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Abstract. The Balkans is a biogeographically highly diverse started around 320 000—-300 000 years ag®instankovici,
region and a worldwide hotspot of endemic freshwater di-160 000-140 000 years agolin blanci, and 110 000-70 000
versity. A substantial part of this diversity is attributed to years ago iD. presbensisThese time frames are discussed
well recognized and potential ancient lakes in its southwestwithin the context of available paleogeological data for lakes
ern part. However, despite considerable research efforts, faudhrid and Prespa. Itis suggested that regional environmental
nal relationships among those lakes are not well understoodchanges may have had pronounced effects on the population
Therefore, genetic information from native representatives otistories of nativeDreissenaspp., though the high buffer ca-
the mussel genuBreissenais here used to test the biogeo- pacity of Lake Ohrid may have lessened these effect®in “
graphical zonation of the southwestern Balkans, to relate destankovici. In addition, local events influencing individual
mographic changes to environmental changes, to assess thekes had very likely considerable effects on the demographic
degree of eco-insularity, to reconstruct their evolutionary his-histories ofDreissenaspp. as well. The observed patterns
tory, and to explore the potential of native taxa for becomingof immigration and emigration in and out of ancient lakes
invasive. may suggest that limited gene flow enabled the survival of
Phylogeographical and population genetic analyses infew isolated subpopulations and that later on eco-insularity
dicate that most studied populations belong to two native(selective advantages of locally adopted groups) may have
species:D. presbensigincluding the distinct genetic sub- prevented excessive hybridization and sympatry of closely
group from Lake Ohrid, D. stankovicl) and D. blanci In related taxa.
addition, the first confirmed record of invasiie polymor- As for the potential invasiveness of natideeissenaspp.,
phain the southwestern Balkan is presented. the inferred spatial expansions are not human-mediated and
The distribution of nativeDreissenaspp. generally co- all taxa still appear to be restricted to their native ranges. A
incides with the biogeographical zonations previously sug-concern, however, is that tod&y. presbensigndD. blanci
gested based on fish data. However, there is disagreement @itso occur in artificial water bodies, and that invagivgoly-
the assignment of the ancient lakes in the area to respectiveorphahas reached the area.
biogeographical regions. The data for Lake Ohrid are not
conclusive. A closer biogeographical connection to lakes of
the Vardar region and possibly the northern lonian region is, .
however, suggested for Lake Prespa. 1 Introduction
The reconstruction of the evolutionary history Dfeis-

senaspp. suggests that populations underwent demographighe Balkans, a mountqinous area in som_Jtheastern Europe,
and spatial expansions in the recent past. Expansionf@ve long been recognized as a worldwide hotspot of en-
demic freshwater biodiversity (Radoman, 1985; Banarescu,

) 1991; Griffiths et al., 2004; Strong et al., 2008). The
Correspondence tol. Wilke high degree of biodiversity, particularly in invertebrates, has
BY (tom.wilke@allzool.bio.uni-giessen.de) peen attributed to (i) the role of the Balkans as one of
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Fig. 1. Map of the southwestern Balkans showing the water bodies sampl@adimsenaspp. Records for native species are shown as red

dots, for invasive species as yellow dot (for detailed locality information see Table 1). Negative recDrésseénaspp. are indicated by

the x-symbol. Distribution of genetic groups of native species within the water bodies studied are indicated by coloured pie charts (black:
“D. stankovicl, grey: D. presbensiswhite: D. blanci). Note that this assignment is a result of the present study. Numbers indicate total
number of specimens studied from each water body (upper line) as well as the total number of haplotypes/private haplotypes found (lower
line in parentheses). Major ecoregions are derived from Abell et al. (2008) and indicated by solid grey lines and italic names. Base map
adapted from Mountain High Ma@s © 1993, Digital Wisdor@, Inc.

