Hydrobiologia (2017) 785:249-260
DOI 10.1007/s10750-016-2930-4

@ CrossMark

PRIMARY RESEARCH PAPER

Phylogeography of stream-dwelling trout in the Republic
of Macedonia and a molecular genetic basis for revision
of the taxonomy proposed by S. Karaman

Sasa Mari¢ - Simona Susnik Bajec -
Johannes Schoffmann - Vasil Kostov
Ales Snoj

Received: 24 February 2016/Revised: 22 July 2016/ Accepted: 27 July 2016/ Published online: 11 August 2016

© Springer International Publishing Switzerland 2016

Abstract To evaluate whether molecular data sup-
port the distinctiveness of Salmo macedonicus (Kara-
man, 1924) and Salmo pelagonicus Karaman, 1938,
and to examine a possible impact of non-native trout
translocated from the Drim drainage on the indigenous
trout of the Vardar drainage, 187 individuals from 15
populations sampled across both drainages were
studied by analysing the complete mitochondrial
DNA control region and 12 microsatellite DNA loci.
On the basis of both marker systems, the analysed
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populations were divided into two main genetic
groups: I, native populations of the Drim drainage,
along with some introduced populations of the Vardar
drainage, and II, native Vardar populations, along with
some populations exhibiting introgressed genotypes.
The populations assigned to group I correspond
taxonomically to Salmo farioides Karaman, 1938,
among which those from the Drim were indigenous
and those detected in the Vardar drainage were
introduced. Four native Vardar populations from
group II indicated two distinct clusters whose distri-
bution matched the proposed range of S. macedonicus
(two populations from the upper Vardar system) and S.
pelagonicus (two populations from the Crna Reka
system). Based upon the results of the study, some
conservation genetic guidelines are proposed to help
propagate and sustain the non-introgressed native trout
populations.

Keywords Vardar drainage - Genetic diversity -
mtDNA - Microsatellites - Translocations -
Conservation

Introduction

The Balkan Peninsula is recognised as one of the three
main Pleistocene refugia in Europe (Hewitt, 1999) and
exhibits high levels of diversity and endemism in
trout. A consequence of its history is the description of
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numerous species on the basis of morphology (re-
viewed in Kottelat & Freyhof, 2007). One of the tasks
of modern conservation genetics is to re-evaluate such
taxonomy and resolve uncertainties to identify units of
conservation value. The first step in this direction is to
check whether the proposed range of a certain taxon
coincides with the distribution area of genetically
homogenic and distinct units.

A relatively large portion of Balkan trout has
already been studied in this regard, with the taxonomic
status of several trout entities thoroughly examined
and resolved, e.g. Acantholingua ohridana (Stein-
dachner, 1892) (Ohrid belvica) and Salmothymus
obtusirostris (Heckel, 1851) (softmouth trout) were
placed into genus Salmo (Phillips et al., 2000; Snoj
et al., 2002; Susnik et al., 2006); the species status of
Salmo letnica (Karaman, 1924) (letnica trout) was
recommended to be retained (Susnik et al., 2007a;
Pustovrh et al., 2014); Salmo dentex (Heckel, 1851)
(dentex trout) was recognised as polyphyletic entity
comprising a particular life history form (Snoj et al.,
2010); and Salmo marmoratus Cuvier, 1829 (marble
trout) was classified on the basis of SNPs markers as a
distinct cluster of the same or similar rank to that of
Salmo trutta Linnaeus, 1758 and S. obtusirostris and
thus supported as separate species (Pustovrh et al.,
2014). The brook-dwelling trout populating streams
from the Krka to the Drim—Skadar (Albanian: Drin—
Shkodér) river systems, described as Salmo farioides
Karaman, 1938, is another questionable species
among the Balkan trouts: mtDNA analysis revealed
that a core range of this taxon was strongly associated
with the distribution of a distinct haplogroup (haplo-
types Ad*Prz, AdN, AdRc and AD-C1) designated as
the Balkan cluster (Snoj et al., 2009 and references
herein). On the other hand, the status of some key trout
populations from the Balkans has yet to be resolved.
The territory of the Republic of Macedonia (Former
Yugoslav Republic of Macedonia, FYROM) has been
particularly understudied and the taxonomic status of
its stream-dwelling trout not yet deliberated.

