 2010). Uplift of the

Pindos Mountains was further reported to mark

division of zoogeographic regions on land, but also

the separation of the Aegean and the Ionian water-

sheds (Economou et al., 2007). Geologic isolation of

the Peloponnese by the sea, presumably also signif-

icant for the evolutionary history of various animals,

probably occurred 4–3 MYA (Sola et al., 2013) or

about 2.5 MYA (Zardoya & Doadrio, 1999; Dubut

et al., 2012). Another event proposed to have shaped

recent diversity of the Greek fauna were the Pleis-

tocene glaciations (2.58–0.12 MYA). Glaciations

might have allowed connections among land masses

(presumably between Peloponnese, Corfu and other

islands with the mainland), as well as among adjacent

river basins due to lowering of the sea level (Maurakis

et al., 2001).

The Ionian Freshwater Ecoregion, described as

containing high levels of heterogeneity and harbour-

ing many endemic species (Oikonomou et al., 2014),

comprises an area from the extreme southern tip of

Albania to western Greece and most of the Pelopon-

nese (Zogaris & Economou, 2017). It is characterized

by typical karstic features, canyons, small lakes and

many small river basins (Oikonomou et al., 2014).

Economidis and Banarescu (1991), as well as

Banarescu (2004) considered the region of the Ionian

watershed to be a part of the wider Adriatic-Ionian

Ecoregion; however, Zogaris et al. (2009a) and

Oikonomou et al. (2014) denote it as a separate

ecoregion, based on the freshwater fish diversity. The

evolutionary history of the Ionian Ecoregion was

complex, with palaeo-lakes existing in several areas

(Oikonomou et al., 2014). Some of the boundaries of

this region have still not been defined with certainty

(Zogaris & Economou, 2017).

There are several studies showing that the complex

geological history of the southern Balkans contributed

to the diversification and shaping of the distribution

areas of many terrestrial animals (Beerli et al., 1996;

Sfenthourakis & Legakis, 2001; Poulakakis et al.,

2003, 2005a) and plants (Dimopoulos et al., 2016).

However, knowledge on the evolutionary history of

freshwater fishes, which have different dispersal ways

than terrestrial animals or plants, is scarce (Economou

et al., 2007). The Balkan Peninsula, with more than

193 native freshwater fish species, has the highest

ichthyofaunal species richness in Europe (Oikonomou

et al., 2014). In the Aegean-Anatolian realm, there are

evidences of rich fish community from the Early

Miocene (Vasileiadou et al., 2017). In the area of

Lapsarna (on the Levsos Island), fossils of three

cyprinid species (Paleoleuciscus sp., Barbus sp. and

Cyprinion sp.) were discovered in lacustrine sedi-

ments and marls of an Early Miocene origin

(Vasileiadou et al., 2017). Existence of palaeo-lakes

in the Ionian Ecoregion (Oikonomou et al., 2014), as

well as survival of many old fish lineages (Economou

et al., 2007) have been reported.

The fish genus Telestes belongs to the Leuciscidae

family and Leuciscinae subfamily (Schönhuth et al.,
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2018) and represents a model for investigating the

historical biogeography of European freshwater drai-

nage systems (Buj et al., 2017). In the south-western

Balkans, it is represented with two species: T.

pleurobipunctatus (Stephanidis, 1939) and T. beoticus

(Stephanidis, 1939) (Kottelat & Freyhof, 2007).

Together with Chondrostoma s.l., Phoxinellus and

Pseudophoxinus, Telestes belongs to the linage VI in

the molecular phylogeny of the subfamily Leuciscinae

(Perea et al., 2010). This lineage diverged around

20.86 MYA (Perea et al., 2010), whereas divergence

of the genus Telestes was estimated to have started

about 16 MYA, with the majority of recent species

occurring in the Adriatic basin (Buj et al., 2017).

Telestes pleurobipunctatus, known as the Epiros

Riffle Dace, is a small freshwater fish distributed from

southern Albania, throughout western Greece to the

central western part of the Peloponnese Peninsula,

from Butrint to Alfios drainages, including Corfu

(Kerkyra) Island (Kottelat & Freyhof, 2007). Its range

is entirely within the Ionian Freshwater Ecoregion

(Zogaris et al., 2009a; Barbieri et al., 2015). This

species was already identified as an example of

allopatric subclades with pronounced geographic

structuring of haplotypes (Geiger et al., 2014), imply-

ing its adequacy for investigating historical biogeog-

raphy. Previous studies that included T.

pleurobipunctatus (e.g. Perea et al., 2010; Geiger

et al., 2014; Buj et al., 2017) investigated wider fish

groups (perimediterranean Leuciscinae, Mediter-

ranean freshwater fishes, genus Telestes, respectively)

and did not focus on T. pleurobipunctatus and

thereafter, did not reveal its intraspecific diversity in

detail or implications for the biogeography (either

historical or recent) of the region.

Revelation and description of the intraspecific

structure and diversity of T. pleurobipunctatus, as

well as a detailed explanation of its historical origin, is

a principal goal of this study. Due to its distribution

range concordant with the Ionian Ecoregion and

already observed structuring of haplotypes, the

obtained results may contribute to our understanding

of the historical biogeography of this region and

denotation of fine scale biogeographical subdivisions.

Furthermore, revealing the evolutionary history of a

certain species and reconstructing how it responded to

environmental changes in the past can help predict its

response to anthropogenic changes in the future. This

knowledge is important for conservation planning as

well.

Materials and methods

Analyses of T. pleurobipunctatus were based on 114

individuals from 13 localities (number of individuals

per locality = 4–13), covering the whole geographic

range of the species (Table 1, Fig. 1) and were based

on the mitochondrial gene for cytochrome b (cyt b).