the major European Pleistocene refugia (e.g.ddenet al.,  called Macedonia) and the Republic of Albania (from hereon
2000; Tzedakis, 2009;dzine et al., 2010), (ii) its rich geo- called Albania), as well as Lake Prespa (Macedonia, Greece,
logical history, for example, the upheaval of various moun- Albania). In addition, there are less known, potential an-
tain ranges, the interplay of Tethys and Paratethys, and theient lakes such as lakes Skutari (Montenegro, Albania),
former contact to Anatolia (Radoman, 1985; BanarescuMikri Prespa (Greece, Albania), Pamvotis (Greece), Veg-
1991), (iii) its various biogeographical zones (Banarescu,oritis (Greece), Dojran (Macedonia, Greece), and Tricho-
2004), and (iv) its high diversity of freshwater habitats rang- nis (Greece). As ancient lakes have often existed continu-
ing from cold springs, glacial lakes and mountain streamsously for hundred thousand or even millions of years, and as
to ephemeral rivers and extended lake systems, including ¢ghey can harbour a high degree of endemic faunal elements,
number of actual or potential ancient lakes. In fact, the souththey are popular systems for reconstructing faunal relation-
western Balkans arguably are home to all the ancient lakeships and changes in species composition in space and time
in Europe, except for the Caspian Sea (Albrecht and Wilke,(e.g. Martens, 1997).
2008; also see Fig. 1). There is only limited knowledge of the latter factor for the
These lakes comprise ancient Lake Ohrid, situated inBalkan ancient lakes, thus hampering a better understand-
the Former Yugoslav Republic of Macedonia (from hereoning of the link between geography and faunal evolution of
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lacustrine faunas in the Balkans in general. Parts of thewvater bodies (e.g. Albrecht et al., 2006, 2007, 2008; Wilke
problem are uneven scientific coverage of the different wa-et al., 2007; Hauswald et al., 2008; Schultheil? et al., 2008;
ter bodies in the area with a strong bias to the ancient lake$\lysocka et al., 2008; Trajanovski et al., 2010). In con-
Ohrid and Prespa (reviewed in Albrecht and Wilke, 2008) trast, population-genetic studies remain scarce (e.g. Sell and
and, to a lesser extent, to lakes Trichonis (e.g. Albrecht eSpirkovski, 2004).
al., 2009), Pamvotis (e.g. Frogley and Preece, 2004), Skutari The problem is circular: to study immigration and emigra-
(e.g. Karaman and Beeton, 1981), and Dojran (e.g. Griffithstion in ancient lakes within a population-level context a sin-
et al., 2002; Reed, 2004). More importantly, despite recenigle species or a set of closely related species with a Balkan-
attempts to enhance our understanding of biogeographicakide distribution would ideally be required. However, due
processes on a regional scale (Griffiths and Frogley, 2004to the high degrees of endemism in these ancient lakes with
Korniushin, 2004; Lipej and Dual¢, 2004; Reed, 2004; corresponding low levels of immigration and emigration, few
Hauswald et al., 2008), our knowledge of patterns of fresh-such candidate species exist.
water biogeographical zones in the Balkans remains largely A potential exception are the closely related southwestern
biased towards fish and drainage networks (e.g. Banaresc®alkan representatives of the freshwater mussel gbneis-
2004). According to these authors, the southwestern Balkansena(Van Beneden, 1835).
are bordered by the Danube River Basin to the north and The genus has become infamous because of two highly
by the Adriatic Sea, the Mediterranean Sea and the Aegeaimvasive representatives, the zebra mu$3elpolymorpha
Sea to the west, south and east, respectively. The southi{Pallas, 1771) and the quagga mud3etostriformis bugen-
western Balkans themselves consist of the following biogeo-sis (Andrusov, 1897), which are considered pest species in