Freshwaters in FYROM drain into two main rivers:
the Vardar River (Greek: Axids), rising in the north-
western part of the country and emptying into the
Aegean Sea in northern Greece, and the Crni Drim
River (Albanian: Drin i Zi), which takes its source in
Lake Ohrid and merges with the Beli Drim (Albanian:
Drin i Bardh€) forming the Drim River (Albanian:
Drin) in northern Albania and flowing into the Adriatic
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Sea. Both watersheds are populated with various types
of trout.

In the first half of the last century, Karaman
described two trout species for the Vardar drainage:
Salmo macedonicus (Karaman, 1924) and Salmo
pelagonicus Karaman, 1938. On the basis of molecular
testing (Lo Brutto et al., 2010), the species status was
not supported, simply confirming the existence of two
distinct morphotypes: S. trutta macedonicus and S.
trutta pelagonicus. However, the validity of these taxa
remains questionable given that some misidentifica-
tions are apparent in that study (see below). Salmo
macedonicus is considered to populate the upper
Vardar drainage, apart from the Crna Reka system
(Kottelat & Freyhof, 2007). Hereafter, we refer to this
taxon also as the upper Vardar trout. Its type locality is
the estuary of the Treska River (Karaman, 1924).
Several other locations populated with these trout
were later reported, e.g. the Babuna and Kadina rivers
(Karaman, 1938; Ristovska et al., 2011), upper reaches
of the Bregalnica River (Dimovski & Grupce, 1971;
Kostov et al., 2010) and the Dosnica River (Kottelat &
Freyhof, 2007).

Salmo pelagonicus, which we refer to as Crna Reka
trout, was reported to populate streams flowing into
the Crna Reka, the longest right tributary to the Vardar
River. The type specimens originate from the Bela,
Zlokucanska and Dihovska rivers (Karaman, 1938). In
the Crni Drim river system, the most well-known and
studied trout are those endemic to Lake Ohrid: S.
ohridanus and S. letnica (Karaman, 1924, 1927,
Stankovié, 1960) along with four distinct spawning
forms of the latter (typicus and balcanicus, both winter
spawners; aestivalis, a summer spawner; and lumi, a
river spawner; Wilson, 2004; Susnik et al., 2007a).
Stream-dwelling trout, also common in the Crni Drim
system, have been particularly abundant in the Radika
River, right tributary to the Crni Drim River. Accord-
ing to Karaman (1957), its upper part (from source to
the Bridge of Bosko) is populated with S. farioides,
hereafter referred to as the Drim trout. The lower part
is populated with a different kind of trout, described as
Salmo montenigrinus (Karaman, 1933), which,
according to Karaman (1957), populates Lake Ohrid
itself and tributaries to Lake Skadar. On the basis of
one morphological study, S. montenigrinus was later
tentatively described as a species also in the Neretva
River (Delling, 2003), though subsequently recog-
nised as a recent hybrid between softmouth trout and
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other Neretva trout (Razpet et al., 2007). Nevertheless,
the molecular systematics of this taxon has yet to be
studied and its species status remains questionable.
Salmo marmoratus (for details see Pustovrh et al.,
2011), also described in the Drim drainage (Delpino,
1935; Sorié, 1990), is a very rare and endangered trout
in the Radika River with its most recent literature
record dating from 1961 (Georgiev, 2011). The waters
of Lake Prespa, another hydrological unit of the Drim
drainage, discharge underground from the lake and
emerge as springs flowing into Lake Ohrid. Trout in
Lake Prespa and its tributaries were described by
Karaman as Salmo peristericus Karaman, 1938.
Recently, Berrebi et al. (2013) undertook a genetic
analysis of this trout, denied its species status and, on
the basis of microsatellite DNA, recognised it as an
evolutionary significant unit.

Several trout transfers from the Adriatic watershed
into the Aegean rivers are reported to have taken place
in FYROM during the second half of the last century
(Dimovski & Grupce, 1971; Simo Georgiev personal
communication). The main source of the transfers was
the fry produced in Mavrovska Akumulacija hatchery
located on the Radika River. Sidorovski (1955, 1960)
stated that broodstock individuals used for fry produc-
tion were collected from the upper course of the Radika.

