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Abstract – The Danube barbel, Barbus balcanicus is small rheophilic freshwater fish, belonging to the
genus Barbus which includes 23 species native to Europe. In Croatian watercourses, three members of the
genus Barbus are found, B. balcanicus, B. barbus and B. plebejus, each occupying a specific ecological
niche. This study examined cytochrome b (cyt b), a common genetic marker used to describe the structure
and origin of fish populations to perform a phylogenetic reconstruction of the Danube barbel. Two methods
of phylogenetic inference were used: maximum parsimony (MP) and maximum likelihood (ML), which
yielded well supported trees of similar topology. The Median joining network (MJ) was generated and
corroborated to show the divergence of three lineages of Barbus balcanicus on the Balkan Peninsula:
Croatian, Serbian and Macedonian lineages that separated at the beginning of the Pleistocene. Croatian
lineage of B. balcanicus shows a uniform structure with many recently diverged haplotypes, which was
further supported by the star-like shape of the MJ network. Effective size estimates were obtained for
populations inhabiting separate river catchments and the results imply the good reproductive potential of
Barbus balcanicus in Croatia, which is in positive correlation with the overall high genetic diversity
calculated for its populations. Nevertheless, population sizes of several population seem to be reduced as a
consequence of habitat degradation and fragmentation.
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Résumé – Premier regard sur l’histoire de l’évolution, la phylogéographie et la structure génétique
des populations de barbeau du Danube en Croatie. Le barbeau du Danube, Barbus balcanicus, est un
petit poisson d’eau douce rhéophile, appartenant au genre Barbus qui comprend 23 espèces indigènes
d’Europe. Dans les cours d’eau croates, on trouve trois membres du genre Barbus, B. balcanicus, B. barbus
et B. plebejus, chacun occupant une niche écologique spécifique. Cette étude a examiné le cytochrome b
(cyt b), un marqueur génétique commun utilisé pour décrire la structure et l’origine des populations de
poissons afin d’effectuer une reconstruction phylogénétique du barbeau du Danube. Deux méthodes
d’inférence phylogénétique ont été utilisées: la parcimonie maximale (MP) et la probabilité maximale (ML),
qui ont permis d’obtenir des arbres bien étayés et de topologie similaire. Le réseau d’assemblage médian
(MJ) a été généré et validé pour montrer la divergence de trois lignées de Barbus balcanicus dans la
péninsule balkanique: les lignées croate, serbe et macédonienne qui se sont séparées au début du
Pléistocène. La lignée croate de B. balcanicus présente une structure uniforme avec de nombreux haplotypes
récemment divergents, qui a été renforcée par la forme étoilée du réseau MJ. Des estimations de taille
effective ont été obtenues pour des populations vivant dans des bassins hydrographiques séparés et les
résultats impliquent le bon potentiel reproductif de Barbus balcanicus en Croatie, qui est en corrélation
positive avec la diversité génétique globale élevée calculée pour ses populations. Néanmoins, la taille de
plusieurs populations semble être réduite en raison de la dégradation et de la fragmentation de l’habitat.
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1 Introduction

European barbels originated from an East Asian ancestor,
migrating to Europe via the Siberian route duringthe Lower
Miocene–Upper Oligocene (Tsigenopoulos and Berrebi, 2000)
where their radiation developed in the Mediterranean region
(Berrebi and Tsigenopoulos, 2003). Today there are 35 valid
species of genus Barbus Cuvier & Cloquet 1816 in the world
distributed from Iberian Peninsula in Western Europe to
Transcaspian region (the Atrek basin) in the Central Asia
(Levin et al., 2019). In European watercourses there are around
22 native barbels (Kottelat & Freyhof, 2007) and most recent
description was Barbus biharicus from Sebes-Körös River in
Hungary and Romania (Antal et al., 2016).

Croatian watercourses are inhabited by three species of the
genus Barbus. Two species inhabit watercourses of the Danube
(Black Sea) basin: barbel Barbus barbus (Linnaeus, 1758)
inhabiting middle and lower courses of rivers draining into the
Danube River, and the Danube barbel, Barbus balcanicus
described by Kotlík et al., 2002, found in the mountainous
streams and small rivers draining to Sava, Drava and Kupa
Rivers. The third species, Italian barbel, Barbus plebejus
Bonaparte, 1839, inhabits waters of the Adriatic basin on the
Istrian Peninsula, and the Krka and Zrmanja Rivers (Ćaleta
et al., 2019).

Barbus balcanicus was distinguished from other Barbus
species based on mitochondrial DNA (mtDNA) cytochrome b
(cyt b), and this was further supported with morphological
characters that differed it from B. petenyi Heckel, 1852, the
Romanian barbel, as B. balcanicus was previously identified
(Kotlík et al., 2002). Their research revealed that Barbus
petenyi is actually a species complex comprised of at least
three distinct species (B. petenyi sensu stricto, B. balcanicus
and B. carpaticus), which likely diverged during the Miocene
(Antal et al., 2016). Due to cyclical glaciation and ice retreat
periods at the end of Pliocene and throughout the Pleistocene,
water connections between catchments were disabled, leading
consequently to the isolation of freshwater populations and
species separation (Marková et al., 2010).

The Danube barbel is a small rheophilic, lithophilic and
benthopelagic freshwater fish that dwells in fast and
moderately fast streams with a gravel bottom, mostly residing
in riffles and waterfalls. Its distribution area, besides Croatia,
includes Bosnia and Herzegovina, Serbia, Macedonia,
Southwestern part of Romania, Bulgaria, watercourses of
Aegean basin and Isonzo (Soča) River basin (Kottelat &
Freyhof, 2007; Buonerba et al., 2015; Bertoli et al., 2019).
During the spawning season (May to July), the Danube barbels
migrate upstream in search of highly oxygenated currents to
spawn (Kottelat & Freyhof, 2007; Žutinić et al., 2014).
They are primarily vagile species with high dispersal ability and
gene flow expected to occur throughout a river catchment,
while migrations between river drainages are likely limited.