The cyt b gene was chosen due to its suitability for

taxonomic and population genetic studies as proven in

several previous investigations on various vertebrates

(e.g. Tsigenopoulos & Berrebi, 2000; Castresana,

2001; Farias et al., 2001; Tobe et al., 2010). Moreover,

it was reported as the most useful marker in recovering

phylogenetic relationships among closely related taxa

(Castresana, 2001; Patwardhan et al., 2014), therefore

being adequate for purposes of this investigation. The

rate of mitochondrial DNA evolution is several-fold

higher than of typical nuclear DNA (Avise, 1986),

providing a larger number of parsimony informative

sites and a lower consistency index in mitochondrial

genes.

The sampling was conducted by electrofishing. A

small piece of fin tissue was preserved in ethanol and

vouchers are stored in the National Museum in Prague

and the Zoologisches Forschungsmuseum A. Koenig,

Bonn. Extraction of the total genomic DNA was

performed using a standard extraction product

(DNeasy tissue kit, Qiagen). For polymerase chain

reaction (PCR) amplifications of the cyt b gene we

used primers GluF and ThrR (Machordom & Doadrio,

2001), whereas internal primers CB4-GLU (50 CCT
GAA AYA TYG GYG TRGT 30) and PHOX-THR (50

AGG AGG AAR TGR AAT GCG AA 30) were

employed for sequencing. The PCR amplification

protocol and PCR product purification follow Šanda

et al. (2008). Obtained cyt b sequences were aligned

manually and visually checked for gaps and stop

codons. In order to test whether all mutations were

selectively neutral, statistical tests D* and F* (pro-

posed by Fu & Li, 1993) and that of Tajima (Tajima,

1989) were performed using DnaSP v.5. (Librado &

Rozas, 2009).

Phylogenetic reconstruction was conducted using

three methods: maximum parsimony (MP) imple-

mented in PAUP (version 4.0b10; Swofford, 2002),
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Table 1 Sampling localities, geographic coordinates and GenBank accession numbers of Telestes pleurobipunctatus samples

included in the investigation

Sampling locality (river or lake) Locality code (as

on the Fig. 1)

Country Coordinates Number of

samples

Haplotype

codes

Accession

numbers

Pavllo 1 Albania 39�4103400N
20�0605500E

6 ALB1

ALB2

ALB3

ALB4

LOU1

MK585354

MK585355

MK585356

MK585358

MK585357

Bistrice 2 Albania 39�5402700N
20�0603100E

4

Corfu 3 Greece 39�2803700N
19�5404200E

5 KER1 MK585379

Kalamas 4 Greece 39�4103900N
20�3504600E

10 KAL1

KAL2

KAL3

KAL4

KAL5

KAL6

LOU1

MK585359

MK585360

MK585361

MK585362

MK585363

MK585364

MK585357

Arachthos 5 Greece 39�0905600N
20�5903600E

13 ARAC1

ARAC2

ARAC3

ARAC4

ARAC5

LOU2

MK585373

MK585374

MK585375

MK585376

MK585377

MK585378

Louros (near Aghios Georgios village) 6 Greece 39�1601600N
20�5005400E

7 LOU1

LOU7

LOU8

LOU9

MK585357

MK585402

MK585403

MK585404

Louros (Kampi spring) 6 Greece 39�130600N
20�540800E

9 LOU2

LOU3

LOU4

LOU5

LOU6

LOU10

MK585378

MK585398

MK585399

MK585400

MK585401

MK585397

Acheron 7 Greece 39�2605000N
20�300040’E

9 ACHR1

ACHR2

ACHR3

KAL5

MK585365

MK585366

MK585367

MK585363

Acheloos 8 Greece 39�0000600N
21�3402200E

11 ACHL1

ACHL2

ACHL3

ACHL4

ACHL5

MK585368

MK585369

MK585370

MK585371

MK585372
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Bayesian inference (BI) implemented in MrBayes

(version 3.1.2; Huelsenbeck & Ronquist, 2001), and

median-joining (MJ) using Network 4.5.1.6. software

(Fluxus Technology Ltd.). ForMP analysis, a heuristic

search mode with 100 replicates was used, with

randomized input orders of taxa, and TBR branch

swapping with all codon sites and nucleotide substi-

tutions types weighted equally. Nonparametric boot-

strapping (1000 pseudo-replicates, 10 additional

sequence replicates) was used to assess branch support

(BS). Each BI analysis consisted of two simultaneous

runs. For each, Markov Chain Monte Carlo was run

four times for three million generations with trees

sampled every 100 generations. The first 20% of the

sampled trees were discarded and Bayesian posterior

probabilities (BPP) were estimated from the 50%

majority-rule consensus tree of the retained trees. For

rooting of phylogenetic trees, sequences of T. beoticus

and Squalius squalus (Bonaparte, 1837) were used as

outgroups. Median-joining (MJ) algorithm was

employed as an additional method, since we have

analysed phylogenetic relationships among haplo-

types presumably belonging to a single species.

Namely, MJ method constructs a phylogenetic net-

work that enables visualization of genealogical rela-

tionships among closely related haplotypes together

with alternative scenarios and considers presence of

ancestral haplotypes in the recent genetic structure.

Divergence time estimation was conducted using

the Bayesian MCMC coalescent method implemented

in BEAST v1.7.0. (Drummond et al., 2012). The strict

molecular clock was applied, based on the results of

the log-likelihood ratio test (LRT) performed using

PAUP* (the likelihood scores were the same with and

without molecular clock enforcement). The molecular

clock calibration was based on the divergence rate of

cyt b gene in Leuciscinae of 0.4% per lineage per

million years, as concluded by Perea et al. (2010).