Several genetic studies have been performed on trout
taxa of the Crni Drim river system (Sell & Spirkovski,
2004; Susnik et al., 2006, 2007a; Snoj et al., 2009),
mostly confirming the species denomination of the
studied taxa. Analysis of CR mtDNA demonstrated that
trout from some tributaries of the Drim belong to the
Balkan cluster (Mari¢ et al., 2006; Snoj et al., 2009).

Genetic research has been done also on trout from
the Aegean watershed (Bernatchez, 2001; Maric et al.,
2006; Apostolidis et al., 2008a, b; Kohout et al., 2013),
though molecular data on trout from the Vardar
drainage in FYROM are scarce and inferences incom-
plete. Mari¢ et al. (2006) found a S. farioides genetic
profile in trout of the P¢inja River (Aegean drainage)
and thus considered this population non-native, though
its exact origin has yet to be determined. Genetic
divergence between S. macedonicus and S. pelagonicus
has been investigated recently using mtDNA to test
whether molecular data support their species status (Lo
Brutto et al., 2010). However, that study was based on
15 individuals only and some population misidentifi-
cations are apparent (authors’ personal observation),
leading to questionable conclusions.

The aim of the present work was to undertake an
extensive phylogeographic and population genetic
study of populations of Vardar trout, which inhabit the
distribution area of S. macedonicus and S. pelagoni-
cus, in order to see if the distinctness of the two taxa
proposed by Karaman is supported by genetic data.
The study also examined the possible impact of non-
native trout translocations on indigenous populations.
In this context, special attention was paid to the
genetic characterisation of previously unexamined
trout from the Radika River, as these have frequently
served as a source of translocations into the Vardar
drainage. On the basis of the results obtained here, we
aimed also to provide information useful for the
conservation and management of trout in FYROM.

Materials and methods
Sampling and DNA isolation

A total of 187 trout individuals were collected from 15
locations in the Vardar and Drim drainages, from 2004
to 2014 (Fig. 1; Table 1). Fin clip samples were taken
and stored in 96% ethanol. After capture, the individ-
uals were returned to the water. DNA was isolated
using the phenol—chloroform—isoamyl alcohol method
(Sambrook et al., 1989).

Mitochondrial DNA

The complete mitochondrial control region (mtDNA
CR, ca. 1100 bp) in 183 individuals was amplified
(Table 1) using polymerase chain reaction (PCR) and
primers LRBT-25 and LRBT-1195 (Uiblein et al.,
2001), following the conditions described in Marié
et al. (2012). Both-direction sequencing was carried
out on an ABI Prism 3130x1 DNA sequencer using the
same primers. Sequences were aligned using the
computer program Clustal X (Thompson et al.,
1997) implemented in MEGA version 6 (Tamura
etal., 2013). The relationships among haplotypes were
presented as a Median-Joining network created from
the program Network 4.6.1.3. (Bandelt et al., 1999).

Microsatellite DNA

Twelve microsatellite loci (Lerceteau-Kohler &
Weiss, 2006) were amplified in 187 individuals
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Fig. 1 Main diagram: Map
of sampling locations.
Names and codes of sample
locations are reported in

Table 1. Grey circles with
bold border on the map
represent populations
analysed from the Drim
drainage; black circles, the
Vardar system; white circles
with bold border, the Crna
Reka system. Coloured pie
charts around the map
represent distribution and
frequencies of the CR
mtDNA haplotypes per
population
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(Table 1) using fluorescently labelled forward pri-
mers. PCR amplification and multiplex PCR condi-
tions were as described in Lerceteau-Kohler & Weiss
(2006). Aliquots of amplified fluorescently labelled
DNA were mixed with formamide and GENESCAN-
500 ROX Size Standard (Applied Biosystems) and
genotyped on the ABI Prism 3130x] with GeneMap-
per® Software v4.0 (Applied Biosystems).