Within the family Cyprinidae, species of the genus Barbus
have been broadly used for studies of regional biogeography
patterns and changes in freshwaters due to their wide
distribution, diversity and varied ecological adaptions
(Zaccara et al., 2019). Barbels have been the focus of many
molecular studies investigating the relationships between
species and populations in specific European regions
(Tsigenopoulos and Berrebi, 2000). Such studies including
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Barbus balcanicus have been carried out in Italy (Meraner
et al., 2013; Buonerba et al., 2015; Bertoli et al., 2019) Serbia
(Simonović et al., 2018), Albania (Marková et al., 2010) and
Macedonia (Velkova-Jordanoska et al., 2013), but to date not
in Croatia.

Native Italian barbels are considered to be B. balcanicus,
B. caninus Bonaparte, 1839, B. plebejus and B. tyberinus
Bonaparte, 1839 (Buonerba et al., 2015). Barbus balcanicus
primarily colonizes the small tributaries of the Isonzo (Soča)
River system near the border with Slovenia, though its
distribution in Italy could be wider since it was often
erroneously classified as B. caninus given the high morpho-
logical similarity. However, Bertoli et al. (2019) stated that
ecological preferences of these two species differ, as
B. caninus requires oxygenated waters and high current speed
while B. balcanicus prefers lower flow rates, cobble/flat rock
substrates and less cover vegetation. Populations of
B. balcanicus have been found in sympatry with B. plebejus
(Pneuma Creek, Piumizza and Reca Streams), indicating
possible hybridization (Bertoli et al., 2019).

Recent study of Simonović et al. (2018) revealed that
Serbian watercourses are inhabited by B. strumicae Karaman,
1955 (Struma River catchment) and B. balcanicus (Vrla,
Krupaja and Gradac River). The Albanian endemic species,
B. prespensis Karaman, 1924, believed to exclusively inhabit
the Prespa Lakes was later found in the surrounding
catchments (Devoll River), and B. rebeli Koller, 1926 is most
likely a species complex found to be endemic to several river
drainages in western Albania, where it evolved through
allopatry in systems of historically interconnected lakes and
their basins (Marková et al., 2010).

According to the nuclear gene (a beta-actin intron, Actb) in
the Drini River, part of the Ohrid–Drini–Shkodra River
system, B. rebeli and B. balcanicus came into secondary
contact and hybridized (Marková et al., 2010). They also
concluded that B. rebeli from the Pavllo River in Albania is
actually B. peloponnesius Valenciennes 1842, thought to be
endemic to Greece but its northern limit appears to extend into
southern Albania. Velkova-Jordanoska et al. (2013) used
Random Amplification of Polymorphic DNA (RAPD-PCR)
for determination of Barbus species coexisting in North
Macedonia. Barbus macedonicus Karaman, 1928 inhabiting
the Vardar and Crna Rivers showed the greatest difference
from all other analysed species, with populations differing
between Lake Ohrid and the Vardar River, likely representing
the still undescribed species Barbus sp. Ohrid-Drini-Shkodra
and Barbus balcanicus (Marková et al., 2010).

Throughout the application of mitochondrial marker,
cytochrome b (cyt b) this study aimed to fill the gaps
regarding the phylogeography, evolutionary history and
population genetics of the Danube barbel in Croatia. The
genetic marker cytochrome b was selected due to its suitability
for taxonomic and population genetic studies as proven in
many studies on a wide range of vertebrates (e.g. Tobe et al.,
2010; Tominaga et al., 2010; Sagonas et al., 2014). It is
considered to be one of the most suitable genes for revealing
phylogenetic relationships between closely related taxa
(Patwardhan et al., 2014). Cyt b is frequently used for
describing the structure and origin of fish populations
(e.g. Perea et al., 2010; Buj et al., 2014, 2019, 2020;
Schenekar et al., 2014), including molecular studies of the
f 13
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Fig. 1. Map of sample localities of the Danube barbel in Croatia. Each colour corresponds to a river catchment.
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genus Barbus (Tsigenopoulos and Berrebi, 2000; Kotlík et al.,
2002; Bertoli et al., 2019; Zaccara et al., 2019).

2 Material and methods

2.1 Sampling and site description

During 2018, 115 samples from 30 populations of the
Danube barbel were collected throughout its distribution range
in Croatia (Fig. 1, Tab. 1). Sampling was by electrofishing from
water using a Hans Grassl backpack electrofishing generator
(model IG-200-1) in mountain and highland streams, at
elevations from 300 to 1000m, with moderate climate
conditions. For all specimens, a small clip was taken from
the right pelvic fin and stored in 96% ethanol, and all fish were
safely returned to the water. Due to the broad population
dispersion, geographic distance and geological differences,
while sampling populations were grouped into subregions
corresponding to three Croatian regions: North, Central and
East. All sampled localities belong to larger river catchments
which further drain into Drava or Sava Rivers which belong to
Danube (Black Sea) basin.

In the North region, situated in northwest Croatia around
the capital city of Zagreb, 10 populations of Danube barbel
were sampled in four subregions: Medvednica, ZelinskoGorje,
Ivančica and Sutla. The largest subregion is the Medvednica
Nature Park on Mt. Medvednica (1035m), composed of
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magmatic, sedimentary and metamorphic rock and originating
in the Pliocene and later the Quaternary (Brkić, 2017).
Although covered with rich vegetation, numerous karst forms
are present on Mt. Medvednica, including caves, pits, karst
valleys and sinkholes. The second subregion, the Zelinsko-
Gorje plateau (330m), lies to the north of Mt. Medvednica.
The subregion Mt. Ivančica (1061m) is at northernmost point
of Danube barbel’s distribution in Croatia and to the west is the
Sutla River, considered a small, distinctive subregion. The
watercourses of Zagorje drain into two separate drainages, the
Drava and Sava Rivers. The Željeznica and Žarovnica Streams
feed the Bednja River, a tributary of the Drava River. The
Lonjica, Ka�sina and Burnjak Streams feed the Lonja River, a
tributary of the Sava River. The streams of Mt. Medvednica
(Sarni, Pronjak and Rijeka) drain into the Krapina River, a
tributary to the Sava River. The Vidovec Stream downstream
merges with lowland streams of Zagreb and through a channel
connects to Sava River.

