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Abstract

Background: Anthropogenic factors can have a major impact on the contemporary distribution of intraspecific
genetic diversity. Many freshwater fishes have finely structured and locally adapted populations, but their natural
genetic structure can be affected by river engineering schemes across river basins, fish transfers in aquaculture industry
and conservation management. The European bitterling (Rhodeus amatrus) is a small fish that is a brood parasite of
freshwater mussels and is widespread across continental Europe. Its range recently expanded, following sharp declines
in the 1970s and 1980s. We investigated its genetic variability and spatial structure at the centre of its distribution at
the boundary of three watersheds, testing the role of natural and anthropogenic factors in its genetic structure.

Results: Sequences of mitochondrial cytochrome B (CYTB) revealed that bitterling colonised central Europe from two
Ponto-Caspian refugia, which partly defines its contemporary genetic structure. Twelve polymorphic microsatellite loci
revealed pronounced interpopulation differentiation, with significant small-scale differentiation within the same river
basins. At a large scale, populations from the Baltic Sea watershed (middle Oder and Vistula basins) were distinct from
those from the Black Sea watershed (Danube basin), while populations from rivers of the North Sea watershed (Rhine,
Elbe) originated from the admixture of both original sources. Notable exceptions demonstrated the potential role of
human translocations across watersheds, with the upper River Oder (Baltic watershed) inhabited by fish from the
Danube basin (Black Sea watershed) and a population in the southern part of the River Elbe (North Sea watershed)
basin possessing a signal of admixture from the Danube basin.

Conclusions: Hydrography and physical barriers to dispersal are only partly reflected in the genetic structure of the
European bitterling at the intersection of three major watersheds in central Europe. Drainage boundaries have been
obscured by human-mediated translocations, likely related to common carp, Cyprinus carpio, cultivation and game-fish
management. Despite these translocations, populations of bitterling are significantly structured by genetic drift,
possibly reinforced by its low dispersal ability. Overall, the impact of anthropogenic factors on the genetic structure of
the bitterling populations in central Europe is limited.
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Background

Quaternary climatic changes have significantly affected the
genetic diversity and structure of populations. The current
interspecific and intraspecific diversity of the European
biota has been substantially shaped by cycles of expansion
and contraction of species ranges (e.g. [1]). Thermophilic
species repeatedly retreated from much of their continental
ranges during cold glacial periods, followed by range expan-
sions and recolonisations during warmer periods [2—4].
Similar periodic range expansions and contractions due to
climatic fluctuations occurred over much shorter timespans
within the Holocene [5]. Such dynamics frequently gener-
ated temporarily isolated populations in local refugia. Such
isolated populations tended to differentiate due to genetic
drift and local adaptation. Consequent (re)colonization pro-
cesses are associated with reduced genetic diversity due to
sequential founder effects and population bottlenecks [6].
When contemporary ranges were recolonized from mul-
tiple refugia, distinct genetic lineages sometimes met in
contact zones and hybridized (e.g. [7, 8]), thereby increasing
genetic diversity in these secondary contact zones.

The geographic patterns and genetic diversity hotspots
of freshwater taxa often differ from those of terrestrial
taxa. The historical dynamics of range contractions, ex-
pansions and shifts in freshwater species are less well
understood than those of terrestrial taxa [9]. Freshwater
systems support species and populations that are often
more isolated than terrestrial taxa, depending on their
ability to overcome natural barriers to dispersal. For ex-
ample, salt-tolerant and migratory species [10, 11] dis-
play shallow genetic divergence and high levels of gene
flow that are not reflected in terrestrial species. In con-
trast, freshwater organisms often display a high level of
genetic differentiation among populations [12, 13]. In
these taxa, natural dispersal and colonisations may be
limited to relatively rare events, such as extensive pluvial
periods, river captures, large-scale flooding and historical
connections of currently separated rivers during periods
of reduced sea level (reviewed in [14]).

Human-mediated translocations are an important recent
influence on species distributions and population connectiv-
ity [15-17], particularly for freshwater ecosystems where
connections were previously rare. For example, artificial ca-
nals can connect previously separated river basins [18], spe-
cies are unintentionally transferred across drainages [19],
and angling-related fish transfers [20] distribute both game
and bait species outside their former geographic ranges [15]
and thereby mix previously isolated populations [21]. Other
human activities, such as aquaculture, release of non-native
species, river regulation and channelization, all may affect
the population genetics of native species [22—24].

Here, we investigate fine-scale population genetic struc-
ture of a small freshwater fish, the European bitterling,
Rhodeus amarus Bloch (Cyprinidae) in the central part of
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its current distribution. The bitterling is a thermophilic
species currently distributed across much of continental
Europe, excluding Fennoscandia, the Iberian peninsula,
and northern parts of European Russia [25—29]. This spe-
cies has a limited dispersal capacity [30] and no commer-
cial value [31], limiting its potential for human-assisted
dispersal. However, the bitterling benefits from river regu-
lation and channelization [32] and uses newly constructed
waterways and connections between drainages to colonise
new areas [25]. Human-assisted translocations were also
reported, and the European bitterling has been success-
fully introduced to England [33], Italy [34] and Denmark
[35]. The European bitterling was formerly kept as an or-
namental fish, but its current popularity is negligible [26].
Bitterling lay their eggs into the gill chambers of living
mussels [36], making the extent of its distribution contin-
gent upon the presence of freshwater mussels (families
Unionidae and Margaritiferidae).

The current wide distribution of the bitterling across
Europe contrasts with a marked decline in its abundance
in the 1970s and 1980s that led to its designation as an
endangered species in several European countries [26,
37]. While a decrease in water quality and declines in
populations of unionid mussels were originally consid-
ered the primary reasons for the reduction in its abun-
dance, a relatively cold climatic period also may have
contributed to its decline. Using historical bibliographic
records, Van Damme et al. [26] argued that the bitterling
colonised much of Europe during the Medieval Warm
period, disappeared from most of continental Europe
during the Little Ice Age (approximately 1600—-1850 AD)
and expanded again from isolated populations following
a subsequent warming of European climate.

Previous phylogeographic studies demonstrated that the
European bitterling persisted during colder Quaternary
conditions in southern refugia and colonised the continent
from two main regions [27-29]. First, the lower part of
the Danube was the refuge for the “Western lineage” that
colonised the entire Danube basin and western Europe
(the Rhine and Elbe basins) [27]. Second, a region north
of the Black Sea was the refuge for the “Eastern lineage”
that colonized north-eastern Europe, including areas east
of the River Vistula in central Poland (including the Rivers
Dnieper and Dniester in the Ukraine and European part
of Russia) [27]. Using nuclear microsatellite markers, Bryja
et al. [29] demonstrated admixture between the two main
lineages in their contact zones in central and western
Europe. Natural contact and admixture between the line-
ages was possible during dynamic changes to river drain-
age systems [38, 39], although unintentional introductions
related to the onset of common carp (Cyprinus carpio L.)
aquaculture in western Europe 5-10 centuries ago also
are possible [26, 29]. Approximate Bayesian Computation
based on microsatellite markers suggested that bitterling
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populations from western Europe (the Rhine, the Rhone)
are of Holocene origin (median estimate of their origin
8000 years ago), with secondary contact in the Elbe basin
approximately 1500 (range: 212-3729) years ago [29].
Other refugial populations did not contribute to current
bitterling repopulation of Europe and remained confined
to the eastern Mediterranean region [28, 29, 31, 40, 41].