The program Micro-Checker v. 2.2.3 (Van
Oosterhout et al., 2004) was used to check for the
presence of null alleles. The extent of genetic
diversity was assessed from the levels of heterozy-
gosity, average number of alleles per locus (Genetix
4.05; Belkhir et al., 1996-2004) and allelic richness
(FSTAT 2.9.3.2; Goudet, 1995). The general picture
of genetic differentiation among trout was obtained
using F statistics (FSTAT 2.9.3.2), and factorial
correspondence analysis (FCA; Genetix 4.05). All
calculations were performed for only those popula-
tions comprising nine individuals or more in order
to satisfy minimal statistical requirements of
sampling.

The genetic structure of the whole sample set was
assessed using hierarchical STRUCTURE analysis
(Pritchard et al., 2000; Vidhd et al., 2007). In
STRUCTURE 2.3.4, the admixture model and corre-
lated allele frequencies between populations were
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chosen. MCMC was run for 1,000,000 replicates
subsequent to 250,000 burn-in generations. The num-
ber of clusters, K, in the dataset was explored from
K=1 to K=15, and for each value seven run
replicates were performed. The AK method (Evanno
et al., 2005) was applied to estimate the most probable
K. In hierarchical STRUCTURE, the most differenti-
ated cluster was excluded from the analysis, allowing
for more precise clustering of the remaining individ-
uals. Each cluster was analysed separately to check for
subpopulations. For this approach, 100,000 burn-in
generations and 500,000 subsequent replicates were
used.

Results
Mitochondrial DNA

Complete CR sequences were aligned in 183 trout
individuals. Some sequences contained an 82-bp
repeat towards the 3’-end of the CR. As the elongation
model of this repeat is generally thought to be the
result of intra-molecular processes (Buroker et al.,
1990), only the first copy was kept in the analysis.
The aligned sequences collapsed into ten haplo-
types: nine for the Adriatic lineage of brown trout, of
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Fig. 2 Median-Joining network based on CR mtDNA
sequences. Detected haplotypes are represented by coloured
circles, the size of which is proportional to haplotype
frequencies in the overall sample. Numbers of variable sites
are indicated with small black circles. List of CR haplotypes
used for network construction and GenBank accession numbers:
Ad*Prz, DQ318129 and KU667310 (partial and complete
sequence, respectively); Haplo 14, AY926571; Haplo 12,
AY926570; R3C, KU667313; R1, KU667311; AdcsTil,
KU667314; AdesTi, KU667312; AJdAE3, GQ357910; Da2a,
GQ284834; Adcsl, AY836330

which four were newly described (i.e. R3c, RI,
AdcsTil and AdcsTi; see caption to Fig. 2 for
GenBank accession numbers of the sequences), and
the haplotype Da2a characteristic of the Danubian
lineage (Table 1). Ad*Prz was the most frequent
haplotype (33%), found in the Crni Drim, upper
Vardar and Crna Reka systems (Fig. 1; Table 1).
ADcsl was the second most frequent haplotype
(28%), prevalent in the Crna Reka system, and
observed also in the upper Vardar system (i.e. in
Babuna and Dosnica) but not in the Drim system.
Other haplotypes were less frequent and ranged from
11% down to 1% (Table 1).

The populations of the Mala and Belicka rivers
(upper Vardar system) were dominated by the haplo-
type AJAE3, which was not found elsewhere. In the
lower Radika, Haplo14 dominated, while in the upper
Radika, haplotype Ad*Prz was the most frequent. In
the PCinja river system and in the Semnica River,

@ Springer

Ad*Prz was the only haplotype detected (Fig. 1;
Table 1).

In the Median-Joining network (Fig. 2), haplotype
ADcs1 took the central position, while other AD
lineage haplotypes were from 1 to 7 mutation steps
away. The number of variable sites among the AD
lineage haplotypes ranged from 1 to 11, and between
the Da2a and AD haplotypes, from 9 to 17.

Microsatellites

On the basis of the results obtained using Micro-
Checker v. 2.2.3 (Van Oosterhout et al., 2004), no null
alleles were detected apart from the population
Semnica at locus Sssp2213, implied by an excess of
homozygotes.