The most populations (15) were found in the East region,
Slavonia. Four subregions were identified in this region, each
associated with a separate hilly or mountainous area: Mt.
Papuk (953m), a nature park due to its geological features and
forest wilderness, Mt. Krndija (792m) to the east, Ravna Gora
hill (854m) to the west, and Pože�ska Gora hill (618m) to the
south. Each of these features lifted during the Pliocene and
Quaternary (Brkić, 2017). The waters from these hills and
mountains primarily drain into the Pakra River, which feeds the
f 13



Table 1. Distribution of cytochrome b haplotypes of the Danube barbel in the populations, river catchments, river drainages and regions of its
Croatian distribution range.

Region River
drainage

River
catchment

Population (see Fig. 1) Number of
samples (N)

Cyt b
haplotypes

Accession numbers

North

Drava Bednja
Žarovnica (2) 6 CRO 6, 9, 10 MW591755, 58, 45
Željeznica (3) 2 CRO 6, 12 MW591755, 47

Sava

Sutla Hromec (1) 3 CRO 6 MW591755

Lonja

Lonjica (4) 6 CRO 4, 10, 11 MW591753, 45, 46
Ka�sina (6) 8 CRO 1 � 5 MW591744, 51 � 54
Burnjak (5) 6 CRO 4 � 6 MW591753 � 55

Krapina

Sarni (7) 6 CRO 6, 9, 10 MW591755, 58, 45
Pronjak (8) 1 CRO 6 MW591755
Rijeka (9) 8 CRO 2, 4 MW591751, 53

Sava Vidovec (10) 6 CRO 4, 5 MW591753, 54

East

Drava Kara�sica
Šumečica (16) 5 CRO 4, 8, 11 MW591753, 57, 46
Velika Radetina 1 & 2 (17,18) 5 CRO 4, 8, 13 MW591753, 57, 48

Sava

Pakra

Toplica (11) 2 CRO 3, 4 MW591752, 53
Strančevac (12) 3 CRO 4, 5 MW591753, 54
Kravajčevca (14) 1 CRO 4 MW591753
Bijela rijeka (13) 1 CRO 14 MW591749
Sivornica (24) 2 CRO 4 MW591753
Brusnica (25) 2 CRO 5, 15 MW591754, 50

Orljava

Dubočanka (15) 1 CRO 1 MW591744
Kutjevačka rijeka (19) 4 CRO 1 MW591744
Londža (20) 3 CRO 7, 8 MW591756, 57
Rinovica (21) 2 CRO 4 MW591753

Re�setarnica Putnjak (22) 10 CRO 2, 4, 7, 8 MW591751, 53, 56, 57
Česma Račačka rijeka (23) 4 CRO 4 MW591753

Central Sava

Sunja Sunja (26) 5 CRO 9, 11 MW591758, 46
Una Stupnica (27) 1 CRO 4 MW591753

Glina

Listovački (28) 3 CRO 6 MW591755
Brusovača (30) 5 CRO 7, 8 MW591756, 57
Bublen (29) 4 CRO 4, 6, 8 MW591753, 55, 57
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Lonja River, a tributary to the Sava River. Česma River, also
drains into Lonja River which further connects to Sava River.
The only Slavonian populations belonging to the Drava River
drainage are Velika Radetina and Šumečica, while the Orljava
andRe�setarnica Rivers are both the tributaries to the Sava River.

In the Central region five populations were sampled in two
subregions: Banija (with the Zrinska Gora hills (peak at
615m)) and the Petrova Gora hills (peak at 512m). Both are
composed of rocks of Mesozoic origin, nested between two
river drainages, the Kupa and Sava Rivers. Most streams in this
region belong to the Glina River catchment, a tributary to the
Kupa River, with the exception of the Stupnica Stream and
Sunja River. The Stupnica Stream flows into the Una River that
springs in Croatia, flows through a corner of Bosnia-
Herzegovina before draining into the Sava River. The Sunja
River is a direct tributary of the Sava River.

3 Laboratory work

Total genomic DNA was isolated from fin tissue samples
using the DNeasy Blood and Tissue isolation Kit (Qiagen),
following the manufacturer’s instructions. Polymerase chain
reactions (PCR) were prepared usingHot Star Taq Plus Master
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Mix Kit (Qiagen) and a specific set of primers, Glu-F 5’
GAAGAACCACCGTTGTTATTCAA 3’ and Thr-R 5’
ACCTCCRATCTYCGGATTACA 3’ (Zardoya and Doadrio,
1998), used to amplify the cytochrome b gene in its full length,
1141 base pairs (bp). The prepared PCR reactions contained
12.5mL Hot Star Taq Plus Master Mix (Qiagen), 2.5mL
CoralLoad Concentrate (Qiagen), 2mL RNase-Free Water,
2mL of each primer and 4mL isolated DNA, in total 25mL.
The PCR protocol was optimized as following: first denatur-
ation step, 10min at 95 °C; 35 cycles� denaturation for 45 s at
92 °C, annealing for 90 s at 48 °C, extension for 105 s at 72 °C
and the final polymerisation step for 7min at 72 °C. Sequencing
was conducted by Macrogen Europe (Netherlands). For
sequence alignment, BioEdit 7.2.5 software (Hall, 1999) was
used, and all chromatograms were visually checked while
aligning.