Branch rates were drawn from an uncorrelated

lognormal distribution and a Yule speciation prior

with random starting tree. Substitution model applied

was HKY with Gamma site heterogeneity model. We

used default prior distributions for kappa, frequencies

and alpha, whereas substitution rate parameters were

unlinked across codon positions. The number of

MCMC steps (the length of chain) was three millions.

Table 1 continued

Sampling locality (river or lake) Locality code (as

on the Fig. 1)

Country Coordinates Number of

samples

Haplotype

codes

Accession

numbers

Pinios 9 Greece 37�5003800N
21�3201900E

12 PIN1

PIN2

PIN3

PIN4

PIN5

PIN6

PIN7

PIN8

MK585386

MK585387

MK585388

MK585389

MK585390

MK585391

MK585392

MK585393

Evinos 10 Greece 38�2701000N
21�4202900E

10 EVIN1

EVIN2

EVIN3

EVIN4

EVIN5

EVIN6

MK585380

MK585381

MK585382

MK585383

MK585384

MK585385

Kotichi 11 Greece 37�5900300N
21�2502500E

8 KOT1

KOT2

KOT3

MK585394

MK585395

MK585396

Alfios 12 Greece 37�3802000N
21�3405200E

10 ALF1

ALF2

ALF3

MK585405

MK585406

MK585407
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In order to estimate the geographic range of

ancestral populations, Statistical Dispersal-Vicariance

Analysis implemented in S-DIVA software (Yu et al.,

2010) was employed. This method reconstructs the

ancestral distribution in a phylogeny by optimizing a

three-dimensional cost matrix, in which extinctions

and dispersals ‘cost’ more than vicariance, and it

determines statistical support for ancestral range

reconstruction (Yu et al., 2010). An input set of trees

for ancestral range reconstruction was obtained by BI

analysis, and seven recent geographic ranges of T.

pleurobipunctatus were denoted, as follows:

• A rivers in southern Albania, the northernmost part

of T. pleurobipunctatus’ range (Pavllo, Bistrice)

• B Corfu island

• C northern part of the Ionian watershed in Greece

(Acheron, Kalamas)

• D central part of the Ionian watershed (Louros,

Arachthos)

• E Acheloos

• F Evinos R. with the mouth in the Patraikos Gulf

• G Peloponnese Rivers (Kotichi, Pinios, Alfios).

Pairwise comparison of uncorrected sequence

divergence (p-distances) of the investigated cyt

b gene was analysed using MEGA version 3.1

(Tamura et al., 2007). In order to check whether

interpopulational p-distances are significantly higher

than intrapopulational, we have performed Permuta-

tion test of variance (PERMANOVA), using PAST

3.22 software, with 9999 permutations.

Using DnaSP we calculated the following measures

of intrapopulational genetic diversity: number of

polymorphic sites (S), haplotype diversity (Hd),

average number of nucleotide differences (K), nucleo-

tide diversity (p). Employing the same software

estimation of the level of genetic differentiation

between populations was conducted, by calculating

statistics based on haplotypes (v2 test andHST) and the

ones based on nucleotide sequences (KST, KST
* , KS

*,

Z and Z*). All calculated statistics are widely used in

population genetic investigations, for detecting

genetic differentiation among populations and sub-

populations (e.g. Ballard, 2000; Böhme et al., 2006;

Hall, 2006; Brazee & Lindner, 2013; Buj et al., 2017).

The traditional method for testing genetic differenti-

ation of populations is v2 test (Hudson et al., 1992). It

was proposed for detecting genetic variation by testing

allele frequencies in samples from different localities

(Nei, 1983). It was later adapted to use with nucleotide

variation by treating each distinct haplotype as an

allele (Hudson et al., 1992) and as such it was used in

this investigation (for mathematical equation see

Hudson et al., 1992). Another haplotype statistic

employed is HST, which is based on the weighted

average of estimated haplotype diversities in popula-

tions and estimate of the haplotype diversity in the

total sample (for mathematical equation see Hudson

Fig. 1 a Collection sites and river basins hosting Telestes

pleurobipunctatus (1 Pavllo, 2 Bistrice, 3 Corfu, 4 Kalamas, 5

Arachthos, 6 Louros (two collection sites are on the Louros R.,

see Table 1), 7 Acheron, 8 Acheloos, 9 Pinios, 10 Evinos, 11

Kotichi, 12 Alfios). The dotted line defines the Valtos-

Akarnanika-Cephalonia watershed boundary where there has

been a long-term separation of major basins and the two distinct

clades. b General orientation map
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et al., 1992). The above-mentioned v2 test and HST

statistics are based on haplotype frequencies in the

sample and do not account the number of differences

between sequences. The remaining statistics (so-

called sequence statistics), on the other hand, use the

information on the number of differences between

sequences (Hudson et al., 1992). Statistic KST incal-

culates weighted average of the number of differences

between sequences from different localities divided by

the average number of differences between sequences,

regardless of their locality; statistics KST
* and KS

* are

similar to KST and KS (statistic that gives weighted

average of the average number of differences between

sequences from two localities), but give less weighting

to large numbers of differences; Z and Z* statistics

take into consideration a weighted sum of averages of

the ranks of the function that denotes the number of

differences between sequences from different locali-

ties (for mathematical equations and applications

considerations see Hudson et al., 1992). The null

hypothesis that there is no genetic diversity between

two populations was rejected based on the permutation

test, if P\ 0.05. Since most estimates of genetic

differentiation are not useful test statistics because

their distribution under the null hypothesis is not

known, permutation-based method using Monte Carlo

simulations to estimate significance levels is usually

employed (Hudson et al., 1992), as was also done in

this investigation. Interactions among populations

were further investigated using maximum likelihood

approach (Beerli, 1998; Beerli & Felsenstein, 2001)

implemented in MIGRATE 3.2.1 (Beerli, 2009). We

estimated immigration rates as mutation-scaled effec-

tive immigration rates (M), which measures the

importance of immigrants vs. mutation when bringing

new variants into the population.