None of the populations showed deviation from
Hardy—Weinberg expectations. The average numbers
of alleles per locus and allelic richness were hetero-
geneous among the populations (ranging from 2.08 to
7.75 and 1.74 to 4.83, respectively), while the
expected heterozygosity ranged from 0.220 to 0.590
(Table 1).

The degree of differentiation among most of the
analysed populations was found to be significant
(Table 2) with pairwise F, values up to 0.658.

The FCA graph (Fig. 3) indicates three distinctive
clusters: cluster I comprising all of the Drim
populations along with presumably stocked popula-
tions from the upper Vardar (Tetovska and Bregal-
nica rivers and the PCinja tributaries) and the Crna
Reka system (Semnica River), while cluster II was
represented by other upper Vardar populations, and
cluster III by the Crna Reka trout. In cluster II, two
substructures emerged, one composed of Suva and
Dosnica trout, and another, Mala and Belicka trout;
Babuna individuals were also detected in the latter
group. The specimen bearing the Da2a haplotype
took a relatively independent position, which is even
more evident if the third axis is also considered (not
shown). Taking into account only the first axis,
which describes the main structure on the graph, the
Suva and Dosnica trout are positioned to the right,
towards cluster III, while the Mala, Belicka and
Babuna individuals are positioned on the left,
towards cluster I.

From the STRUCTURE analysis (Fig. 4), the
most probable number of groups in the dataset was
K =2 (Appendix 1 in Supplementary Material). In
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Hydrobiologia (2017) 785:249-260 255

Table 2 Pairwise values of Fy, above and significance values (*P < 0.05; **P < 0.01; ***P < 0.001; NS, non-significant after
Bonferroni-type correction) below the diagonal for microsatellite marker data

1 2 3 4 5 6 7 8 9 10 11 12 13

1 Radika lower course 0.069 0.075 0.386 0.202 0.215 0.248 0.073 0.278 0.436 0.142 0.467 0.485
2 Radika upper course = *** 0.108 0.449 0.232 0.246 0.277 0.108 0.312 0495 0.178 0.512 0.537
3 Tetovska Reka oAk ke 0420 0.195 0.178 0.271 0.070 0.293 0.458 0.138 0.500 0.502
4  Suva Reka A Rk o 0.256 0.283 0.504 0.468 0.245 0.358 0.491 0.581 0.543
5 Mala Reka g R ok oo 0.032 0.319 0.243 0.183 0.203 0.280 0.470 0.437
6  Belicka Reka REK * i NS 0.332 0.231 0.223 0336 0.265 0.492 0.464
7  Tripusnica ok ok ok ok HAE NS 0.300 0.369 0.588 0.330 0.650 0.605
8  Kriva Reka A Rk otk ok HAE NS oAk 0.336 0.529 0.090 0.564 0.567
9  Babuna oAk ek otk oAk HoAk * oAk oAk 0.320 0.380 0.478 0.447
10  Dosnica ARk ok ok Ak NS ok ok oo 0.566 0.658 0.530
11 Semnica sk Rekok otk otk ok NS otk ok Hokeok otk 0.596 0.597
12 Konjarska Reka sk Rk otk ok ok NS ok ok Hokk ok ok 0.554
13 Bela Reka L otk otk otk * otk otk ok otk otk ok

For populations Suva Reka and Mala Reka calculations were made based on 11 microsatellite loci, since locus Ssa410 did not
amplify in these two populations

A Bela Reka
) Cluster il
A Konjarska Reka
@ Dosnica

© Suva Reka

o Babuna Cluster Il
Cluster I © MalaReka

o Belicka Reka

B Tripu$nica
o o Semnica
0 0.5 1 15 2 25 @ Kriva Reka
oDa2a o Tetovska Reka

Cluster lll
05 @ Restelicka Reka Cluster |

-1.5

Axis 2 (5.43%)
0]

© Bregalnica

Cluster | O Radika lower course

4 @ Radika upper course _

-1.5
Axis 1 (7.28%)

Fig. 3 Two-dimensional plot of factorial correspondence analysis for all trout specimens from Drim and Vardar drainages based on 12
microsatellite loci

the first hierarchical step, trouts were separated into populations from the upper Vardar and Crna Reka
two groups: group A, represented by the Drim systems (FCA clusters II and III). In group B,
populations and presumably stocked populations considerable introgression of genes from group A
from the upper Vardar and Crna Reka systems was evident in the Belicka, Mala and Babuna