graphical regions: the Dalmatian region in the northwest, thdarge parts of North America (e.g. May and Marsden, 1992;
Macedonia-Thessaly region in the north, the south Adriatic-Nalepa and Schloesser, 1993) and Europe (e.g. Kinzelbach,
lonian region in the west, the Thrace region in the northeast1992; Molloy et al., 2007). Though the occurrence of at
as well as the Attiko-Beotia region in the southeast. Thisleast one of these invasive speci€s, polymorpha in the
zoogeographical division largely corresponds to the “ecore-southwestern Balkans has been noted repeatedly (reviewed
gions” suggested by Abell et al. (2008) (see Fig. 1). in Albrecht et al., 2007), recent studies strongly suggest that,
Despite minor differences in the corresponding regions,so far, only native species d@reissenaoccur in the area
both divisions place lakes Ohrid and Prespa in the south{e.g. Stepien et al., 2003; Gelembiuk et al., 2006; May et al.,
eastern Adriatic Drainage/south Adriatic-lonian region. Ba- 2006; Albrecht et al., 2007; Molloy et al., 2010). Albrecht et
narescu (1991: 751), however, specifically acknowledged thel. (2007) showed that these native representatives are closely
faunal distinctness of Lake Ohrid “... its fauna has howeverrelated, all belonging to the subgerDarinodreissenaThe
a number of peculiarities and cannot be considered as only aouthern parts of the area are inhabitedlbyblanci West-
subdivision of the large West Balkan ...". erlund, 1890, which has originally been described from the
The affiliation of both lakes to the southeastern Adriatic Lake Trichonis area. The authors also showed that the second
drainage region, and particularly the close biogeographicahative species, nomin8l. stankovicj L'vova and Staroboga-
relationships between the two lakes remains controversiatov, 1982, supposedly endemic to Lake Ohrid, is not re-
(reviewed in Albrecht and Wilke, 2008). In fact, a cluster stricted to the ancient lakes Ohrid and Prespa, but that it
analysis of 147 mollusc species from all major natural lakesis a widespread taxon in the northern part of the area. As
in the southwestern Balkans (Albrecht et al., 2009) indicatednominalD. blancif. presbensi&obelt, 1915 described from
that Lake Ohrid is highly distinct with relatively little faunal Lake Prespa has nomenclatural priority oerstankovici
overlap to neighbouring Lake Prespa. The latter appears tdescribed from Lake Ohrid, the correct name for the latter
be more closely related to lakes of the Vardar region (lakegaxon should b@®reissena presbensisiowever, for strictly
Vegoritis and Dojran), and not to the lakes of the southeastdidactical reasons, we here use the nddestankovicifor
ern Adriatic and lonian drainages (lakes Skutari, Pamvotisthe genetic subgroup primarily associated with Lake Ohrid,
Amvrakia, Trichonis; but see Albrecht et al., 2008). andD. presbensi$or the genetic subgroup primarily associ-
So far, there is no conclusive explanation for the low de-ated with Lake Prespa. Interestingly, specimenB.dblanci
gree of faunal exchange between Lake Ohrid and neighbourand D. presbensioccur sympatrically in lakes Prespa and
ing water systems. Radoman (1985) suggested an inhereftamvotis.
structure of the biocoenosis that prevents such events; the Given the close relationship of native Balk&meissena
well adapted endemic organisms of Lake Ohrid may out-spp. and their relatively wide distribution, here we utilize
compete most invading species but are probably inferior out-genetic information from 269 specimens within a system of
side native Lake Ohrid — a pattern sometimes referred to aphylogeographical and population genetic analyses to:
eco-insularity (e.g. Albrecht and Wilke, 2008).
In the recent past, a number of molecular studies have
used species-level phylogenetic relationships as indirect evi-
dence for faunal exchange of Lake Ohrid with neighbouring