In the present study, we focused on fine-scale patterns of
genetic structure in the central region of the current distri-
bution of the European bitterling that encompasses the
main European watershed divides between three major ba-
sins. We tested the roles of hydrography and human activ-
ities on the present genetic diversity of bitterling, which is a
legally protected but widely distributed species [31]. Specif-
ically, we tested the roles of natural and human-assisted
dispersal by spatial analysis of detailed genetic structure
using a mitochondrial marker (the gene for cytochrome b;
CYTB) and a set of 12 nuclear microsatellite markers. We
concentrated sampling in the Czech Republic, where the
main divides among three major European watersheds exist
(Fig. 1), using data from a combination of three previously
genotyped populations [29] and 13 new populations geno-
typed for this study. The Black Sea basin includes the River
Morava (a northern tributary of the Danube) and its tribu-
taries in the south-eastern part of the country. The North
Sea basin includes the Elbe basin in the western Czech Re-
public. The Baltic Sea basin includes the River Oder basin
in the north-eastern part of the country. We expanded the
study area to genotype populations in neighbouring coun-
tries that were not included in our previous range-wide
population genetic study [29] and were potentially inform-
ative for our aims.

The specific aims of the study were: (1) to test whether
the genetic structure of the bitterling in central Europe is
contingent upon the boundary of three major watersheds,
and (2) to compare the roles of natural and anthropogenic
processes in formation of the contemporary genetic struc-
ture in the study area. In broader terms, our aim was to
contribute to understanding of the impacts of artificial
translocations, historical events and demographic pro-
cesses in shaping present genetic diversity of freshwater
organisms using a non-commercial fish in a hydrographic-
ally diverse area.

Material and methods

Sampling and genotyping

In total, we analysed 691 samples of fish (small tissue clips
from caudal fins stored in 96% ethanol) from 28 popula-
tions, composed of 409 newly sampled and genotyped indi-
viduals and 282 individuals from a previous study [29]. We
focused on the boundary between three different water-
sheds (Baltic, North and Black Sea drainages) in central
Europe (Fig. 1 and Table 1). Fish were collected during
2003-2009 using electrofishing as part of routine
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monitoring of fish communities, or provided by collabora-
tors from Germany, Poland, the Netherlands and Hungary
(Table 1). We aimed at a sample size of 25 individuals per
population, although this number could not be achieved in
several populations despite high sampling effort (Table 1).
All bitterling individuals were genotyped at 12 microsatel-
lite loci [42, 43] and a subset of individuals were sequenced
at the mitochondrial gene cytochrome b (CYTB) gene (see
Additional file 1 for more details).

Genetic structure based on microsatellites and mtDNA

A Hardy-Weinberg equilibrium (HWE) test was per-
formed for each locus in all populations using Markov
chain methods (“Exact probability test”’) in Genepop
4.0.10 [44]. Genetic variability was estimated for each
locus in each population from expected (H,) and observed
(H,) heterozygosities in GENETIX 4.05 [45]. Because of
dependence of the detected number of alleles on sample
size, we calculated allelic richness (AR) corrected for mini-
mum sample size (N =9) using the rarefaction method in
ESTAT 2.9.3.2 [46]. The proportion of null alleles (NA) at
each locus and population was estimated in FreeNA [47].
The probability of the presence of null alleles, allele drop-
out and scoring errors due to stutter was further tested
using MICRO-CHECKER 2.2.3 [48].

Genetic divergence among study populations was esti-
mated by pairwise Fst [49], and the presence of substruc-
ture (i.e., Fst significantly higher than zero) was tested by
1000 permutations in GENETIX 4.05 [45]. We analysed the
population genetic structure of microsatellite genotypes
using the Bayesian clustering algorithm implemented in the
program STRUCTURE 2.3.3 [50]. The computation for K
=1-10 was completed using an admixture model and cor-
related allele frequencies model (A =1). The program was
run with 10 independent simulations for each value of K,
each of 10° iterations, following a burn-in period of 10° it-
erations. The likelihood of K (Ln Pr(X|K)), was used to
infer the best number of real populations in the datasets
(Additional file 2: Figure Sla) in combination with the esti-
mation of the best K based on the AK criterion using the
method of Evanno et al. [51] (Additional file 2: Figure S1b).
The results of 10 replicates for each value of K were com-
bined using the Greedy algorithm in CLUMPP 1.1.2 [52],
and summary for each K were visualised using Distruct v.
1.1 [53]. In addition to individual-based clustering, genetic
relationships among populations based on allele frequencies
were also assessed by factorial correspondence analysis
(FCA) in GENETIX 4.05, and the positions of each popula-
tion on the first two axes were graphically illustrated. The
sequence variation in CYTB was visualised using the
median-joining algorithm in Network 4.610 as a haplotype
network [54]. All sequences were geo-referenced and the
geographical distribution of haplogroups was inspected
visually.
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Fig. 1 Geographic distribution of genetic diversity of mitochondrial and microsatellite markers. a Spatial distribution of two main mtDNA
lineages, based on b median-joining haplotype network of 83 CYTB sequences (1124 bp) from 26 populations of the European bitterling. Length
of branches in the network is proportional to the number of substitutions along a given branch (the number of substitutions in brackets for the
main division), and circle size is proportional to haplotype frequency (reference scale provided). Colours of portions of pie-charts indicate the
relative proportions of haplogroups at particular locations. ¢ Overall geographic setting of the study area on the map of Europe, d microsatellite
marker-based genetic structure of bitterling populations at the border of three watersheds. Colours of portions of in pie charts correspond with
the inferred membership of individuals to a particular group K detected in STRUCTURE for K = 2; size of pie charts indicates allelic richness. River
basins are illustrated using different colours. The map was created in QGIS 2.18 (http://qgis.org)

Isolation by distance was analysed for the group of distances (river kilometers). Mantel tests were used to
Danube populations (DAN1-DAN10) by regressing pair-  test the correlation between matrices of genetic differen-
wise estimates of Fst/(1- Fst) against In-distance be-  tiation and Euclidean distances between sampling sites
tween sample sites [55] measured along hydrographic by 1000 permutations in GENEPOP.
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Table 1 Overview of analysed populations
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Pop ID Locality Country Latitude Longitude Niotal Nevrs Basin®