(FCA cluster 1), and group B, representing other populations.
@ Springer
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Fig. 4 Population structure 1st
as inferred by hierarchical
STRUCTURE analysis of
microsatellite data. Black

2nd 3rd
lines separate the sampling | Konjarska Reka i

sites. Affiliation of analysed

Dosnica

Suva Reka

population to a particular B “@.
river system is indicated by I/
the vertical coloured lines to |
the right: light blue, Drim

Cluster ll

drainage; light green,

@ Babuna

Mala Reka

|

Vardar system; dark green,
Crna Reka system

In the second hierarchical step with group A, trout
from the Drim and Tripusnica populations emerged as
genetically unified units, while all the others formed a
third unit that exhibited much introgression of genes
from the Drim trout. In group B, trout from the Crna
Reka (in the Bela and Konjarska rivers; FCA cluster
III) were distinguished from the other Vardar popu-
lations (FCA cluster II).

In the third step, many populations appeared as
genetically distinct with the exception of the presum-
ably stocked populations (e.g. in the Bregalnica, Kriva
and Semnica rivers) and some others (e.g. Beli¢ka and
Mala rivers), all exhibiting relatively high proportions
of admixed genotypes. No additional structuring
within these populations was revealed when further
steps of hierarchical Structure analysis were
performed.

Discussion

Molecular data obtained from the present study show
that trout in FYROM can be divided roughly into two
main genetic groups. The first group is represented by
the Drim trout (Adriatic watershed), along with some
apparently introduced Adriatic populations found in
the Vardar drainage (Figs. 3, 4), while the second
group is more heterogeneous and represented by the
native Vardar populations composed of the Crna Reka
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trout (cluster III in FCA) and the upper Vardar trout
(cluster II in FCA). As clearly seen from the
STRUCTURE graph (Fig. 4), Belicka Reka, Mala
Reka and Babuna populations, constituting the left
part of cluster II (Fig. 3), exhibit admixed genotypes
and very likely represent hybrids between native and
introduced individuals. This genetic division is gen-
erally supported also by mtDNA data providing
haplotypes that were found only in the Drim river
system and in supposedly stocked locations in the
upper Vardar river system, and the haplotypes found
only in presumably native Vardar trout (Fig. 1). For
example, the Drim trout are characterised by the
haplotype Ad*Prz, previously found in the Drim—
Skadar drainage (Mari¢ et al., 2006; Susnik et al.,
2007a; Snoj et al., 2009; present study) along with a
few other related haplotypes observed in the Neretva
and Skadar river systems (AdN, AdRc and AD-C1;
Razpet et al., 2007; Susnik et al., 2007a). This
haplogroup, named the Balkan cluster, represents a
well-resolved and highly distinct clade within a more
or less fuzzy assemblage of other widespread haplo-
types of Mediterranean—Adriatic trout lineage (see
Snoj et al., 2009 and Introduction for details). Despite
an apparent association of these haplotypes with the
very restricted range that Karaman (1938) proposed
for S. farioides, Ad*Prz has been recently detected
also in the upper Vardar river system in the Tripusnica
River (Maric¢ et al., 2006; present study), where this
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taxon had not been described previously. The same
haplotype was detected also in the present study in
many other sampling sites of the upper Vardar river
system, though it was not found elsewhere in this or
other Aegean river systems (Apostolidis et al., 2011;
Kohout et al., 2013; authors’ unpublished data). The
same holds true for the haplotype Haplo14, which is a
member of a distinct haplogroup characterising Ohrid
trout (S. letnica; Susnik et al., 2007a) and found also in
some Drim tributaries (Snoj et al., 2009) and in the
lower part of the Radika river (present study); this
haplotype was detected also in some upper Vardar
tributaries but not elsewhere in the Aegean river
system.