Since our investigation revealed a high level of

genetic structuring inside T. pleurobipunctatus, we

identified fixed differences between lineages using

SITES (Hey &Wakeley, 1997) that might be useful in

molecular diagnostics.

Results

Obtained sequences were 1140 base pairs (bp) long,

and neither insertions nor deletions were recorded.

Inside the total sample of 114 sequences belonging to

T. pleurobipunctatus, we have recognized 54 different

cyt b haplotypes, with overall haplotype diversity of

0.98. Neutrality tests suggested no deviation from

mutation-drift equilibrium in all populations and the

overall data set.

For the purposes of this investigation, we named the

smallest phylogenetic groups inside the structure of T.

pleurobipunctatus as lineages, whereas divisions of

higher order are named clades. MP and BI phyloge-

netic methods yielded trees with similar overall

topology (Fig. 2). Separation of samples from north

and south parts of T. pleurobipunctatus distribution

range into two well-supported clades is obvious. The

northern clade comprises samples from populations

located in southern Albania and the northwest part of

Greece, namely from river basins of Pavllo, Bistrice,

Messongi (on the Corfu Island), Kalamas, Acheron,

Louros and Arachthos. The southern clade comprises

samples from the river basins Acheloos, Evinos,

Pinios, Kotichi (including the Vergas stream) and

Alfios. The northern clade is further separated into two

lineages (N1 and N2), whereas inside the southern

clade each population forms an independent lineage.

Even though two northern lineages (N1 and N2) are

genetically distinct and do not overlap in large parts of

their distribution ranges, it is noteworthy that fishes

belonging to both lineages were found in the Louros

River, but at different places within the river basin.

Phylogenetic network obtained by MJ algorithm

revealed the same structuring (Fig. 3). Overall, there

is a large proportion of private haplotypes, found only

in a single river (50/54). Only four haplotypes (all

belonging to the northern clade) are found on more

than one locality: haplotype ALB2 is shared between

two Albanian populations, LOU1 is the only haplotype

found on more than two localities (Pavllo, Bistrice,

Kalamas, Louros), LOU2 exists in Louros and

Arachthos, and KAL5 was found in Kalamas and

Acheron.

Timing of diversification events, as well as ances-

tral geographic range reconstructions, are marked on

the Fig. 4. The separation of the two main T.

pleurobipunctatus clades can be dated back to the

late Miocene, whereas other diversification events

occurred during the Pliocene and Pleistocene. All

S-DIVA analyses identified the central part of the

Ionian watershed (the Louros and Arachthos Rivers)

as containing ancestral T. pleurobipunctatus popula-

tions. However, besides in that area, it is very likely

that ancestral population persisted also in the
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Fig. 2 MP phylogram of cyt b haplotypes from watersheds covering distribution range of Telestes pleurobipunctatus. Numbers at

nodes represent MP BS and BPP values
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Peloponnese Rivers and possibly also in Acheloos

(lower probability). The two lineages belonging to the

northern clade are of Pliocene origin (their separation

occurred about 3.23 MYA), and their ancestor was

present in the area of the Louros and Arachthos Rivers.

The ancestor of the southern clade seems to have had a

wider distribution inside the Peloponnese Rivers, as

well as the Acheloos River. Inside the southern clade

independent evolutionary course of lineages from

Acheloos and Alfios also started in Pliocene.

Interpopulational p-distances are significantly

higher than intrapopulational (PERMANOVA,

P\ 0.05). Differences between northern and southern

clade are especially pronounced (3.7–5.8%). Further-

more, the population from Acheloos is also distinct

from the remaining southern populations (p-distances

range between 2.8 and 4.0%). Intrapopulational

p-distances, on the other hand, range between 0.1

and 0.9%, with highest values observed for Pinios and

Evinos populations.

Tests of interpopulational genetic differentiation,

as well as gene flow estimations, revealed genetic

distinctiveness of the majority of populations and

restricted or absent gene flow. The null hypothesis

stating the absence of genetic distinctiveness between

populations was accepted only for two Albanian

populations (Pavllo and Bistrice; P = 0.24-0.38). All

remaining populations are genetically distinct one

from another based on all tests of genetic differenti-

ation employed (P\ 0.05). Samples from each river

were considered as a single population. Only in the

Louros River, samples from two localities are also

genetically distinct and belong to two phylogenetic

lineages. The results for Corfu population might not be

completely reliable due to low sampling number. In

accordance with the results of the genetic differenti-

ation tests, we detected gene flow among the Albanian

populations, from the Pavllo to Bistrice (maximum

likelihood estimation of M = 7480). Furthermore,

Pavllo and Kalamas seem to have been connected

with migration events (M = 4780), with the Pavllo

Fig. 3 MJ network presenting genealogical relationships among investigated haplotypes. Circle size is proportional to haplotype

frequency, the number of mutations is displayed along the branches in cases of more than five mutations
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population being the source of immigrants and Kala-

mas the receiving population. Our results further

imply that the migrations were an important event for

entering genetic variation into the Louros population

with Bistrice and Arachthos populations identified as

sources of immigrants (M = 2050 and M = 2420,

respectively), even though those rivers are not con-

nected any more. No gene flow was recorded among

populations belonging to the southern clade (Table 2).