DANT* Kyjovka River Czech Rep. N 48°46'48" E 17°00'58" 45 - Danube (Dyje)
DAN2* Morava River floodplain Czech Rep. N 48°41'35" E 16°59"56" 34 1 Danube (Morava)
DAN3* Gabcikovo, Priehradky Slovakia N 47°53'00" E 17°30'00" 15 4 Danube

DAN4 Morava River near Nedakonice Czech Rep. N 49°01'45" E 17°23'33" 24 2 Danube (Morava)
DAN5 Olsava River near Kunovice Czech Rep. N 49°02'44" E 17°28'04" 24 2 Danube (Morava)
DAN6 Hana River near Bezmérov Czech Rep. N 49°20'23" E 17°20141" 25 2 Danube (Morava)
DAN7 Becva River near Troubky Czech Rep. N 49°26'00" E 17°20119" 23 2 Danube (Morava)
DAN8 Litava River near Zidlochovice Czech Rep. N 49°0229" E16°36'57" 24 2 Danube (Dyje)
DAN9 Oslava River near Oslavany Czech Rep. N 49°07'37" E 16°19'47" 9 2 Danube (Dyje)
DAN10 Jihlava River near Vladislav Czech Rep. N 49°12'33" E 15°5929" 23 2 Danube (Dyje)
DANT11* River Ublianka at Ubla Slovakia N 48°53'56" E 22°2326" 21 5 Danube (Tisza)
DAN12* Tépio stream, near Tapidszele Hungary N 47°21'49" E 19°4922" 25 5 Danube (Tisza)
RHIT* Grietherother Altrhein, NW of Rees Germany N 51°47'17" E 06°2217" 27 5 Rhine

RHI2 Nida River Germany N 50°17'00" E 08°47'47" 25 5 Rhine

RHI3 Lower Rhine Germany N 51°47'06" E 06°20'04" 22 3 Rhine

NET* Mark, Zevenbergen Netherlands N 51°37'34" E 04°35'08" 16 5 Rhine

ELBT* Labe River near Obfistvi Czech Rep. N 50°17'48" E 14°28'53" 46 3 Elbe

ELB2 Labe River near Libicky luh Czech Rep. N 50°06'05" E 15°0928" 22 3 Elbe

ELB3 Sézava River at Porici n. S. Czech Rep. N 49°5027" E 14°40'51" 26 3 Elbe

ELB4 Labe River, at Valy Czech Rep. N 50°01'59" E 15°36'58" 18 3 Elbe

ODRI1 Oder River at Bohumin Czech Rep. N 49°5325" £ 18°1824" 36 3 Oder

ODR2 ponds near Paskov - Piliky Czech Rep. N 49°4512" E 18°16'54" 27 3 Oder

ODR3 River Oder at Jesenik n. O. Czech Rep. N 49°37'01" E 17°55'11" 22 3 Oder

ODR4 River Sleza at Wroclaw Poland N 51°01'51" E 16°59'55" 22 5 Oder

VIST* Lake Kociolek Poland N 52°37'02" E 18°2842" 29 3 Vistula

VIS2* Wiloclawski reservoir Poland N 52°33'00" E 19°35'00" 24 - Vistula

ITA Italy, introduction Italy N 45°24'09" E 08°44'25" 34 4 Po

LICH Lake Lichenskie Poland N 52°2022" E 18°21'28" (3) 3 Oder

Niotal = the number of individuals genotyped at 12 microsatellites; Ncyrg = a subset of individuals genotyped for partial cytochrome b sequences. Three individuals
from the LICH population were genotyped only for CYTB sequences (N total given in brackets). Populations labelled * were genotyped by Bryja et al. [29].

2Subbasins are shown for the Danube basin in parentheses

Specific tests of the role of barriers among three
watersheds

Hierarchical Analysis of Molecular Variance (AMOVA;
[56]), based on allele frequencies at microsatellites, was
carried out using Arlequin 3.1 [57]. Populations close to
watershed divides were grouped according to the three
river basins — Elbe (ELB1-ELB4), Danube (DANI,
DAN2, DAN4-DAN10), and Oder (ODR1-ODR4). The
first test considered all these populations and tested the
role of watersheds on the genetic structure. In the sec-
ond test, we removed four populations that were identi-
fied to be either admixed (ELB3) or assigned to
unexpected groups (ODR1-ODR3) in the STRUCTURE
analysis. The procedure examined the effect of these
four populations on the strength of watershed-based
genetic structure. The Fixation Index (Fcr) was

calculated, and the significance of partitioning of mo-
lecular variance among groups was assessed by 10,000
bootstraps [56].

To examine temporal aspects of the observed diver-
gence, we compared the relative impact of genetic drift
(Fs7) and stepwise mutations (Rs7) on genetic differenti-
ation in SPAGeDi v1.5 [58], where Fgr is a measure of
population differentiation [49], Rsr is an Fsr analogue
based on allele size, and pRgsy is Rt computed after
allele-size permutation. The hypothesis Rgy= Fsr pre-
dicted that genetic drift had an equal effect on genetic
divergence as stepwise mutations. The alternative hy-
pothesis (Rsr> Fsy) predicted that stepwise mutations
were more heavily involved in population differentiation
[59], suggesting older divergence. Different allele sizes at
each locus were randomly permuted among allelic states,
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and 9000 random permutations provided a simulated
distribution of Rgy values (pRsy) and their 95% confi-
dence intervals (Cls) for testing whether Rgr > pRsr [59].
The analysis was based on data from all 12 loci.

Scenarios of population history assessed by approximate
Bayesian computation

The analyses of genetic structure revealed that some popu-
lations (sample ELB3: Sdzava River (SAZAVA); and samples
ODRI1-ODR3: the Czech part of the River Oder (CZO-
DER), see above) did not cluster according to watersheds.
We inferred their detailed history via Approximate Bayes-
ian Computation (ABC; [60]) implemented in DIYABC
2.04 [61]. This program enables modelling of complex
population histories with any combination of population di-
vergences, admixtures and population size fluctuations. It
allows comparison of alternative evolutionary scenarios, es-
timation of their relative support, and quantification of pa-
rameters for particular scenarios [61]. The ABC analysis is
based on modelling of population history and both muta-
tions (using generalized stepwise mutation model) and gen-
etic drift (by specification of effective population sizes; for
example modelling founder effect by a strong decrease of
N,) are taken into account. We acknowledge, however, that
an alternative view (hold over several revisions by an an-
onymous reviewer) might be that the ABC analysis rests on
the assumption that differences among populations are
solely due to mutations.

Three groups of populations were created according to
the Bayesian assignment of their genetic structure for
testing the origin of hydrographically misclassified popu-
lations. First, SAZAVA (North Sea) was formed by the
ELB3 population (26 individuals), the Elbe group
(CZELBE - North Sea) composed of ELB1, ELB2, ELB4
(86 individuals), and a group of geographically proximate
populations associated with western tributaries of the
River Morava (WMORAV - Black Sea) consisting of
populations DAN8-DAN10 (56 individuals). Second, the
Czech Oder populations (CZODER - Baltic Sea) con-
sisted of ODR1-3 (85 individuals), the River Oder and
Vistula populations from Poland (POLRIV - Baltic Sea)
comprising ODR4, VIS1, VIS2 (75 individuals), and pop-
ulations from geographically close rivers in the lower
and middle reaches of the River Morava and its tributar-
ies (NMORAV - Black Sea) formed by DAN1, DAN2,
and DAN4-DAN7 (175 individuals).