This sharing of geographically very restricted
haplotypes may be genetic evidence of trout transfer
from the Drim into the Vardar drainage. Indeed, there
are reports of such an introduction of trout performed
during the second half of the last century. These
introductions depended primarily on translocations of
fry originating from the Adriatic watershed (Dimovski
& Grupce, 1971); e.g. one well-known centre of trout
distribution was the fish farm on the upper Radika
River (Sidorovski, 1955, 1960; Simo Georgiev, per-
sonal communication). Furthermore, records exist
from 1978 of trout transfer from an unknown Adriatic
source into the Tripusnica River (upper Vardar
system), which was troutless prior to that introduction
(Trgoviste Anglers Association, personal
communication).

This apparent phylogeographic discrepancy could
be explained by ancestral polymorphisms and incom-
plete lineage sorting. However, such a scenario would
be more likely if more widespread haplotypes, e.g.
ADcsl (Cortey et al.,, 2004), were involved in
haplotype sharing. In the present case, however, these
are locally specific haplotypes, which were found
outside the Drim tributaries only in the adjacent upper
Vardar river system.

Following this line of argument, we suggest that the
presence of the Drim haplotypes in the upper Vardar is
less likely to be a consequence of haplotype variation
that arose as a result of ancestral polymorphism than as
a consequence of stocking.

This stocking hypothesis is supported also by the
observation that in some of the supposedly stocked
locations (e.g. Tripusnica, Kriva, Tetovska, Bregal-
nica, Semnica rivers) only individuals with non-
introgressed Drim microsatellite genotypes were

found (Figs. 3, 4, 1st step). Considering the lack of
native genes, the stocking is likely to have been rather
intense, or otherwise some of these rivers must have
been troutless prior to stocking, as documented for
Tripusnica River (Marié et al., 2006). In some other
sampling sites in the upper Vardar system, populations
with much smaller proportions of the Ad*Prz haplo-
type, and various levels of introgression with nuclear
genes from the Crni Drim, were observed (i.e. Babuna,
Mala and Belicka rivers; Figs. 3, 4, 1st step). This
observation suggests the presence of hybrid popula-
tions originating from Crni Drim and Vardar trout and
thus the initial presence of native trout in these rivers.

There is no straightforward explanation for the
presence in the Belicka Reka of the Danubian
haplotype (Da2a), which is clearly not native there.
An exotic origin of the specimen bearing this haplo-
type is suggested also by its relatively independent
position on the FCA graph. A few small commercial
trout farms are situated along this river, rearing mostly
rainbow trout (Oncorhynchus mykiss) but in very
small quantities also brown trout (S. trutta) of
unknown origin (a fish farm manager, personal
communication). It is possible that escapees from
these farms have contributed to the exotic genetic
profiles.

It could be concluded that the populations assigned
to the Balkan mtDNA cluster correspond taxonomi-
cally to S. farioides sensu Karaman, while those from
the Drim are indigenous and those detected in the
Vardar drainage are introduced. Further population
fragmentation exhibited in the STRUCTURE graph
(Fig. 4, 2nd and 3rd steps) could be a consequence of a
genetically polymorphic broodstock material from the
Drim drainage used for stocking of the Vardar
drainage along with random genetic drift in newly
established populations.

Aside from the Vardar populations affected by
the introduction of trout from the Drim drainage,
the remaining Vardar populations (from the Suva,
Dosnica, Bela and Konjarska rivers) showed no
introgression with Drim trout. Clear genetic differ-
entiation, shown from the microsatellite analysis
(Figs. 3, 4, 2nd step), was observed within this
group and indicates two distinct clusters: Suva and
Dosnica populations, to be found in the Vardar
system, and Bela and Konjarska populations, found
in the Crna Reka system. The distinct distribution
of these two clusters matches the proposed range
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for S. macedonicus for the former two populations
and S. pelagonicus (see Karaman, 1938) for the
latter two. Clearly, grouping characters exist at the
molecular level enabling a distinction to be made
between these two hydrologically separated clusters,
which were described by Karaman (1938) as
separate species. However, the differences in
microsatellite allele distribution between the two
taxa might simply be a consequence of restricted
gene flow and random genetic drift typical of many
small and isolated populations (e.g. Fumagalli
et al., 2002) that are described as units of a rank
much lower than species.