3.1 Data analysis

Phylogenetic reconstruction was based on two methods of
phylogenetic inference: maximum parsimony (MP) and
maximum likelihood (ML), using PAUP 4.0b10 (Swofford,
2002). For MP analysis, the heuristic search mode was used
f 13



Table 2. Danube barbel cyt b sequences retrieved from GenBank included in the phylogenetic and evolutionary history reconstruction.

Sequence name Cty b haplo type Origin Accession number References

B. balcanicus BIH Bosnia and
Herzegovina

GQ302796 Marková et al. (2010)

B. balcanicus SRB 1 Serbia GQ302790 Marková et al. (2010)
B. balcanicus SRB 2 Serbia GQ302791 Marková et al. (2010)
B. balcanicus SRB 3 Serbia GQ302797 Marková et al. (2010)
B. balcanicus SRB 4 Serbia GQ302798 Marková et al. (2010)
B. balcanicus MKD 1 Macedonia GQ302792 Marková et al. (2010)
B. balcanicus MKD 2 Macedonia GQ302793 Marková et al. (2010)
B. balcanicus MKD 3 Macedonia GQ302794 Marková et al. (2010)
B. sp. ODS (undescribed species
from Ohrd-Drini-Shkodra system)

1 Montenegro GQ302776 Marková et al. (2010)

B. sp. ODS (undescribed species
from Ohrd-Drini-Shkodra system)

2 Montenegro GQ302775 Marková et al. (2010)

B. rebeli 1 Albania GQ302782 Marková et al. (2010)
B. rebeli 2 Albania GQ302783 Marková et al. (2010)
B. carpathicus 1 Slovakia HG798332 Buonerba et al. (2015)
B. petenyi 1 Romania GQ302804 Marková et al. (2010)
B. petenyi 2 Romania GQ302805 Marková et al. (2010)
B. barbus 1 Italy KC465918 Meraner et al. (2013)
B. barbus 2 Italy KC465926 Meraner et al. (2013)
B. plebejus 1 Italy KC465949 Meraner et al. (2013)
B. plebejus 2 Italy KC465948 Meraner et al. (2013)
B. plebejus 3 Italy KC465947 Meraner et al. (2013)
B. caninus 1 Italy MN961173 Benovics et al. (2020)
B. caninus 2 Italy AF112124 Tsigenopoulos and Berrebi (2000)
B. tyberinus 1 Italy AF397300 Bianco and Ketmaier (2005)
B. prespensis 1 Greece GQ302767 Marková et al. (2010)
B. prespensis 2 Greece GQ302766 Marková et al. (2010)
B. peloponnesius 1 Greece AF287438 Machordom and Doadrio (2001)
B. peloponnesius 2 Greece AF090787 Machordom and Doadrio (2001)
B. macedonicus 1 Greece AF090780 Zardoya and Doadrio (1999)
B. macedonicus 2 Greece AY004754 Machordom and Doadrio (2001)
B. macedonicus 3 Greece AY004753 Machordom and Doadrio (2001)
B. meridionalis 1 Spain AF045977 Zardoya and Doadrio (1999)
B. meridionalis 2 Spain AF334102 Doadrio et al. (2002)
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with randomized input orders of taxa, and TBR branch
swapping with all codon sites and nucleotide substitutions
types weighted equally. Nonparametric bootstrapping (1000
pseudo-replicates for MP, 100 for ML, 10 additional sequence
replicates) was used to assess branch support (BS). Alongside
haplotypes from Croatia, haplotypes of other Barbus species
available in the full length of the cytb gene were retrieved from
GenBank (Tab. 2) and included in the phylogenetic
reconstruction. For tree rooting, we used a sequence ofCyprinus
carpio Linneaus, 1758. The median joining (MJ) network was
created using Network 10.0.0.0. (Fluxus Technology Ltd.), as
phylogenetic networks are useful for untangling the relation-
ships between closely related taxa as they do not exclude
recombination, hybridization and horizontal gene transfer
(Posada and Crandall, 2001). Only the haplotypes of Barbus
balcanicus, from this study and fromGenBank,were included in
the MJ network.

To check whether all mutations were selectively neutral,
statistical tests D and F (Fu and Li, 1993) and Tajima’s test
Page 5 o
(Tajima, 1989) were conducted on data sets using DnaSP v5
(Librado and Rozas, 2009). The level of genetic diversity
within each population of Danube barbel, river catchment and
region were described using several measures of DNA
polymorphism (haplotype number, haplotype diversity, num-
ber of polymorphic sites, total number of mutations, average
number of nucleotide differences, nucleotide diversity). These
tests were conducted using DnaSP 5.10 (Librado and Rozas,
2009).

Using MIGRATE 3.2.1 software (Beerli and Felsenstein,
2001; Beerli, 2009), effective populations sizes were
calculated in each river catchment. Theta values were
generated from the FST-calculation, using a migration matrix
model with variable theta and constant mutation rate. Analysis
strategy was a maximum likelihood, MCMC model with the
settings: 10 short chains with 20 000 sampled and 1000
recorded trees and 3 long with 200 000 sampled and 10 000
recorded trees, 2 averaging over replicates. Two static heating
schemes, 4 chains with temperatures: 1.00, 1.57, 2.71, 5.00;
f 13
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swapping interval of 1, and 10 000 discard trees per chain.
Calculated thetas (u) were used to estimate population
effective sizes (Ne), using a mutation rate calculated for the
Cyprinidae family of 0.76 % per pairwise comparison per
million years (MY) (Zardoya and Doadrio, 1999), which was
further converted to mutation per sequence per generation,
m = 0.0000023. For Ne, both the MLE (maximum likelihood
estimate) and 5–95% levels (estimates at 5th and 95th

probability percentile) were estimated.
Estimation of divergence times of distinct evolutionary