Nine scenarios were constructed to estimate the most
likely description of the observed pattern of population
structuring among watersheds (Additional file 3: Table S1,
Figures S1, S2). Effective population sizes, timing of events
(merging, splitting or changes in effective population size),
and rates of admixture in the case of merging events were
used to describe the scenarios. The range of uniform priors
is specified in Table S2 (Additional file 3). All markers had
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regular motifs (motif length of 4 bp for Rserll and 2 bp in
all other markers used), and the generalized stepwise model
was used as the mutation model (GSM; [62]). All microsat-
ellite mutation parameters were at default settings. We used
a generation time of one year [36, 63].

We simulated 1 million data sets per scenario. For
each simulation, a set of summary statistics was com-
puted for comparison to the observed data set for selec-
tion of the best model. Logistic regression was used to
select among models. The relative posterior probability
(95% credible intervals) of each scenario was determined
with the 1% of the simulated data sets closest to the ob-
served data (Euclidian distances). The posterior param-
eter distributions were estimated from the 1% of the
simulated data sets closest to the most likely scenario
[64]. Model checking was performed to evaluate the dis-
crepancy between a model-posterior combination and
observed data set by considering sets of summary statis-
tics that had not been used for previous inferential steps.

Results

Genotyping success for microsatellites was high (96.1%),
and multilocus genotypes were obtained for 688 individ-
uals from 27 populations. Most missing genotypes were at
loci Rser04 (7.8%) and Rser09 (7.3%), possibly representing
homozygotes for null alleles. The same loci had relatively
high frequencies of null alleles estimated in FreeNA (6.9%
and 7.9%, respectively, Additional file 1: Table S1), despite
no apparent evidence of null alleles, allele dropout or scor-
ing errors due to stuttering in results assessed by
MICRO-CHECKER. Further, the Rser04 and Rseri3 loci
possessed a high level of polymorphism (94 and 95 alleles)
(Additional file 1: Table S1) with large differences among
populations (1-31 and 7-35 alleles per population for
Rser04 and Rserl3, respectively). To avoid potential bias
caused by these loci, population-level genetic variability
was additionally analysed using a reduced dataset of 9 loci
(ie., excluding loci Rser04, Rser09 and Rser13). All ana-
lyses of genetic structure among populations are based on
the complete dataset across all 12 loci because high allelic
polymorphism and presence of null alleles had a negligible
effect on the analyses of population structure. The analysis
of mitochondrial variability is based on 83 CYTB se-
quences from 26 populations.

Intra-population genetic diversity

Departure from HWE was demonstrated in 41% of pop-
ulations (11 of 27) when calculated over all 12 loci, al-
though only a single population deviated from the HWE
in the reduced dataset with 9 loci (ie., after removing
loci with null alleles). This population (ITA) arose from
a recent introduction [65], and deviation from HWE
(deficit of heterozygotes) may be due to inbreeding or to
HWE not yet having been achieved. The range of allelic
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richness (AR) for 9 loci was 2.33-5.05 (rarefaction esti-
mate for 9 individuals, Additional file 2: Figure S2). All
measures of intrapopulation genetic variation (H,, H.,,
and AR for 9 and 12 loci) were strongly correlated (p <
0.05; Additional file 2: Table S1).

The lowest genetic diversities were in populations at
the north-western periphery of the distribution of R.
amarus (NET, VIS1), one Czech population in the River
Elbe (ELB4), and two populations in the Czech part of
the River Oder (ODR2, ODR3). The highest genetic di-
versities were detected in the middle part of the Danube
basin (DAN3, DAN11, DANI12; all outside the Czech
Republic), an apparently admixed population from the
River Rhine basin (RHI2; see below) and, surprisingly, an
introduced Italian population (ITA) (Additional file 2:
Table S1, Additional file 2: Figure S2). The highest gen-
etic diversities within the Czech Republic were detected
in two populations in the Morava basin (DAN4, DANG),
one population in the Dyje basin (DANS) and in two
Elbe populations (ELB2, ELB3).

Spatial genetic structure

The mitochondrial CYTB haplotype network revealed two
main lineages corresponding with the western and eastern
lineages sensu Bohlen et al. [27] (Fig. 1). The western
lineage exclusively dominated all three watersheds in the
Czech Republic. The eastern mitochondrial lineage was
detected in the River Vistula and middle River Oder in
Poland (Baltic watershed). The two lineages co-occurred
in the River Nida (RHI2), the River Rhine tributary (North
Sea watershed); two individuals from the RHI2 population
possessed eastern lineage haplotypes (h14), while three in-
dividuals had western-lineage haplotypes (h3, h17). The
western haplogroup demonstrated a star-like haplotype
network (Fig. 1b), indicating a recent demographic expan-
sion in central Europe.

We detected a high level of genetic structuring and in-
ferred a significant role of genetic drift. The pairwise Fsr
values were significantly different from zero in 98.9% of
population pairs (Table 2). The Fsr indicated low differenti-
ation between only two geographically neighbouring popu-
lations from the Rivers Kyjovka (DAN1) and lower Morava
(DAN2), and among three populations in the middle
reaches of the River Morava (DAN4) and its geographically
proximate tributaries, the Rivers Be¢va (DAN7) and Olsava
(DANS). The genetic distance between Danube basin popu-
lations was significantly correlated with their hydrographic
distance (Mantel test, 1000 permutations, p = 0.001), sug-
gesting a strong role of isolation by distance.

Factorial correspondence analysis generally separated
the three watersheds along the first axis (Fig. 2), but sev-
eral important exceptions were apparent. The popula-
tions from the upper “Czech” part of the River Oder
(ODR1-ODR3), belonging to the Baltic watershed, were
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more similar to populations from the River Morava of
the Black Sea watershed than to the Oder population in
Poland (ODR4). Population ELB3 from the River Sizava
(a tributary of the River Elbe, North Sea watershed) had
a position intermediate between populations from the
North Sea (the remaining Elbe and Rhine river popula-
tions) and Black Sea watersheds (all populations in the
Danube basin). An introduced population from the River
Po in Italy (ITA) was genetically similar to populations
from the River Tisza (DAN11 and DANI12 in eastern
Slovakia and Hungary), a major tributary of the River
Danube, suggesting its origin from this part of the Black
Sea watershed. The second factorial axis sub-structured
some specific river basins. The Danube basin popula-
tions were separated from the River Tisza populations
and the remaining populations in the Czech and Slovak
part of this basin. In the North Sea watershed, popula-
tions from the River Elbe basin were separated from
populations from the River Rhine basin (Fig. 2).