— test the biogeographical zones in the southwestern
Balkans with respect to the regions previously described
in the area,
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— investigate the relationship between demographic2.3 Phylogeographical history and summary statistics

changes iDreissenaspp. and environmental changes,
_ _ 2.3.1 Network analyses
— assess the degree of eco-insularity and reconstruct the

evolutionary history oDreissenaspp., and A statistical parsimony haplotype network was constructed

. . . _utilizing the program TCS 1.21 (Clement et al., 2000), with
B .explo.re the potential of these native taxa for becomlngthe connection limit set to 95% and gaps being treated as
Invasive. fifth state. Network ambiguities were resolved according to
the criteria of Pfenninger and Posada (2002). In a second

2 Materials and methods analysis, we reduced the connection limit to 90% (=15 mu-
tational steps) in an attempt to infer the connections among
2.1 Specimens studied sub-networks. In a third analysis, we analyzed our three taxa

individually to infer the respective ancestral haplotypes.

The current study includes samplesreissenaspp. from
47 localities (Table 1) in the central and southwestern2.3.2 Test for genetic structure
Balkans, covering 13 larger natural and artificial water bodies
(important limnological characteristics of natural lakes are To reconstruct the demographic and spatial historiprefis-
given in Table 2). In addition, 11 other major water bodies Senaspp., we first tested for significant genetic structure
were sampled, but did not yield specimen®otissenaspp.: within those taxa that did not exceed the 95% connection
the Mavrovo, Globocica, and Strezevo reservoirs (Macedodimit of the network analysis (see Result section).
nia); lakes Kastorias, Petron, Chimaditis, Pikrolimni, Koro- ~We performed a hierarchical Analysis of Molecular Vari-
nia, Lysimachia, and Ozeros, as well as the Kerkini Reserance (AMOVA) with a distance matrix of pairwise differ-
voir (all Greece). Field work was conducted between 2003ences and tested the significance of thetatistic by gen-
and 2000. erating a null-distribution based on 10000 permutations of

Our sampling encompasses all nomikeissenataxa the original dataset utilizing Arlequin 3.5.1.2. (Excoffier et
from the area (see Bank, 2006; Albrecht et al., 2007), includ-al-, 2005). The hierarchical grouping variables were (i) taxa,
ing materials from or close to their respective type localities: (ii) lake systems, (iii) populations.
D. stankovicil’'vova and Starobogatov, 1982 (type locality ~ As an alternative approach for studying genetic differenti-
Lake Ohrid), D. blanci Westerlund, 1890 (8. chemnitzi ~ ation among taxa, we performed an exact test as suggested
Westerlund and Blank, 1879; hellenicaLocard, 1893; by Raymond and Rousset (1995) and implemented in Ar-
=D. thiesaelocard, 1893; type localities all Missolonghi), lequin 3.5.1.2. The assumed null hypothesis of the test statis-
andD. blanci presbensiobelt, 1915 (type locality Lake tics is a random distribution of different haplotypes among

Prespa). populations (i.e. panmixia). The significance of differen-
tiation between taxa was evaluated by running the Markov
2.2 DNA isolation and sequencing chain for 1 000 000 steps.

The method described by Wilke et al. (2006) was used for2.3.3 Tests for neutrality

isolating DNA from individual mussels. The primers for

amplifying a fragment of the cytochrome oxidase sub- In order to test for the effects of past demographic events
unit | (COI) gene with a target length of 658 base pairs (bp),(i.e. changes in population size) or influences of selection
excluding 51 bp of primer sequence, were LCO1490 andin Dreissenaspp., we utilized Tajima’s (1989p statistic
HCO02198, as described by Folmer et al. (1994). Sequenceds implemented in Arlequin 3.5.1.2. The significance of
(forward and reverse) were determined using the LI-CORthe statistics was inferred using coalescent simulations with
(Lincoln, NE, USA) DNA sequencer Long ReadlR 4200 10000 replicates.

and the Thermo Sequenase fluorescent labelled primer cycle

sequencing kit (Amersham Pharmacia Biotech, Piscataway?-3-4 Testing models of demographic and spatial

NJ, USA). The protein-coding mitochondrial COI sequences, expansions

which in Dreissenaare free of insertions and deletions, were

aligned unambiguously by eye using BioEdit 7.0.8.0 (Hall, Demographic and spatial histories of populations were in-
1999). The first few base pairs behind thee&d of each ferred by linking the amount and distribution of sequence dif-

primer were difficult to read. We therefore uniformly cut off ferences to re!ative time since inergg_nc_e, utilizing mismatch
the first and last 10 bp of each sequence, leaving a 638-bpanalyses. While a demographic equilibrium, that is, constant
long overlapping fragment for the COI gene. Al sequencespOpUIat'O” size, generates a multimodal distribution of pair-

are available from GenBank (accession numbers EF414478Wise nucleotide differences, a demographic expansion is in-
EF414492, EF414496, HM209829-HM210081). dicated by a unimodal distribution (Rogers and Harpending,
’ ' 1992). Schneider and Excoffier (1999) and Excoffier (2004)
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Table 1. Locality information of studied specimens Dfeissenaspp., including drainage system, latitude and longitude information (in
decimal degrees N and W, respectively), as well as DNA isolation numbers and respective haplotype information for individual specimens
(in parentheses).