lineages was based on the cyt b sequences obtained here, with
those retrieved fromGenBank. Analyses were conducted using
the Bayesian MCMC coalescent method in Beast 1.7.0
software (Drummond et al., 2012). A relaxed log normal clock
was applied, which assumes that the substitution rates
associated with each branch are independently drawn from
a single, discretized lognormal distribution (Drummond et al.,
2006). For molecular clock calibration we have used
previously published data on divergence events (Gante,
2011), as well as on the Barbus fossil evidences (Levin
et al., 2019). We have chosen three nodes in our phylogenetic
tree that were comparable with previously reported phyloge-
nies (origin of Barbus, origin of B. peloponnesius and the onset
of intraspecific divergences inside B. balcanicus) and used data
of Gante (2011) and Levin et al. (2019) to calibrate those nodes
(18.5 ± 0.5 MYA, 10.8 ± 2.1 MYA and 1.9 ±MYA, respective-
ly). Branch rates were drawn from an uncorrelated lognormal
distribution and a speciation birth-death tree prior with random
starting tree. The substitution model applied was HKY with
Gamma site heterogeneity. Default prior distributions were
applied for kappa, frequencies and alpha, whereas substitution
rate parameters were unlinked across codon position. The
number of MCMC steps (the length of chain) was 10 million
and ESS values for all parameters were well above 200
(543–879).

4 Results

4.1 Phylogenetic reconstruction and divergence time
estimations

A total of 125 individuals of Barbus balcanius were
sampled at 30 localities in Croatia (Tab. 1). We successfully
obtained 115 sequences of cytochrome b in the full length of
the gene (1141 bp). Within the total sample, 15 new cyt b
haplotypes were identified, 4 as private haplotypes present
only in a single population (CRO 12–Željeznica, CRO
13–Velika Radetina 1&2, CRO 14–Bijela rijeka, and CRO
15–Brusnica). Neutrality tests suggested no deviation from
mutation-drift equilibrium for the data set, D*, F* and Tajima’s
D but tests showed no statistical significance. No insertions or
deletions were observed in the sequence set. In the
phylogenetic reconstruction, haplotypes of other European
Barbus species were included, for a total of 47 haplotypes,
with Cyprinus carpio as the outgroup. Of 1141 bp, there were
359 variable (31.46%) and 261 parsimony informative
characters (22.87%). The length of the MP tree was 725,
with a consistency index of 0.5683, homoplasy index of 0.4317
and retention index of 0.8554.

The two different phylogenetic reconstruction methods
yielded trees of similar topologies (Fig. 2), revealing three
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clades of Barbus species. The first comprises B. balcanicus,
B. carpathicus and B. caninus. All Croatian haplotypes of
B. balcanicus clustered together with one haplotype from
Bosnia and Hercegovina (BIH) and one from Serbia (SRB 3).
Both trees showed that the Croatian haplotypes are closer to
Serbian thanMacedonian haplotypes, with SRB 3 haplotype as
the closest. Obtained trees showed that the closest relative to
B. balcanicus is B. carpathicus while B.caninus is a sister
taxon to both of them. The second clade included species of the
southern Balkans, B. peloponnesius, B. petenyi, B. rebeli and
B. prespensis with sister taxon B. sp. ODS, a still undescribed
species from Ohrid-Drini-Shkodra system. The third clade
included B. macedonicus and B. tyberinus and two other
Barbus species that could be found in Croatia, B. barbus and
B. plebejus, with B. tyberinus positioned as a sister taxon to
B. plebejus. Sequences of the Spanish B. meridionalis were
separate from these three clades in the Barbus genus.

In Croatia, the Danube barbel has a uniform structure with
many shallowly separated haplotypes, as further supported by
the star shape of the MJ network (Fig. 3) centred around CRO
4. The MJ network (Fig. 3) including only haplotypes of
Barbus balcanicus (from this study and GenBank) showed that
most haplotypes are present in several river catchments. All
Croatian haplotypes clustered around CRO 4 which is widely
distributed and appears to be ancestral. All other haplotypes
originated from this haplotype, and most differ in a single
nucleotide. CRO 9 is divergent from CRO 4 due to one
mutation, and CRO 10 and 12 emerged from CRO 9; all are
found in the Bednja River catchment. Haplotypes from Serbia
and Macedonia clustered separately from each other and from
Croatian haplotypes, except SRB 3 (B. balcanicus Jadar River,
Serbia) which is one mutation apart from CRO 4, same as
haplotype BIH (B. balcanicus Vrbas River, Bosnia and
Herzegovina). Haplotype SRB 1 (B. balcanicus Džepska River
1, Serbia) was 8 mutations apart from CRO 4, and MKD 1
(B. balcanicus Lepenac River 1, Macedonia) was 11 mutations
apart.

Analyses of the evolutionary history using Beast software
package (Drummond et al., 2012) revealed that the genus
Barbus has an ancient origin, separating from the genus
Cyprinus around 41 (26.07–56.51) million years ago (MYA),
during the Middle Eocene (Fig. 4). The first split of Barbus
species happened around 18.43 (17.47–19.41) MYA in the
Burdigalian age of the Early Miocene, when two clades
diverged, B. carpathicus and B. balcanicus and separated from
other Barbus species. The Danube barbel separated from its
sister taxon B. carpathicus during the Late Miocene in the
Tortonian age. During the Pliocene, Paratethys was divided
into several inland seas, including the Pannonian Sea, which
dried up in the early Pleistocene (Kázmér, 1990) when
subsequent diversification events occurred, starting with the
first glaciation events in the Gelasian age. The Croatian lineage
of B. balcanicus is of younger origin and its interlineage
divarication occurred around 0.68 (0.38–1.04) MYA, corre-
sponding with the Günz glaciations.