The best-supported model in STRUCTURE [51] accord-
ing AK criterion (Additional file 2) separated all samples
into two clusters. This outcome (K = 2) is considered a fre-
quent bias of this method [66], but given the presence of
two mitochondrial haplotypes, we mapped Q-values for K
=2 (Fig. 1d). This provided poor correspondence between
watersheds and genetic structure. The same poor corres-
pondence between watersheds and genetic structure was
apparent for the specific model assuming clusters corre-
sponding to the three watersheds (i.e., K= 3) in central Eur-
ope (Additional file 2: Figure S2). Other acceptable models
classified populations into 4, 5, 6 and 8 groups; both
methods to estimate the best number of clusters (ie.,
log-likelihood and AK criterion) provided a concordant
outcome (Additional file 2: Figure S1). Assignments of indi-
viduals into particular clusters for K'=2-10 are presented
in Fig. 3. The comparison of barplots for K=9 and K =10
(Fig. 3) demonstrated that there was no additional mean-
ingful structure in the data. This was further supported by
the AK graphical output (Figure S1b in Additional file 2)
showing no support for K=9 and K = 10.

A model for K =2 showed that three populations from
the River Oder (ODR1-ODR3) located in the Czech Re-
public clustered with geographically proximate popula-
tions from the Danube watershed. The ELB3 population
(River Sazava) was more similar to the Danube water-
shed populations, but was apparently admixed with
population from the Elbe (North Sea watershed) and
Danube watersheds (Fig. 1d).

A more complex, but suitable (and biologically reliable)
model for K =8 revealed significant genetic subdivision in
central Europe (Fig. 4) and demonstrated highly heteroge-
neous populations in the drainages of the River Oder (Baltic
watershed) and Elbe (North Sea watershed). First, this ana-
lysis confirmed clear separation between the population



Page 8 of 15

105

Bartakova et al. BMC Evolutionary Biology (2018) 18

SDUDIDHIP Jued

(uonenuaayip uonendod uo suonenw asimdals Jo 1939 Juenodwi “'1) 1Syd ssimied pue 1Sy asimiied usamiaqg
1ubis pue (10°0 < d “'1) sanjea 1S4 Juedyiubis-uou yum sited s1edipul (fsUS1Se Ue Yim pasiew) sanjea parybiiybiH [8S] §'LA ISDVJS Ul sanjea 1Sy asimited ‘[Si] SOv XILINTD Ul palendjed a1am sanjeA 1S4 asimiieq

«ELF'0 €LE60 /L€ Lo ¢e00 L1900 ¢el'0 ¥0l'0  fCl'0  €Ll'0 ££00 £00  ¥0L0 LI'0 ¢SO0 9800 0800  8/00  ¢e00  8LOO L1900  €C€0 L0 «80€0  //00 ¥/00 vl
E€0 «V6€°0 6/00 «L1S'0 V€0 «8TF0 66C0 «EP'O0 6910 «LSE0 +Cl0 8LEO0 1910  C&¥0  /¥L'0  OLE0  ¥6L0  60C0 «8LV'0 «9¥¥'0 «9LE0 6610 710 98¢0  ¥E€C0O  19C0 CSIA
SCro - €LL0 €0 C0S0  Coro 1860 O¥1'0  8¥C0  CLL0  S/L'0 ¥8C0  Ly¥0  9e€0  9¥0 LGCO  €CCO0  80€E0  ¥8CO  vCE0  €CE0  €¥CO  89¥0  LCE0 L¥50 €0 6vE0 LSIA
90¢0 6600  8YLO «EPV'0  /9C0 lCe0 6600 «6L€0 00 /610 €00 8¢CO0 +¥800  ¢9¢0 8500 S8LO  €OL'0O  S600 «88€0  SSE0 190 Lo 6500 €90 wPlO0 6910  ¥ddO
L0 Ze¥0 9150 L/E0 0500 €000— €9¢0  SOLO  6SC0  £¢CO /LLO 1600 9810  ¢lOO0  OLLO  6cl0  cllo  vPlO  €€10  §00  ¥/00 «l6€'0 S8L0 //C0  #/00 €500  €d4AO
¢SC0  6C¥0  S6¥0  €9€0  9LL0 8500 16l0 £1'0 010 60C0 €C00 c¢lo0— 8¥00 6500 0£00 CLLO  #C00 /SO0  ¢ZL0  0el'0  #Cl0 61’0 £S00  ¢800 1OOO— SO00—  ¢¥do
/£8l'0  SC¥0  88¥0 19E0 LL00O 6800 €510 9¢00  ¥9L0  ZLLO 10 €00 c¢el'0 8500 ¢Z00 #¥00  €£00 1800 900 9¢00  SLO0 «9L€0 9€l0  €5¢0  ¥S00 ¢v00  1ddo
¥eC0  SPE0 0 €8C0  ¢6l0 PSCO  €LL0 600 1c00— 8000 0400 £SO S£00 6¥CO €00 0000 1900 €00 ¢rl'0  8Cl0 /900  €LCO 1900  8/C0 8600  GLLO ¥d13
€10 /Zl€0  CO¥0  19C0 7l'0 ¥8L'0  CEl0 ¢SL0 €Clo P00 8€L'0  €£L'0 910 IS0 ¥600  ¥000 €L10 6600 €00  ZLOO LCO0— «8SE0 9910 «SEE'0 Lclo - 8LLo €413
8/10 LSO ClE0 68l0 €S0 86L0 /PO 9¥00 <800 800 /(¥O0  €Cl'0  0VOO «9¥C°0  £000  LLOO Y00  CLO0 LI91'0 /¥l'0 600  ¢#l'0  £ZO00  9lC0  8/00 6600 4R}
€0C0  96L0  8vC0 8CL0 6410 Lco 8l'0 6600 1600 €500 8Cl'0  €8l0 9¢l'0  ¢SCO  ¢Z00 0000  LOLO 8900  ¢600 1600 LE00  80€0  €EL'0 «CSE0  9Cl'0  cElo 19713
YO0 CSCO €LE0 ¢6l'0 60€0  6CE0  €0€0  SCO Leco 2410 Lcro 0000 GLOO—  SLL'O LLOO— ¢SO0  Lo00 €100 ##L0  9LL'0O  90L'0 6400 1000  #900  CLOO  #¢00 13N
8500  £SCO LZ€0  LECO0 6410 ¥ECO 8l'0 /IO SELO  €EL0  SCLO 910 6100 %9800 1000— ¢600 £000  8C00 «LZL'O  #CLIO /L0  S9L0  SCO0  #600 SO00— €000— €IHY
9/00 L0co  ¥6¢0 ¢9l0  ¥SLO0 68L0 /PO €0 /800  SZ00  6£00 LCLO YOO %§8L°0 1C00— 8500 LOO— ¥000— «L6L'0 %C9L'0  6CL'0 8900 9l00— 8800  ClLOO 6200 IHY
8900  8¢CO LE€0 ¥0C0  9/10 lC0 9/10 8910  SClO  9LL'0  €0L0 8LLO 8000  S€00 6EL0  8SL0  €FL'0 6910 «LEL'0O  S800  €CL'0 «Lv€0 88l0 «¥ETO0 60L0  ¥600 LIHd
6810 €l¥0 ¥ISO 6¥€0 SO0 8/10  ¥800 /910 <800  ¢ClO SGI'0 L0€0 /910 6€l0 9910 6000— ¥C00— 6¢00- 80L0 /800 L1900  §S00 SC00—  #900 9000— 8000 SNvA
10 L¥70 950 ¢6€0  SSL0 €610 710 ¥LC0 800 S910  9/10 €ec0  /8LO0  <¢SLO 18l'0 €010 8L00 #000— €800 LS00 £000— 90C0 8¢00  /Z0CO  6£00  6V00  6NVd
8/10  €8¢0  /8¥0 9C€0 S0 wol0  vCl'0 €10 /800 /Z¢lO0 ¢SO Z6C0 6510 9¢l0 9I'0  9Lo'0 ¥l £100— 1’0 ¥LI'0 9/00  §£00 €100— 8900 LO0— <000 O9NvVd
8910  ¢/€0  9FO €lE0 10 110 6800 &S0  ¢¥00 6600  8LLO 69C0  €¥l0 LI'0  6£l0 «l00O 600 €100 PeL'0 010 ¢900 600 €L00— OLL0  +¥000 8LO0  ¥NvA
€00  /¥E0  8e¥0  CLED L0CO ¢SC0o  86L0 <¢OCO  ¢Zl0 €910 S6lL0 6£C0 LS00 SZ00 900  /6l0 8LCO  €8l0 LZ10 Lc00— 00 =ELV'0 /610 x£6€°0 6£l0 L0 CINVd
€900 Y0 9050 SLE0  ¥CCO 68C0  SLCO ¥CCO €00  66L0  6CCO 88C0 €600  LOL'O 8600  SLCO  8eCO  COCO  ¥6L0  6C00 000 LLE0 9910 «bEE0  80LO €0L0 LINVA
€00 #0050 ¥S€0  ¥LL'0O /80  €0L0 ¢vl'0  SPOO 6010  6£L0 ¥6C0 L10 SEl0 S9L0 S00 LS00 ¢800 €00 €610 900 *G6C°0  LCl'0  ¢/Cc0  ¢800 1800 OLNVd
S9L0  £6€0  e6¥0 8¥E0  ¥600 <¢9L'0  6£00 LSLO0 ¥/00  60L0 LSL'0 ¢/c0  /pI'0 €L10  SPL'0 €900 €500 €600 6500 9o ¥/I'0  9¥00 6100  /S00 6600 9¢l'0 8Nvd
610 Ler0 S0 SS€0 90L0 6410 ¢600 +SLO 6900  80LO  S¥L'O0 LOEO0  #£10 710 LZI'0 %T00'0 6800 LEO'O x€00'0 66L0  /LCO  8COO SO0 700 8000 £¢00 /ZNvd
y1'0 C6E0 1870 8LE0  ¢800 LEL'O  #£00 9SL'0 8900  £0L'0  8LLO 60C0 ¢cl'0  S800  80LO  SZ00 1800 +¥OLO  ¢900  €erl'0  SSL'O0 8900 900 L00 8500 ¢/00 &Nvd
S6l0  vL¥O  ¥6¥0 LSE0  €0L0 68L0 8800 6SL0 800 /¢l'0  evl'0 8CO0 €910 w0 910 €00 8600 €500  9¢00  86lL0  €lCO  6¥00 800  1€00 S00 6000—  ¢Nvd
¥8L'0  66£0  99¥0  €€0 600 L/L'0  #/00 /¥LI'0  ¢800 CLLO  9€l'0 €9¢0 8SL0  LEl0  6SL0 00  €LL0 9S00 6700 8l'0  S6L0 9S00 /00 €00  SYO0 xS00°0 LNvd