Concordant with all previous results are SITES

outcomes (Table 3). Between lineages of the twomain

clades there are 40–58 fixed differences, whereas the

two lineages of the northern clade differ in 17 fixed

nucleotide substitutions. The Acheloos population

differs in 31–36 nucleotide sites from the remaining

lineages in the southern clade. There are 17–19 fixed

differences between the Alfios population and the

Evinos, Kotichi and Pinios populations. Among

populations from rivers Pinios, Evinos and Kotichi,

the number of fixed differences is much smaller (2–6).

Measures of intrapopulational genetic polymor-

phism revealed various levels of diversity (Table 4).

Besides the population from Corfu, in which a single

haplotype was found, lower genetic diversity is

characteristic for the Kotichi River basin population

(Hd = 0.464; K = 0.679). Populations from Acheron,

Arachthos, Acheloos and Alfios Rivers express mod-

erate genetic diversity, whereas the highest amount of

intrapopulational genetic polymorphism is contained

inside the Pavllo, Bistrice, Kalamas, Pinios and Evinos

River populations.

Fig. 4 Divergence time and ancestral geographic range esti-

mations of Telestes pleurobipunctatus lineages. Timing of

splitting events is presented at nodes by mean value and 95%

credibility range in brackets (in million years). Ancestral ranges

are denoted by circles by nodes; C northern part of the Ionian

watershed in Greece (Acheron, Kalamas), D central part of the

Ionian watershed (Louros, Arachthos), E Acheloos River, F the

Evinos River, G Peloponnese rivers (Kotichi, Pinios, Alfios).

The proportion in the pie denotes probability of a certain

ancestral range
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Discussion

All results obtained reveal a high level of intraspecific

structuring of T. pleurobipunctatus and the existence

of several evolutionary lineages. High intraspecific

diversity is most likely due to a long independent

evolution of several lineages (originating from the

Miocene) and corroborates the complexity of histor-

ical tectonic activity in the area.

Genetic structure and biogeography of T.

pleurobipunctatus with implications for defining

freshwater ecoregions in Greece

Phylogeographic structure of T. pleurobipunctatus and

its division into two independent clades are corrobo-

rated by all analyses: p-distance between two clades is

high, they are genetically distinct based on tests of

genetic differentiation, gene flow between them is

absent, and their ancestors were distributed in different

areas. Recent distribution ranges of the two clades are

also separated; the northern clade is distributed in

southern Albania and north-western Greece and

comprises rivers flowing to the northern part of the

Ionian Sea, whereas the southern clade corresponds to

south-western Greek river basins and rivers surround-

ing the Patraikos Gulf (Peloponnese rivers and main-

land rivers flowing into the Patraikos Gulf). Previous

investigation (Buj et al., 2017) proved that no other

currently recognized Telestes species is represented in

the Ionian sea watershed, all observed clades and

lineages belong to T. pleurobipunctatus, although,

based on the results of this investigation, it contains a

very high amount of diversity and pronounced

structuring.

Separation of the two main T. pleurobipunctatus

clades might have been provoked by the uprising of

the western branch of the Pindos Mountains, which,

thereafter, defines two biogeographic subregions

inside the Ionian Freshwater Ecoregion: northern and

southern. The border between them is located just

south to the Amvrakikos Gulf, between the Arachthos

and Acheloos river basins and continuing to the near

shore continental islands of Lefkada and Cephalonia

(the division marked on the Fig. 1). The genetic

differentiation that can be connected with biogeo-

graphic subregions as denoted here was found also

inside some other freshwater fishes, implying the

possibility that the observed pattern is more widely

present in this ecoregion’s freshwater fauna. Results of

genetic investigations of another Leuciscidae genus

Squalius from western Greece are complementary

with our finding. Squalius populations from the rivers

Kalamas, Acheron, Louros and Arachthos belong to

Table 2 Ranges and mean values (in brackets) of the p-distances among T. pleurobipunctatus populations and phylogenetic groups,

as well as the intraspecific p-distances

N1 N2 Acheloos Evinos Kotichi Pinios Intrapop.

N1 0.1–0.8 (0.4)

N2 1.9–2.5 (2.2) 0.1–0.5 (0.3)

Acheloos 4.6–5.4 (5.0) 5.1–5.8 (5.4) 0.1–0.4 (0.2)

Evinos 4.6–5.5 (4.9) 5.3–6.1 (5.5) 3.3–4.0 (3.5) 0.1–0.9 (0.4)

Kotichi 4.5–5.1 (4.8) 5.2–5.7 (5.4) 2.9–3.2 (3.1) 0.4–1.1 (0.6) 0.1–0.2 (0.1)

Pinios 4.3–5.1 (4.7) 4.9–5.5 (5.2) 3.2–3.7 (3.5) 0.7–1.5 (0.9) 0.4–0.9 (0.7) 0.1–0.7 (0.2)

Alfios 3.7–4.4 (4.0) 4.0–4.6 (4.3) 2.8–3.1 (2.9) 1.8–2.5 (2.0) 1.6–1.9 (1.8) 1.5–2.0 (1.8) 0.1–0.3 (0.2)

N1 the first lineage inside the northern clade (comprises samples from Pavllo, Bistrice, Louros, Kalamas, Corfu and Acheron); N2 the

second lineage of the northern clade (comprising samples from Arachthos and Louros)

Table 3 Number of fixed differences in pairwise comparison

of identified lineages inside T. pleurobipunctatus

N2 Acheloos Evinos Kotichi Pinios Alfios

N1 17 50 47 48 45 40

N2 58 57 58 55 45

Acheloos 35 33 36 31

Evinos 2 6 19

Kotichi 5 18

Pinios 17
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one mitochondrial lineage, whereas populations from