4.2 Genetic diversity and effective size estimations
of Danube barbel populations

The calculated DNA polymorphism measures provide
insight into the genetic structure and diversity of populations,
f 13



I

II

III

C

L

A

D

E

I

C

L

A

D

E

II

C

L

A

D

E

III

0.005 substitutions/site 

Barbus balcanicus BIH
Barbus balcanicus CRO 1
Barbus balcanicus CRO 10
Barbus balcanicus CRO 12

Barbus balcanicus CRO 9
Barbus balcanicus CRO 11
Barbus balcanicus CRO 13
Barbus balcanicus CRO 14
Barbus balcanicus CRO 15
Barbus balcanicus CRO 2
Barbus balcanicus CRO 3
Barbus balcanicus CRO 4
Barbus balcanicus CRO 5
Barbus balcanicus CRO 6
Barbus balcanicus CRO 7
Barbus balcanicus CRO 8
Barbus balcanicus SRB 3

Barbus balcanicus SRB 1
Barbus balcanicus SRB 2
Barbus balcanicus SRB 4

Barbus balcanicus MKD 1
Barbus balcanicus MKD 2
Barbus balcanicus MKD 3

Barbus carpathicus
Barbus caninus 1
Barbus caninus 2

Barbus peloponnesius 1
Barbus peloponnesius 2

Barbus petenyi 1
Barbus petenyi 2
Barbus rebeli 1

Barbus rebeli 2
Barbus prespensis 1

Barbus prespensis 2
Barbus sp. ODS 1
Barbus sp. ODS 2

Barbus barbus 1
Barbus barbus 2

Barbus macedonicus 1
Barbus macedonicus 2

Barbus macedonicus 3
Barbus plebejus 1
Barbus plebejus 2

Barbus plebejus 3
Barbus tyberinus

Barbus meridionalis 1
Barbus meridionalis 2

Cyprinus carpio

*/*

98/99

97/92

*/*
64/63

*/*

*/*

84/73

63/65

96/98

96/93

60/*

85/50

*/*

*/*

*/*

70/77

81/84

99/99

86/84

*/*

*/*

*/97

90 /90

97/98

66/68

63/60

*/*

Fig. 2. ML phylogram based on cyt b sequences (1141 bp long) showing the position of Danube barbel populations in Croatia within the genus
Barbus. Numbers at nodes represent MP and ML bootstrap values; an asterisk replaces bootstrap values of 100.
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river catchments and regions of the Barbus balcanicus
distribution range in Croatia (Tab. 3). Six populations had
only one haplotype, which may be due to the small sample size
from those localities (�4). Populations showing lower genetic
diversity were Vidovec and Brusovača, where the calculated
haplotype diversity (Hd) for those localities was�0.4 and p of
0.00029 (Vidovec) to 0.00070 (Brusovača). The Ka�sina
population had the highest number of haplotypes, with 5
haplotypes in just 8 individuals. The highest genetic diversity
was calculated for Lonja River catchment, within 20
individuals there were 8 haplotypes and Hd of 0.884 supported
by p of 0.00135. Followed by Bednja River catchment with 4
haplotypes within 8 individuals, Hd of 0.821 and p of 0.00166.
River catchments that comprised more than one population
Page 7 o
(Krapina, Pakra, Orljava, Kara�sica and Glina) all had 4–5
haplotypes within 10–15 sampled individuals. Haplotype
diversity, Hd for those river catchments varies from 0.733
(Orljava) to 0.781 (Krapina) and nucleotide diversity, p varies
from 0.00090 (Kara�sica) to 0.00117 (Krapina). Higher
diversity was recorded in two river catchments that were
represented with only one population, Re�setarnica and Sunja,
both had Hd of 0.8. Although, Sunja River catchment had
higher p of 0.00158 since 5 individuals carried 3 haplotypes
and for Re�setarnica River catchment, 4 haplotypes were found
inside 10 individuals so their nucleotide diversity, p was
estimated to 0.00099. For other river catchments comprising
only one population very low genetic diversity was calculated,
most with just one haplotype, only Sava River catchment (not
f 13
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the whole Sava River drainage) represented with population of
Vidovec Stream had two haplotypes, Hd of 0.33 and p
0.00029. At the regional scale, high genetic diversity was
noted for all three regions: North region had a Hd = 0.883 with
10 haplotypes and p of 0.00140, East region had a Hd = 0.804
with 11 haplotypes and p of 0.00102, and Central region with
the highest estimated population variability with Hd = 0.869,
7 haplotypes inside 18 individuals and p of 0.00150.
Understanding thegenediversity of eachpopulation is important
for estimating its ability to cope with environmental changes.

Effective size estimates were conducted for each river
catchment (Tab. 4), both the MLE (maximum likelihood
estimate) and 5–95% levels (estimates at 5th and 95th
probability percentile). The results suggest the good reproduc-
tive potential of Barbus balcanicus in Croatia and high
probability of its survival, although calculations did not show
positive correlations for all catchments. The highest number of
individuals was estimated in the East region, in the Drava
and Pakra catchments (Ne (MLE) = 1043 and 652, and Ne
(5–95%) = 478-* and 430–1043, respectively). The fewest
individuals in the East region was calculated for the Orljava
River, despite containing four populations, while the
Re�setarnica River catchment had lower Ne 113 (82–152) with
only the Putnjak population in its tributary. In the North region,
the Bednja and Lonja River catchments showed equal
estimations (Ne (MLE) = 217), while the Krapina and Sava
River catchments showed lower estimates (Ne (MLE) = 61
and 78). In the smallest Central region, the Glina River
catchment and the catchments Brusovača, Listovački stream
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and Bublen, showed very low Ne (MLE) of only 65, while the
Sunja River catchment, as an isolated watercourse without
tributaries, had a Ne (MLE) of 234.