Drainage system Latitude Longitude  DNA isolation number of individual specimens (haplotype number)

Dreissena polymorpha
Skutari (S&ko Lake) 41.97679 19.33871 12852 (Pol), 12853 (Pol), 12855 (Pol)
Dreissend stankovici

Ohrid 41.10508 20.78048 3960 (S7), 4157 (S9), 4158 (S1), 4189 (S13), 4190 (S14), 4654 (S34)

Ohrid 41.16074 20.68662 4159 (S10), 4191 (S1), 4192 (S15), 4249 (S21), 4287 (S25), 4288 (S26)

Ohrid 41.16267 20.68716 4294 (S29), 4295 (S30), 4296 (S32), 4297 (S32), 4298 (S33)

Ohrid 41.11485 20.64473 3961 (S8), 4161 (S5), 4162 (S11), 4193 (S16), 4194 (S17), 4663 (S3), 4664 (S36)

Ohrid 41.08714 20.79424 4163 (S12), 4164 (S3), 4195 (S18), 4291 (S28), 4657 (S35), 4658 (S3)

Ohrid 41.01626 20.63430 4701 (S37), 4702 (S38), 4703 (S39), 4704 (S40), 4705 (S6), 4706 (S41)

Ohrid 40.97324 20.78668 4171 (S2), 4172 (S1), 4203 (S19), 4204 (S20), 4289 (S5), 4290 (S27)

Ohrid 40.91363 20.73756 4911 (S51), 4912 (S52), 4914 (S53), 4916 (S4), 4917 (S54), 4918 (S5)

Ohrid 40.97301 20.64445 4895 (S46), 4896 (S6), 4897 (S47)

Ohrid 41.03023 20.63521 4887 (S1), 4888 (S42), 4889 (S43), 4891 (S3), 4892 (S44), 4893 (S45)

Ohrid 40.98652 20.79818 3967 (S2), 4281 (S22), 4282 (S23), 4283 (S24), 4284 (S1), 4285 (S2), 4286 (S2)

Skutari 42.23 19.13 4903 (S4), 4905 (S4), 4906 (S4), 4908 (S48), 4909 (S49), 4910 (S50)

Skutari 42.35862 19.10630 12845 (S6)

Skutari 42.16695 19.22564 12847 (S25), 12 849 (S58), 12 850 (S56)

Skutari 41.98523 19.43216 12833(S57), 12834 (S25)

Skutari 42.00598 19.60028 12835 (S55), 12838 (S6)

Dreissena presbensis

Aliakmonas 40.48620 22.25767 9185 (P8), 9186 (P2), 9188 (P9), 9189 (P43), 9191 (P44), 9192 (P9), 9193 (P4)

Dojran 41.21873 22.77928 4571 (P24)

Dojran 41.18786 22.72310 9304 (P8), 9306 (P2), 9307 (P45), 9308 (P46), 9313 (P2)

Mikri Prespa 40.75589 21.10273 4469 (P14), 4470 (P1), 4471 (P1), 4473 (P1), 4474 (P15)

Mikri Prespa 40.69718 21.03827 4475 (P1), 4478 (P1), 4479 (P1), 4480 (P1)

Mikri Prespa 40.79296 21.07416 4481 (P1), 4482 (P1), 4483 (P1), 4485 (P1), 4486 (P1)

Mikri Prespa 40.69718 21.03827 4647 (P1), 4649 (P1)

Mikri Prespa 40.79296 21.07416 4650 (P6), 4651 (P1)

Mikri Prespa 40.75589 21.10273 4652 (P1)

Pamvotis 39.68320 20.86954 4575 (P3), 4661 (P3), 4662 (P3)