V1l CSIA LSIA #8400 €40 ¢d4d0  LHaAo  vd13 €413 [4<RE] 1913 13N €IHd IHY LIHd  SNVAd  6Nvd ONvA +vNvd <INV LINVA OLNVYA  8Nvd /NvA eNvd <Nva  LNvd

(leuobelp ay1 mojaq) senjea L5y ssimired pue (jeuobelp ayi sA0Qe) sanjeA 154 asimiied Jo Xuiey g ajqeL



Bartakova et al. BMC Evolutionary Biology (2018) 18:105

Page 9 of 15

Black Sea North Sea

%I\L ITA

£LB3
®

'ODR3

=
N - D
0 Eastern tributares,
x to the Danube |
© I
® e | :
g o !
1
- | ©/(North Sea watershed)
(5} ' NET
© Czech tributares | ]
L o to the Danube |
o 7] DAN1-DAN10 1
1
1
1
1
1
1

1
1
1
1
:
1
Czech Elbe (CZELBE) '
1
1
1
1
1

Baltic Sea

Male Rhodeus amarus. |

Polish rivers POLRIV
(Baltic Sea watershed)

I Upper (Czech) | I I !
part of the Oder, 1

-0.5 (CZODER) 1 0.0 0.5 ' 1.0
1

Factorial axis 1

represented by a unique symbol

15

Fig. 2 Position of each population based on microsatellite allele frequencies in the Factorial Correspondence Analysis and photograph of male
Rhodeus amarus with host mussel (inset). Separation by the first factorial axis suggests the existence of a structuring driven by drainage area
(illustrated by the hatched lines). The second axis indicates structure driven by variation within individual river basins. Each drainage area is

o

>

=

w
u'k'l’P‘ql’l

o
o
o
g
hal s W

B
| |
1

i

ELB1

ELB2
ELB4

NET
RHI3

RHI1

RHI2
ODR4
vis1

vis2

K=2 K=3 K=4 K=5 K=6 K=7 K=8

and summary barplots for each K-value were displayed using Distruct v. 1.1 [53]

K=9 K=10

Fig. 3 Bayesian analysis of genetic structure of Rhodeus populations in central Europe performed in STRUCTURE 2.3.3 [50] for 688 individuals from
27 localities for K=2-10. The results of 10 replicate runs for each value of K were combined using the Greedy algorithm of CLUMPP 1.1.2 [52]




Bartakova et al. BMC Evolutionary Biology (2018) 18:105

Page 10 of 15

vis1® @ VIS2,

map was created in QGIS 2.18 (http://qgis.org)

Fig. 4 Detailed genetic structure of bitterling populations at the border of three watersheds. Colours of portions in pie charts correspond with
the assignment of individuals belonging to a particular group detected in STRUCTURE for K = 8. Size of pie charts indicates allelic richness.
Hatched lines border groups of populations in the Approximate Bayesian Computation. River basins are illustrated using different colours. The

from the middle part of the River Oder in Poland (ODR4;
orange colour in Figs. 3 and 4) and three populations from
the upper part of same river (ODR1-ODR3) in the Czech
Republic (red colour in Figs. 3 and 4). Second, three popula-
tions from the main channel of the Elbe (ELB1, ELB2,
ELB4) were similar to each other (grey colour in Figs. 3 and
4), while the population from its southern tributary, the
River Sézava (ELB3; blue colour), appeared more closely re-
lated to the geographically proximate populations from the
Black Sea watershed (DANS8-10).