5 Discussion

5.1 Phylogenetic position of Barbus balcanicus in
Croatia within the genus Barbus and its evolutionary
history

This study revealed that the Danube barbel in Croatia,
based on mitochondrial DNA, has a uniform structure with
many shallowly separated haplotypes, indicating recent
colonization from a single glacial refugium. This origin
theory was further supported with the MJ phylogenetic
network and its star shape, centred around the CRO 4
haplotype as the ancestral one. Nevertheless, the Croatian
haplotypes clustered separately from three Serbian and three
Macedonian haplotypes, revealing that there are at least three
intraspecific lineages of Barbus balcanicus on the Balkan
Peninsula. One Serbian haplotype and one from Bosnia and
Herzegovina clustered with Croatian haplotypes. The Danube
barbel separated from other Barbus species during the
Miocene (Marková et al., 2010; Berrebi et al., 2014; Antal
et al., 2016). This includes its sister taxon Barbuspetenyi
(Kotlík et al., 2002) from which it diverged around 18.43
MYA. Supported by its distant position in the obtained trees,
B. petenyi appears closest to B. rebeli and B. prespensis.
The Danube barbel diverged later from its sister taxon Barbus
f 13



Fig. 4. Divergence time estimations based on cyt b squences of Barbus species. Timing of splitting events is presented as the mean value and
95% credibility range (in million years ago). The lower bound and upper bound of the highest posterior density (HPD) interval, the HPD is the
shortest interval that contains 95% of the sampled values. Numbers in squares represent bootstrap values.
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carpathicus (Kotlík et al., 2002), 8.54 MYA in the Late
Miocene, and their position was the same on both phylogenetic
and divergence time trees.

The haplotype CRO 4 is most widely distributed in Croatia
and found throughout the distribution range of this species,
implying the possibility that the first colonizers after glaciation
bore this haplotype and the remaining ones diverged from it
later. One haplotype from Bosnia and Herzegovina (BIH) and
one from Serbia (SRB 3) also trace their origin to CRO 4.
Furthermore, Croatian lineage separated from Macedonian
lineage around 1.88 MYA and from Serbian (without
haplotype SRB 3) 1.26 MYA.Both splits correspond with
glaciation and ice retreat periods that alternated throughout the
Pleistocene, resulting in the isolation of freshwater populations
and species separation (Marková et al., 2010).

Analysing the MP and ML tree, we can conclude that
Barbus balcanicus in the Balkan Peninsula is monophyletic.
Throughout its Croatian distribution range, the Danube barbel
adapted to the specific characteristic of watercourses and
habitats in different regions, as seen in the genetic differences
and multitude of haplotypes. Species of genus Barbus are
considered to be tetraploid (Berrebi, 1995) and polyploids are
considered to have greater tolerance to ecological variation due
to the duplication of their genes, which provides metabolic
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flexibility (Tsigenopoulos et al., 2002). Tetraploidy could have
induced Barbus balcanicus dispersion around the Balkan
Peninsula and helped it to cope with environmental challenges.

The overall position of sequences retrieved from GenBank
follows previously published papers (Marková et al., 2010;
Antal et al., 2016; Bertoli et al., 2019). The Italian B. caninus
distributed in northern Italy and Slovenia in the tributaries of
upper Adriatic basin, from the Isonzo (Soča) River in the north
to the Marecchia River in the south (Bianco and Delmastro,
2004) and B. carpathicus which inhabits Czech Republic,
Hungary, Poland, Romania, Slovakia and Ukraine appear to be
the closest relatives to B. balcanicus.

5.2 Population genetic estimates of Barbus
balcanicus in Croatia

The Danube Barbel in Croatia shows relatively high
genetic polymorphism, indicated by the high genetic diversity
(overall Hd = 0.88 and p= 0.00130), despite the relatively low
number of haplotypes (15 haplotypes in a sample of 115
sequences). When compared to other Cypriniform species in
Croatia, the observed values of genetic diversity in this
species is significantly lower than polymorphisms of species
distributed in karst rivers, despite their more restricted
f 13



Table 3. Genetic polymorphism measures based on the cyt b gene for Barbus balcanicus in Croatia.

Population/River catchment/Region N h Hd p h S k

Željeznica 2 2 1 0.00351 4 4 4

Žarovnica 6 3 0.733 0.00011 3 3 1.267
Bednja 8 4 0.821 0.00166 5 5 1.893
Lonjica 6 3 0.6 0.00105 3 3 1.2
Ka�sina 8 5 0.857 0.00128 4 4 1.464
Burnjak 6 3 0.733 0.00082 2 2 0.933
Lonja 20 8 0.884 0.00135 8 8 1.532
Sarni 6 3 0.6 0.00088 3 3 1
Rijeka 8 3 0.714 0.00088 2 2 1
Krapina 15 5 0.781 0.00117 4 4 1.333
Sava* 6 2 0.333 0.00029 1 1 0.333
Sutla 3 1 0 0 0 0 0
NORTH REGION 52 10 0.883 0.00140 10 10 1.600
Toplica 2 2 1 0.00088 1 1 1
Strančevac 3 2 0.667 0.00058 1 1 0.667
Sivornica 2 1 0 0 0 0 0
Brusnica 2 2 1 0.00176 2 2 2
Pakra 11 5 0.764 0.00102 5 5 1.164
Rinovica 2 1 0 0 0 0 0
Londža 3 2 0.667 0.00117 2 2 1.333
Kutjevačka rijeka 4 1 0 0 0 0 0
Orljava 10 4 0.733 0.00098 3 3 1.111
Putnjak 10 4 0.8 0.00099 3 3 1.133
Re�setarnica 10 4 0.8 0.00099 3 3 1.133
Šumečica 5 3 0.8 0.00088 2 2 1
Velika Radetina 1 & 2 5 3 0.8 0.00088 2 2 1
Kara�sica 10 4 0.778 0.00090 3 3 1.022
Česma 4 1 0 0 0 0 0
EAST REGION 45 11 0.804 0.00102 11 11 1.162
Sunja 5 3 0.8 0.00158 3 3 1.8
Listovački 3 1 0 0 0 0 0
Brusovača 5 2 0.4 0.00070 2 2 0.8
Bublen 4 3 0.833 0.00102 2 2 1.167
Glina 12 4 0.742 0.00116 3 3 1.318
CENTRAL REGION 18 7 0.869 0.00150 6 6 1.712
TOTAL SAMPLE 115 15 0.880 0.00130 16 16 1.480