Pamvotis 39.68872 20.84427 4642 (P3), 4643 (P3), 4644 (P3), 4645 (P3), 4646 (P25)

Pamvotis 39.67827 20.87722 4683 (P28), 4684 (P5), 4685 (P3), 4686 (P3), 4687 (P3), 4688 (P29)

Prespa 40.87103 20.98772 3966 (P10), 4275 (P1), 4276 (P1), 4277 (P1), 4278 (P13), 4280 (P1)

Prespa 40.93665 20.94414 3964 (P1), 4165 (P1), 4166 (P1), 4167 (P11), 4197 (P1), 4198 (P1), 4199 (P12)

Prespa 40.93828 20.94855 4168 (P1), 4169 (P1), 4170 (P1), 4200 (P1), 4201 (P1), 4202 (P1)

Prespa 40.76848 20.92642 4813 (P1), 4814 (P30), 4815 (P1), 4816 (P31), 4817 (P7), 4818 (P32), 4829 (P6),
4830 (P1), 4831 (P1), 4832 (P1), 4833 (P34), 4834 (P1)

Prespa 40.86210 20.94061 4821 (P7), 4822 (P1), 4823 (P1), 4824 (P1), 4826 (P1), 4827 (P33), 4839 (P1),
4840 (P35), 4841 (P1), 4842 (P36), 4843 (P37), 4844 (P38)

Prespa 40.99446 20.93346 4845 (P39), 4846 (P1), 4847 (P1), 4848 (P40), 4849 (P41), 4850 (P1)

Prespa 40.82032 21.01939 4503 (P5), 4505 (P16), 4506 (P5), 4507 (P17), 4510 (P18)

Prespa 40.83677 21.02141 4511 (P1), 4512 (P19), 4514 (P20), 4515 (P21), 4516 (P22), 4518 (P23)

Vegoritis 40.71857 21.74950 4572 (P2), 4573 (P2), 4574 (P2)

Vegoritis 40.78619 21.81685 4665 (P26), 4666 (P2), 4667 (P27), 4668 (P2)

Vegoritis 40.79 21.82 5169 (P42), 5171 (P2), 5172 (P2), 5201 (P2), 5203 (P2), 5204 (P2), 5205 (P2)

Volvi 40.67561 23.56736 9264 (P4), 9265 (P2), 9266 (P2), 9267 (P2), 9268 (P2), 9269 (P4),
9270 (P4), 9271 (P2), 9272 (P2), 9273 (P2)

\olvi 40.67565 23.56322 9314 (P47), 9316 (P2), 9317 (P2)

Dreissena blanci

Aliakmonas 40.48620 22.25767 9184 (B1), 9187 (B2), 9190 (B2)

Amvrakia 38.76788 21.16916 4790 (B3), 4791 (B3), 4793 (B5), 4794 (B3), 4795 (B3), 4796 (B3)

Kastrakiou 38.82002 21.33194 9164 (B1), 9165 (B6), 9166 (B7), 9167 (B8), 9168 (B2), 9169 (B4), 9170 (B1),
9171 (B6), 9172 (B9), 9173 (B8), 9274 (B2), 9275 (B17), 9276 (B5), 9277 (B6),
9279 (B1)

Pamvotis 39.68320 20.86954 4576 (B10)

Prespa 40.82032 21.01939 4508 (B1)

Stratos 38.67126 21.34027 9174 (B1), 9175 (B4), 9176 (B17), 9177 (B2), 9178 (B5), 9179 (B9), 9180 (B1),

9181 (B4), 9182 (B1), 9183 (B7), 9678 (B4), 9679 (B2), 9680 (B4), 9681 (B5),
9682 (B5), 9684 (BY), 9685 (B6)

Trichonis 38.55133 2153817 4773 (B2), 4775 (B11), 4776 (B12), 4777 (B13), 4778 (B2), 4779 (B14)

Trichonis 3852763 21.65608 4781 (B2), 4782 (B15), 4784 (B1), 4785 (B16), 4787 (B2), 4788 (B1)
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Table 2. Summarized physiographical and hydrological characteristics of large natural lakes in the southwestern Balkans from which
specimens oDreissenaspp. were obtained.