On the basis of mtDNA analysis, we were unable to
demonstrate any dichotomy, as two out of the four
haplotypes native to the upper Vardar system (ADcsl,
AdAE3, AdcsTi and AdcsTil; Table 1) were shared
between the two clusters. However, a lack of private
haplotypes cannot preclude the presence of evolution-
ary units, including species delineation, because past
population history can be blurred by incomplete
lineage sorting or introgression that makes mtDNA
phylogeny different from that of species (or nDNA;
Renoult et al., 2009). Phylogenetic inconsistencies
between mtDNA and nDNA have been observed also
in Balkan trout (Susnik et al., 2007b; Pustovrh et al.,
2011) and represent a potential cause of misleading
taxonomic interpretations.

In contrast to our inability to demonstrate an
association of upper Vardar trout or Crna Reka trout
with specific mtDNA lineages, Lo Brutto et al. (2010)
highlight that “the degree of nucleotide variation in
the cyt b + control region haplotypes allowed the
discrimination of some populations and supported the
existence of a morphotype in the River DosSnica, Salmo
trutta macedonicus, and another in the River Semnica
in Pelister National Park, Salmo trutta pelagonicus” . It
is worth mentioning that, based on the mtDNA and
microsatellite data reported here, the Semnica River is
populated by Drim trout (a stock from the Radika)
rather than by Crna Reka trout, and thus the results
reported by Lo Brutto et al. (2010) should be treated
with a certain degree of caution.

The split of Radika trout into two different popu-
lations, first reported by Karaman (1957), was noted
also from the assignment test using microsatellites
(Fig. 4, 3rd step) and on the basis of the distribution of
the different haplotypes. While in the upper part the
Ad*Prz haplotype was prevalent (Table 1), the most
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common haplotype in the lower part was Haplo14,
which belongs to a group of haplotypes typical for
letnica trout from Lake Ohrid (Susnik et al., 2007a; see
above for details). This observation is in line with
Karaman (1957), who postulated that the upper Radika
was populated “with S. farioides, and the lower with S.
montenigrinus”. However, additional sampling would
be needed in the Radika to draw any statistically
support for the possible existence there of two
taxonomic units.

Recently, a local initiative to protect and increase
the populations of upper Vardar trout in the waters
in FYROM has arisen, including the establishment
of broodstock for production of juveniles to be
released into the wild. Since introgression with non-
native genes was detected in many of the popula-
tions analysed in the Aegean basin in FYROM,
proper selection of breeding animals is crucial to
maintaining the genetic identity of the native trout.
Successful preservation of such trout will only be
achieved if broodstock are selected on the basis of
genetic testing. So far, only trout from the DoSnica
and Suva rivers are recommended for repopulation
and reintroduction. In addition to the genetic strain,
genetic diversity should also be taken into consid-
eration in broodstock creation. Low levels of genetic
diversity were observed in some of the studied
Vardar and Crna Reka populations (Table 1), espe-
cially in non-introgressed native populations, i.e.,
Dosnica, and Konjarska rivers. Because this prop-
erty is a crucial requirement for populations to cope
with environmental changes (Frankham et al., 2004),
it is questionable whether the observed levels of
genetic diversity would be sufficient for stocked
offspring to adapt to various different environments
after release. To extend any adaptation capability of
stocking material, a greater range of genetic diver-
sity should be incorporated into the broodstocks,
either by finding new non-introgressed native pop-
ulations or by selecting genetically appropriate
individuals from mixed populations.

The results of the present study indicate that the
proposed ranges of S. macedonicus and S. pelago-
nicus coincide with the distribution areas of two
genetically homogenic and distinct units. Neverthe-
less, the inconsistency between the data provided by
mtDNA and those from microsatellites imply that
any final judgment on the taxonomic status of these
two units should be reserved until nDNA SNP and
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additional morphological analysis are completed.
We also suggest that ecological characteristics of the
habitats populated by each taxon are analysed, as
this might provide information on possible environ-
mental constraints of selection and the presence of
alleles associated with adaptation to specific envi-
ronments. In the meantime, we recommend that both
taxa be treated as evolutionary significant units,
which must be a consideration for future manage-
ment activities.
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