Acheloos, Evinos and the rivers of western Pelopon-

nese to another lineage (Durand et al., 2000; Geiger

et al., 2014; Perea et al., 2016). Similar geographic

division of genetic diversity was also observed in

Luciobarbus albanicus (Steindachner, 1870) (Cypri-

nidae) by Geiger et al. (2014), where samples from the

Kalamas and Arachthos rivers form one mitochondrial

lineage, whereas samples from the rivers Acheloos

and Pinios (on Peloponnese) belong to another

lineage. Furthermore, analysis of genetic variability

of freshwater killifish genus Valencia (Valenciidae,

Cyprinodontiformes) (Vogiatzi et al., 2014) also

pointed to similar biogeographic subdivisions. It is

important to mention that, due to lower number of

sampling locations included in Vogiatzi et al. (2014),

results are not completely comparable. However, they

point to similar biogeographic pattern, with the first

clade of Vogiatzi et al. (2014) falling within our

northern clade, and second clade being similar to our

southern clade.

The two lineages of the northern clade of T.

pleurobipunctatus occur in separate drainages, with a

single exception being the Louros River drainage,

where both of them are found. Dubut et al. (2012)

concluded that the two populations in the Louros River

are reproductively isolated and explained observed

situation by parapatric speciation. Our results are

ambiguous regarding divergence mode of the two

lineages found in the Louros River. We revealed that

ancestral populations of both northern lineages as well

as the whole northern clade were distributed in an area

comprising the Louros River, which implies the

possibility of parapatric speciation. However, we

demonstrated that two lineages, whose representatives

were found in the Louros River, have a broader

geographic distribution, so the secondary contact

scenario is also possible. Further evolutionary inves-

tigations are required to resolve this conundrum.

Each population in the southern clade forms a

separate lineage; different river basins are inhabited by

evolutionary distinct populations. Especially pro-

nounced is the differentiation of the Acheloos (main-

land Greece) and the Alfios (Peloponnese) populations

from the remaining ones.

Most of T. pleurobipunctatus populations contain

only private haplotypes, a result that corroborates their

distinctiveness and isolation. Gene flow and

Table 4 Intrapopulational genetic polymorphism of T. pleurobipunctatus populations

N h S Hd K p f (%)

Pavllo 6 4 4 0.8 1.733 0.00152 ALB1: 17; ALB2: 50; ALB3: 17; LOU1:17

Bistrice 4 3 3 0.833 1.667 0.00146 ALB2: 25; ALB4: 25; LOU1: 50

Corfu 5 1 0 0 0 0 KER1: 100

Kalamas 10 7 9 0.867 2.867 0.00251 KAL1: 10; KAL2: 10; KAL3: 10; KAL4: 10; KAL5: 40; KAL6: 10;

LOU1:10

Arachthos 13 6 7 0.795 1.718 0.00151 ARAC1: 8; ARAC2: 8, ARAC3: 38; ARAC4: 8; ARAC5:31; LOU2: 8

Louros 16 10 32 0.9 13.858 0.01216 LOU1: 31; LOU2: 13; LOU3: 6; LOU4: 6; LOU5: 6; LOU6. 6; LOU7: 13;

LOU8: 6; LOU9: 6; LOU10: 6

Acheron 9 4 8 0.583 2.778 0.00244 ACHR1: 67; ACHR2: 11; ACHR3: 11; KAL5: 11

lineage N1 43 19 24 0.918 3.838 0.00337 ALB1: 2; ALB2: 9, ALB3: 2; ALB4: 2; LOU1: 21; KAL1: 2; KAL2: 2;

KAL3: 2; KAL4: 2; KAL5: 11; KAL6: 2; ACHR1: 14; ACHR2: 2;

ACHR3: 2; KER1: 11, LOU7: 5; LOU8: 2; LOU9: 2

lineage N2 20 11 13 0.9 2.516 0.00221 ARAC1: 5; ARAC2: 5; ARAC3: 20; ARAC4: 5; ARAC5: 20; LOU2: 15;

LOU3: 5; LOU4: 5; LOU5: 5; LOU6: 5; LOU10: 5

Acheloos 11 5 6 0.764 1.345 0.00118 ACHL1: 27; ACHL2: 9; ACHL3: 46; ACHL4: 9; ACHL5: 9

Pinios 12 8 9 0.924 2.136 0.00187 PIN1: 8; PIN2: 8; PIN3: 25; PIN4: 8; PIN5: 17; PIN6: 8; PIN7: 8; PIN8: 17

Evinos 10 6 11 0.889 3.422 0.003 EVIN1: 10; EVIN2: 10; EVIN3: 20; EVIN4: 20; EVIN5: 10; EVIN6: 30

Kotichi 8 3 2 0.464 0.679 0.0006 KOT1: 75; KOT2: 13; KOT3: 13

Alfios 10 3 3 0.622 1.067 0.00094 ALF1: 60; ALF2: 20; ALF3: 20

N number of sequences, h number of haplotypes, S number of polymorphic sites, Hd haplotype diversity, K average number of

nucleotide differences, p nucleotide diversity, f haplotype frequency
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divergence time estimations also corroborate the

presumption of longer isolation of the majority of T.

pleurobipunctatus populations. The only exceptions

are some populations that belong to N1 and N2

lineages and that are geographically located closer to

each other (Pavllo and Bistrice; Louros, Arachthos,

Kalamas and Acheron).