Populations from the Danube basin (Black Sea water-
shed) in central Europe demonstrated additional fine-scale
substructuring. They were split into three clusters in
models for K> 7 (Figs. 3 and 4). The first (green colour in
Fig. 3 for K>7 and in Fig. 4) is composed of populations
from the Slovak stretch of the River Danube and two geo-
graphically adjacent tributaries of the Danube at the
south-eastern edge of the Czech Republic (the Kyjovka and
the lower Morava; DAN1-DANS3). The second cluster (pur-
ple) is composed of populations from the middle reaches of
the River Morava and its tributaries (DAN4—7). The third
cluster (blue) is formed by streams in the River Dyje basin,
a major western tributary of the River Morava (DAN8-10).

The fine-scale contemporary genetic structure among
three watersheds

Watersheds were important factors in the genetic struc-
turing of bitterling populations in central Europe. Group-
ing populations according to watersheds explained a
significant proportion (5.7%) of genetic variability
(AMOVA: Fcr=0.057, p<0.001). After removal of the

mismatched populations ELB3 and ODRI1-ODR3 (see
above), the explained component of variation increased to
14% (AMOVA: Fc7=0.140, p <0.001). This finding indi-
cates that the origin of these mismatched populations was
not primarily driven by vicariance among watersheds.

The global Rg7 value over all loci was not significantly
higher than the mean pRsz and only 31 of the 351 pairwise
comparisons demonstrated significant differences. Focusing
on ELB3, none of the three pairwise comparisons between
the ELB3 and the remaining Elbe populations (ELB1, ELB2,
ELB4) showed significant differences, suggesting that gen-
etic differences within this lineage were caused primarily by
genetic drift. On the contrary, one of three pairwise com-
parisons between the ELB3 population and three geograph-
ically proximate Danube populations (DAN8-DAN10) was
significant, suggesting some role for stepwise mutations
besides genetic drift in population differentiation. The pair-
wise comparisons among the Czech Oder populations
(ODR1-ODR3) did not show any significant differences be-
tween Fgr and Ry and the same was found for the com-
parison between Czech Oder populations (Baltic Sea) with
geographically proximate populations from the River Mo-
rava and its tributaries (DAN4-DANY7; Black Sea). On the
contrary, 3 out of 9 pairwise Rg7 comparisons (33%) be-
tween Czech Oder and Polish (ODR4, VIS1, VIS2) popula-
tions were significantly higher than Fgr (Table 2), suggesting
an important role for mutations in their differentiation and
hence an older divergence.

Approximate Bayesian Computation (Additional file 3:
Table Sla) suggested that the most likely scenario for
the origin of the River Sdzava population (SAZAVA) was
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an admixture between the Elbe (CZELBE, North Sea)
and western Morava (WMORAYV, Black Sea) groups
(posterior probability with a 95% credibility interval:
0.4178, 0.4088-0.4267). The distribution of posterior pa-
rameters estimated from this scenario is presented in
Additional file 3: Table S3. The WMORAYV populations
contributed a larger portion of individuals (median: 61.3,
95% CI: 0.129-0.954). The admixture event is dated to
approximately 229 years ago (median, 95% CI: 34.4—
1020 years ago), followed by a pronounced bottleneck of
the effective population size composed of an estimated
69 (median, 95% CI: 13.7-98.7) individuals and lasting
approximately 6 years (median, 95% CI: 0-26.2).

The populations from the Czech part of the River Oder
(CZODER, Baltic watershed) most likely originated exclu-
sively from the River Danube populations (NMORAY,
Black Sea watershed) (posterior probability 0.7451, 95%
CI: 0.7387-0.7515) (Additional file 3: Table S1b). Posterior
distributions of parameters for this scenario are shown in
Additional file 3: Tables S4. The origin of CZODER from
NMORAY group (£3zI) is estimated to be 130 years ago
(median, 95% CI: 25.9-493 years ago), following a bottle-
neck of an estimated 50 (6.84—97.4) individuals.

Discussion
Genetic diversity
The present study supports previous inferences [27, 29]
that much of continental Europe was colonised by the bit-
terling dispersing from two distinct glacial refugia. An
eastern clade colonized north-eastern Europe from the
Black Sea refugium near the estuaries of the Rivers Dnie-
per and Dniester. A western clade colonised the rest of
Europe from the lower Danube refugium, an important
Pleistocene refugium for several other freshwater fish spe-
cies (e.g. [2, 67, 68]). A secondary contact between these
lineages was detected in central Germany (RHI2) in the
middle Rhine basin, in accordance with findings for other
European freshwater fishes with wide contemporary distri-
butions (e.g. [2, 67, 69]). Low haplotype diversity and a
star-like haplotype network for mitochondrial DNA in
central and western European bitterling populations sup-
ports the interpretation that they expanded into this re-
gion within recent centuries, and/or that their population
sizes strongly fluctuated during the last 500 years [26].
Genetic diversity was greatest in the Danube basin pop-
ulations (Black Sea watershed), especially in the Slovakian
parts of the Rivers Danube and Tisza. These populations
likely retained relatively high genetic variability during re-
cent range contractions and may have served as refugia
for subsequent smaller-scale recolonisations. Two other
populations were genetically diverse. The bitterling popu-
lation of the River Po basin in Italy is known to be of re-
cent origin [65]. Its high genetic variability and significant
deviation from Hardy-Weinberg equilibrium can be
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explained by a recent introduction from a genetically
highly variable population from the Tisza basin (or re-
peated introductions from various sources within the
Tisza Basin) followed by inbreeding effects or other popu-
lation genetic processes not yet at equilibrium (Fig. 2,
Additional file 2: Figure S2). The River Nida (in the Rhine
basin in central Germany) population’s genetic diversity
arises from a secondary contact between the two main
continental bitterling lineages, with a consequent increase
in allelic richness [6].

The lowest genetic diversity in R. amarus was typically
found in populations at the periphery of the current
range (Fig. 3, Additional file 2: Table S1 and Figure S2),
with the population from the lower Rhine (NET,
Netherlands) being especially depauperate. This finding
agrees with the isolation-by-distance scenario whereby
variability decreases from a range centre to its periphery,
with a significant effect of genetic drift [70]. Two other
populations with low genetic diversity were from rela-
tively small standing waters; one from the Czech Oder
basin (Piliky Ponds; ODR2) and one from the River Vis-
tula basin (Lake Kociolek; VIS1) (Table 1).