N� sequence number, h� haplotype number, Hd� haplotype diversity,p� nucleotide diversity, h� total number of mutations, S� number of
polymorphic sites, k � average number of nucleotide differences. At five localities (Pronjak, Dubočanka, Kravajčevca, Bijela rijeka and
Stupnica (Una)), the sample size was too low to obtain reliable estimates (1), but these samples were included in the river catchment, region and
total sample.
*Sava is representing only the Vidovec Stream not the whole Sava River drainage.
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distribution ranges (e.g., Telestes polylepis Steindachner, 1866
distributed in a single lake has a Hd of 0.9; T. tursky (Heckel,
1843) in a single small river has a Hd of 0.964 (Buj et al.,
2017); Cobitis dalmatina Karaman, 1928 distributed in the
Cetina River has a Hd of 0.99 (Buj et al., 2014); all the above
species have much narrower distribution ranges than
B. balcanicus in Croatia). The reason for this difference is
the very old origin and unconstrained evolutionary histories of
these karst species. On the other hand, the Croatian lineage of
B. balcanicus is of much younger origin, diverging around
0.68 MYA, despite the much older origin of the species. Its
evolutionary development during this period resulted in the
observed level of genetic diversity. Few species in continental
Croatia have been examined for their genetic diversity to date.
Page 10
Moreover, there is a lack of data on species with similar
ecological requirements as B. balcanicus, inhabiting upper
parts of rivers and streams and living in colder, well
oxygenated waters. Salmo labrax Pallas, 1814 in the Plitvice
Lakes system expressed moderate genetic diversity, estimated
using cytochrome b as well, Hd = 0.615 (Buj et al., 2020),
whereas its diversity within the Žumberak-SamoborskoGorje
Nature Park Hd = 0.807 (Ivić et al., 2020) is similar to the
genetic polymorphism of B. balcanicus in Croatia.

Though the observed genetic diversity in several pop-
ulations was zero (at the localities Hromec, Listovački stream,
Sivornica, Račačka rijeka, Kutjevačka rijeka and Rinovica) or
very low (Hd= 0.33 in the Vidovec stream), these estimates
may not be reliable due to the small sample size. Genetic
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Table 4. Effective size estimates for river catchments.

River catchment Population Ne (MLE) Ne (5–95% probability)

Bednja Željeznica, Žarovnica 217 130–348

Lonja Lonjica, Ka�sina, Burnjak 217 143–356
Sava* Vidovec 61 34-*

Krapina Sarni, Pronjak, Rijeka 78 43–147
Glina Brusovača, Listovački, Bublen 65 36-*

Sunja Sunja 234 126–478
Kara�sica Velika Radetina 1&2, Šumečica 1043 478-*

Pakra Toplica, Strančevac, Kravajčevca, Bijela rijeka, Brusnica, Sivornica 652 430–1043
Orljava Dubočanka, Rinovica, Londža, Kutjevačka rijeka 27 17–48
Re�setarnica Putnjak 113 82–152

Ne (MLE � maximum likelihood estimate) and Ne (5–95% � estimates at 5th and 95th probability percentile; an asterisk represents estimation
that did not converge to the 95th percentile). For the Sutla, Una and Česma River catchments. The sample size was insufficient for valid analysis.
*The Vidovec Stream does not represent the Sava River drainage, it is just a small tributary that is not a part of larger river catchmet so it was
assigned to Sava River.
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diversities observed in populations with an adequate sample
size were moderate to high and the observed genetic
polymorphism of B. balcanicus is likely due to its wide
distribution in rivers and streams of the Danube basin in
Croatia, and also due to some 680 000 years of independent
evolution. With the exception of the Kara�sica and Pakra River
catchments, populations of the Danube barbel in Croatia have
low effective population sizes (61–234), which might be a
consequence of the smaller stretches of adequate habitats in
individual rivers and streams. However, this may indicate that
some populations have reduced sizes due to anthropogenic
pressures. Unfortunately, majority of localities included in this
investigation are not in the natural or near-natural state. Habitat
fragmentation and degradation are present on many water
bodies inhabited by B. balcanicus and our result indicate that
they are very problematic for its populations. Namely, by far
the highest effective population size was estimated for
population inhabiting the only localities that are still in natural
state, without any habitat degradation or other threats�Velika
Radetina and Šumečica streams in the Kara�sica River
catchment. On the other localities, where habitat degradation
is present, sometimes even coupled with pollution (such as are
localities in the Bednja, Lonja and Pakra River catchments),
effective population sizes seem to be reduced (estimated to
217–652 individuals). The lowest densities are characteristic
for populations in rivers and streams affected by habitat
fragmentation (such as localities in the Krapina River
catchment, where effective population size is estimated to
only 71 individuals), and localities where habitat degradation
and pollution are particularly intense (for example the Vidovec
stream, which is completely channelized and very polluted,
and the effective population size of the Vidovec population is
only 61). Noteworthy, besides on the highly affected habitats,
small population sizes were observed also on the localities in
the Glina River catchment, which have not been anthropogen-
ically modified. However, those are mostly very small streams
that, at least partially, dry out during part of the year, so it is
likely that they only present temporary habitat for this species.
Generally, we can conclude that habitat fragmentation,
particularly if coupled with habitat degradation and pollution,
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is the most problematic threat to B. balcanicus, leading to
reductions in its population sizes. This conclusion is
concordant with life history traits of B. balcanicus, because
it migrates in the upper parts of rivers and streams for
reproduction (Kottelat & Freyhof, 2007), but also previous
reports (Mrakovčić et al., 2006). Thereafter, habitat protection
and restoration, particularly removal of barriers and/or
mitigation of negative effects of habitat fragmentation should
make up the most important parts of conservation plans.
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