Even though the high diversity and levels of

endemism have already been described in the fresh-

waters of the western Balkans (Oikonomou et al.,

2014), our results acknowledge the existence of great

diversity among populations that are considered to

belong to a single species. This hidden diversity was

revealed on a molecular genetic level in this investi-

gation, whereas detail analysis of morphology is

required to test whether this molecular diversity is

reflected by morphological variation as well. Molec-

ular uniqueness and the ancient origin of several

lineages comprised under T. pleurobipunctatus imply

the possibility that T. pleurobipunctatus is actually a

complex of species and invoke the necessity of a

comprehensive taxonomic investigation.

Impact of the described geologic events

on the evolutionary history of T. pleurobipunctatus

The separation of the two T. pleurobipunctatus clades

is dated back to around 7MYA (5.6-8.7), a period after

the formation of the Mid-Aegean Trench, with

pronounced tectonic activity on the Greek mainland

(Jolivet & Faccenna, 2000; Poulakakis et al., 2005b).

The uplift of the main part of the Pindos Mountains,

proposed for the evolution of herpetofauna (Lymber-

akis & Poulakakis, 2010) and freshwater planarians

(Sola et al., 2013), apparently did not provoke

diversification inside T. pleurobipunctatus. Yet, this

event denoted the eastern border of the distribution

range of this species. However, based on the phylo-

geographic structure and distribution of two main

clades, it is possible that the uplift of the Valtos

Mountains (western branch of the Pindos Mountains)

and its extension western towards the Ionian islands

(marked on the Fig. 1) occurred in that period and

created a barrier to gene flow between two clades,

provoking their isolation. We did not find any

evidence that the Messinian Salinity Crisis, proposed

as particularly significant for evolution of Greek

herpetofauna (Lymberakis & Poulakakis, 2010) and

diversification of freshwater taxa (Durand et al., 1999;

Ketmaier et al., 2004) or the opening of the Strait of

Gibraltar, caused diversification inside T. pleuro-

bipunctatus. This may be explained by the remarkably

steep Hellenic trench that lies immediately off the

coast of western Greece, but it is also possible that the

Messinian Salinity Crisis did not have the proposed

effect on the freshwater ichthyofauna, which is

concordant with other recent investigations of fresh-

water fishes in the Mediterranean area (Perea et al.,

2010; Buj et al., 2015, 2017). Furthermore, we did not

find evidence of Pleistocene migrations among Ach-

eloos and the remaining populations, as previously

proposed (Guinand et al., 2001). Based on our results,

the isolation of Acheloos occurred in the Pliocene. It

is, nevertheless, probable that Evinos River and the

Peloponnesian basins of Pinios and Kotichi came in

contact during Pleistocene glaciations, when sea levels

were approximately 200 m lower than today (Peris-

soratis & Conispoliatis, 2003).

Geological events that have contributed to the

vicariance and isolation in the southern part of the

Ionian region (reviewed in Economou et al., 2007)

include the early isolation of the southern part of the

Peloponnese by mountain barriers and a deep marine

trench close to the coast; the separation of the

Peloponnese from the mainland by the opening of

the Corinthian Gulf during the early part of the Late

Pliocene; the progressive uplift of the Ionian islands

throughout the Pliocene, and the sea level regressions

in the Patraikos Gulf during the Holocene. Since two

Peloponnese populations (from the Kotichi and Pinios

Rivers) are more similar to the population from the

mainland Evinos River than to the population from the

Alfios River, it is probable that during the Pleistocene

glacial sea regression, when there was land in today’s

Patraikos Gulf, these rivers were connected (Perisso-

ratis & Conispoliatis, 2003). This is also corroborated

by the distribution of two other endemic Ionian fishes

(Economou et al., 2007) that both exist in the Acheloos

and Pinios, but not in the Alfios R. (i.e. Luciobarbus

albanicus and Tropidophoxinellus hellenicus

(Stephanidis, 1971)). Complex changes took place in

the southern part of the Ionian Ecoregion and some are

not connected to freshwater fish dispersal; our results

imply that the formation of the Corinthian Gulf is not a

vicariant event for the genus Telestes and therefore

cannot be used for molecular clock calibration.

Moreover, the calibration based on the Corinthian

Gulf opening seems to be responsible for incorrect
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dating of diversification events in some previous

papers (e.g. Dubut et al., 2012).

Finally, contrary to the situation with many terres-

trial species (for example see Lymberakis & Poula-

kakis, 2010), the distribution of T. pleurobipunctatus

seems to be a result of its evolutionary history only,

and it is not likely that it was affected by anthro-

pogenic translocations. This is concordant with find-

ings of previous authors (Ketmaier et al., 2004).

Genetic diversity and conservation

recommendations

If we consider the two northern lineages as separate

entities, both of them express high levels of genetic

diversity, based on all calculated measures, as well as

high number and uniform frequencies of haplotypes.

Since intrapopulational and intraspecific genetic

diversity is usually positively correlated with popula-

tion/species size, but also with mean fitness (Frank-

ham et al., 2010), populations/species with greater

genetic diversity have greater chance to adapt to

changed environmental conditions and survive. Con-

cordantly, our data are important for conservation

planning. Even though genetic diversity measures

imply stability of two northern lineages, the level of

intrapopulational diversity of almost all populations is

smaller. The causes of the extremely low genetic

diversity on Corfu (only one haplotype found) should

be further investigated. As already mentioned, results

obtained for the Corfu population might not be

completely reliable, due to low number of samples.

On the other hand, the highest genetic diversity found

in the Louros River is a consequence of the presence of

two well-differentiated lineages. Inside the southern

clade, low levels of genetic diversity are characteristic

for Kotichi and Alfios populations. These results

imply that any anthropogenic impact will have greater

effects on those populations, because their ability to

cope with environmental changes is reduced.