Gene flow across the watershed barriers: The role of
anthropogenic processes

Bitterling may colonise new habitats via natural dispersal
[27, 29] or as a consequence of anthropogenic processes,
such as unintentional stocking as a by-product of trade
in live fish for cultivation from the 12th to 16th centur-
ies [26] or man-made connections between adjacent
drainages [25]. There are good records that the range of
European bitterling was extended to many European
countries due to intentional introductions over recent
decades (e.g., Denmark, Croatia, Italy, Great Britain and
the Crimea) [26, 33—35]. It also has been introduced to
the Hudson River (New York) in North America in the
early twentieth century, where populations persisted des-
pite no evidence of range expansion [71].

In this study, we established that genetic structuring of
bitterling in central Europe corresponded well with pre-
dictions based on natural dispersal, with a well-defined
fine-scale genetic structure within and across river ba-
sins. However, there were two notable exceptions. First,
the population from the River Sdzava (ELB3, Elbe basin,
North Sea watershed) was genetically more similar to
bitterling populations from the western part of the Black
Sea drainage. Second, bitterling populations from the
River Oder (Baltic Sea watershed) in the Czech Republic
were closely similar to populations from the geographic-
ally proximate, but hydrographically disconnected, River
Morava basin (Black Sea watershed).

The River Elbe has been recently colonized from the Dan-
ube basin by other freshwater fishes, such as Cottus gobio
[72], Barbus barbus [67] and Cobitis elongatoides [73],
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probably as a consequence of human-assisted introductions.
Other Black Sea watershed fishes colonized the River Elbe
following their escape from aquaculture, such as Carassius
gibelio [74], or colonising via ballast water, such as Neogo-
bius melanostomus [75]. In a previous study [29], we showed
that the bitterling population of the River Elbe likely origi-
nated from the late-Holocene admixture (dated approxi-
mately 1500 years ago) from two main sources - the
northeastern (represented here by the Vistula basin and
middle Oder population) and upper Danube populations.
Here we show that the bitterling population in the River
Sdzava (tributary of the Elbe) possess a strong signal of
much more recent admixture between the Elbe populations
(North Sea) and the geographically adjacent populations
from the Danube tributaries in western Moravia (Black Sea).
The lack of any current physical (natural or artificial) con-
nection between the two neighbouring drainages suggests
human activities as the most probable explanation for the
observed genetic structure, although small-scale headwater
capture events cannot be completely ruled out. Common
carp aquaculture has been common in the region since the
twelfth century, with potentially frequent transfers of fish
(including bitterling) between important aquaculture regions
in Moravia and southern Bohemia [26]. The contemporary
legal requirement for angling associations to stock commer-
cially available hatchery-reared fish into natural water bodies
under their management may also have contributed to re-
peated recent translocations of freshwater fish populations
across drainage boundaries. Such translocations are more
relevant for introductions of game fishes, although the bit-
terling, while of no commercial or angling interest, may be
transferred inadvertently with other cyprinids.

The second case of discordance between hydrog-
raphy and genetic structure includes all three Czech
bitterling populations sampled from the River Oder
(Baltic Sea drainage). All three populations possessed
nuclear and mitochondrial genotypes suggesting their
non-admixed origin from the geographically proxim-
ate River Morava basin (Black Sea drainage), followed
by genetic differentiation by random drift in bottle-
necked populations. In contrast, the Polish population
from the River Oder clustered with an adjacent popu-
lation from the River Vistula basin belonging to the
same watershed. The large genetic distance between
Czech and Polish Oder basin populations pertains at
least in part to the inference that mutations, in
addition to simple genetic drift, were implicated in
the microsatellite marker differences detected between
Czech and Polish Oder populations of the bitterling.
It is possible that the Czech part of the River Oder
basin was not naturally colonised by the bitterling
prior to its introduction from the Danube basin, al-
though more than three populations must be exam-
ined to test this hypothesis.
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Fragmented and genetically differentiated populations
within river basins

The microsatellite analysis revealed profound genetic struc-
turing of bitterling populations on a relatively small geo-
graphical scale. Such a high level of genetic differentiation
contrasts with the diversity of mitochondrial DNA, with
only two lineages evident across continental Europe ([27,
29], this study). Other freshwater fishes with limited disper-
sal abilities also display strong genetic subdivisions, espe-
cially among populations from separate drainages [11, 12].
In general, small cyprinid fishes have a relatively limited
capacity for dispersal, resulting in a drainage-restricted in-
traspecific genetic structure [76] and high species endem-
ism in isolated drainages [31].

Bitterling populations within the Danube basin (Black
Sea watershed) demonstrated fine-scale genetic differenti-
ation. The populations were divided into three groups
(Fig. 3b), with a clear effect of genetic isolation by geo-
graphic distance (isolation-by-distance), with the number
of populations studied in this watershed being sufficient
for a robust test. The fine structure of the bitterling popu-
lations is unlikely a result of river fragmentation by dams.
There is a system of three large reservoirs on the River
Dyje, isolating western tributaries of the Morava for the
last 40-50 years, although no dams are present on the
main River Morava or its other tributaries [32]. It is likely
that the fine-scale population structure results from events
older than the last few decades. Bitterling are recognised
as having a limited dispersal capability [77], with down-
stream drift of the offspring over short distances but lim-
ited upstream migration of adult fish prior to spawning
[78]. A comparable level of intra-basin differentiation has
been recorded in other freshwater fishes [79-81], indicat-
ing that fine-scale genetic structuring may be common
even in geographically widespread freshwater fishes.

Conclusions

The genetic structure of the European bitterling in central
Europe is affected primarily by the interplay of Quaternary
climatic fluctuations and barriers between watersheds. In
addition, we detected anthropogenic effects on the genetic
variability of some bitterling populations, with one popula-
tion admixed from two different watersheds and a group of
geographically proximate populations misclassified from ex-
pectation on the basis of hydrography. Given the lack of
natural or artificial connections between adjacent drainages,
dispersal across watersheds likely involved intentional or
unintentional stocking in the course of fish cultivation or as
an effect consequent of angling. Local translocations within
a species’ range can cause spread of non-native lineages out-
side their former range. It becomes apparent that such cryp-
tic invasions are more widespread than commonly
recognized [17], with apparent consequences for conserva-
tion management of local communities [82]. Despite
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introductions in the specific cases, contemporary bitterling
populations are principally structured by their respective
drainage, including fine-scale differentiation through isola-
tion by distance. As such, genetic structure of bitterling
populations in central Europe is predominantly natural, des-
pite introductions of the species in peripheral regions of
Europe. Finally, our study demonstrated that studies of spe-
cies with no commercial value may reveal how historical
range dynamics are mirrored by contemporary genetic di-
versity within and among populations, and exhibit patterns
indicating human-assisted colonisation.

Additional files
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