Even though T. pleurobipunctatus is assessed as a

Least Concern species in the IUCN Red List of

Threatened Species (Crivelli, 2006), conservation

actions should focus on distinctive populations. This

is based on the high level of independence of the

Telestes pleurobipunctatus populations and

notable cryptic differentiation revealed in this inves-

tigation. All rivers inhabited by T. pleurobipunctatus

are relatively short, but the species is found along

rather long stretches from cool water springs near sea-

level up to about 800 m elevation in the Acheloos

River (Economou et al., 1999; Economou et al., 2006;

Koutsikos et al., 2012). Since it prefers cool flowing

water conditions with diverse habitats and it under-

goes reproductive migrations, the general impairment

of ecological integrity in springs, streams and rivers is

posing threats to its viability. Furthermore, T. pleuro-

bipunctatus populations are potentially threatened by

a variety of anthropologic pressures, including surface

and underground water abstraction, barriers to fish

movement, dams, habitat alteration and pollution

(Economou et al., 1999; Barbieri et al., 2002). Its

habitats in the uplands are better conserved, but there

are increasing impacts from various development

projects, such as hydroelectric dams (Zogaris et al.,

2009b). Hybridization with other cyprinids in polluted

and degraded lowland stream reaches has been

documented (Bianco, 1988). Future climate change

and constituent warming of streams may impact

habitats as is foreseen in ecohydrologic modelling

for the Acheloos River (Papadaki et al., 2016).

Based on the obtained results, we were able to

identify units that are of exceptional importance for

future evolution and survival of the whole species (or

species complex) and propose them as conservation

priorities. Conservational units were not chosen as

populations declining and facing the greatest risk of

extinction, but rather as entities that possess genetic

attributes significant for the present and future gener-

ations of species in question (Ryder, 1986), and are

most likely to ensure the unconstrained evolutionary

history of T. pleurobipunctatus. Such genetic attri-

butes, employed here in the conservational units

identification, are: I. genetic distinctiveness—at least

one population inside each genetically distinct unit

should be protected; II. intrapopulational genetic

diversity—populations with the highest level of

genetic polymorphism inside each lineage should be

protected, because they are more likely to ensure

viability of the lineage under changing conditions;

and, III. populations of particular importance for

lineage stability, e.g. sources of immigrants.

According to these principles, the following pop-

ulations should be considered as distinct conserva-

tional units:

(1) Inside the northernmost lineage N1, Bistrice and

Pavllo populations should be recognized and
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protected as conservation priorities, since they

are identified as sources of immigrants and also

contain the highest levels of genetic diversity.

(2) We propose the Arachthos population as a

conservation priority, since it is the only river

where only N2 lineage was observed.

(3) Each population inside the southern clade

should be considered as distinct conservational

unit, because all southern populations fulfil two

proposed criteria—they are independent and

genetically distinct from the remaining T. pleu-

robipunctatus populations; and they are partic-

ularly important for the viability of the lineage,

since each of the southern lineages is composed

of a single population.

Finally, in order to ensure the unconstrained

evolutionary development of T. pleurobipunctatus,

regardless whether we consider it a single species or a

species complex, viability of all observed lineages

should be estimated. The genetic screening supports

the promotion of careful taxonomic work for delin-

eating evolutionary significant units and future devel-

opments towards the better description of the

constituent cryptic species or species complex.
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Kryštufek & J. M. Reed (eds), Balkan Biodiversity.

Springer, Dordrecht.

Barbieri, R., A. N. Economou, M. Stoumboudi & P. S. Econo-

midis, 2002. Freshwater fishes of Peloponnese (Greece):

distribution, ecology and threats. Conservation of Fresh-

water Fishes: Options for the Future. pp. 55–64.

Barbieri, R., S. Zogaris, E. Kalogianni, M. Stoumboudi, Y.

Chatzinikolaou, S. Giakoumi, Y. Kapakos, D. Kommatas,

N. Koutsikos, V. Tachos, L. Vardakas & A. N. Economou,

2015. Freshwater fishes and lampreys of Greece: an

annotated checklist. Monographs on Marine Sciences No.

8. Hellenic Center for Marine Research, Athens. ISBN:

978-960-9798-06-8.

Beerli, P., 1998. Estimation of migration rates and population

sizes in geographically structured populations. In Car-

valho, G. (ed.), Advances in Molecular Ecology., NATO-

ASI Workshop Series IOS Press, Amsterdam: 39–53.

Beerli, P., 2009. How to use Migrate or why are markov chain

monte carlo programs difficult to use? In Bertorelle, G., M.

W. Bruford, H. C. Hauffe, A. Rizolli & C. Vernese (eds),

Population Genetics for Animal Conservation, Vol. 17.,

Conservation Biology Cambridge University Press,

Cambridge.

Beerli, P. & J. Felsenstein, 2001. Maximum likelihood estima-

tion of a migration matrix and effective population sizes in

n subpopulations by using a coalescent approach. Pro-

ceedings of the National Academy of Sciences of the USA

98: 4563–4568.

Beerli, P., H. Hotz & T. Uzzell, 1996. Geologically dated sea

barriers calibrate a protein clock for Aegean water frogs.

Evolution 50: 1676–1678.

Bianco, P., 1990. Potential role of the paleohistory of the

Mediterranean and Paratethys basin on the early dispersal

of Euro-Mediterranean freshwater fishes. Ichtyological

Exploration Freshwaters 1: 167–184.

Bianco, P. G., 1988. Leuciscus cephalus (Linnaeus), with

records of fingerling adult males, Leuciscus pleuro-

bipunctatus (Stphanidis) and their hybrids from western

Greece. Journal of Fish Biology 32: 1–16.
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