Lake Lake Lake Lake Lake Lake Lake Lake Lake Lake
Ohrit  Skutar? Prespd Trichoni$ Vegoritiss Volvi®  Mikri  Dojran® Pamvoti$  Amvrakia®
Prespa
Altitude (ma.s.l.) 693 10 849 18 524 37 853 145 470 16
Surface area (kA) 358 500 254 96.5 53 68 53 43 22 14.2
Maximum length (km) 30.3 44 27.3 18.2 11.0 20.2 14.3 8.0 7.8 6.2
Maximum width (km) 15.6 13 17.0 7.5 5.2 6.7 6.5 5.9 4.6 33
Maximum depth (m) 289 8 58 58 29 23 8.4 10.4 11 37
Mean depth (m) 155 6.8 14 30.3 70 13.8 41 5.5 5.5 4.4
Volume (kn?) 55 4.0 3.6 2.9 1.53 0.94 0.22 0.32 0.12 0.06
Watershed area (k) 1002 5500 ~1000 421 1853 220 260 420 330 177
Retention time (years) 70 0.3 25 9.4 9.5 - 28 - 0.8 9.4

1 Albrecht and Wilke, 20082 Royal Haskoning, 20068Zacharias et al., 2002; length and width calculated from Google@aﬁmlo Google.

extended this approach, allowing the estimation of demo-time of ~1 year and a body size of approximately 2-50 mm).
graphic parameters from demographic and spatial expansiomhese criteria are met liyreissenaspp. from the Balkans.
models based on a generalized non-linear least-square ap- To provide meaningful confidence intervals for our time

proach. estimates, we here account for both the error otthstimate
First, we tested the spatial expansion model for the threg At; see Result section) and the error of the substitution rate
taxa Dreissena“stankovici, D. presbensisandD. blanci (Ap, here 0.27% Mal, see above) by calculating the prop-

In contrast to the demographic expansion model, this modehgation of uncertainty following the approach of Schultheil
does not require panmixia but assumes that the sampledt al. (2010).

group is subdivided into an infinite humber of demes ex-

changing migrants (i.e. restricted gene flow between groups).

Then, we tested the model of demographic expansionineacB Results

of the three taxa. This model requires panmixia and as this

assumption was violated in all taxa due to a significant ge-3>-1 Network analyses
Poert!FDs_t;l:;:ir(;C?dl?fwg Ig;ﬁ;%IslsgispIencitr?]z:;l\ﬁg\ftﬁz)ﬁzsé The first analysis showed three distinct sub-networks that

0 L i i
system that presumably constitutes the source for subsequeﬁf(ceeded the 95% connection limit. - Sub-network | com

spatial expansion of the respective taxon for this test (see Re2/1s€s all haplotypes of natiRreissena presbensigclud-

sults section for details). ForD'. stankovici this is Lake mg_those ofD._stankovidI, sub-network II_aII haplotypes of
Ohrid, forD. presbensitake Prespa, and f@. blanciLake nativeD. blanci, and sub-network IIl the single haplotype of

Trichonis. Confidence intervals (Cl) for both models were invasiveD. polymorpha(Fig. 2).

estimated based on coalescent simulations with 10 000 repli- TheD. blancisub-network consists O.f 55 specimens with
cates. 17 haplotypes, 10 of them shared (Fig. 2). According to

the network analysis, the taxon occurs allopatrically in the
2.3.5 Estimation of time since population expansion southern water bodies Trichonis, Amvrakia, Stratos and Kas-

trakiou, and, in low frequencies, sympatrically widh pres-
Mismatch analyses also allow for estimatinga population  bensisin the central lakes Pamvotis and Prespa as well as in
parameter that enables the calculation of time since exparthe Aliakmonas Reservoir (Fig. 1). The highest haplotype
sion. Witht =2tu, 7 is the time in generations andis the  diversity and the highest ratio of private haplotypes (i.e. hap-
total mutation rate over all nucleotide positions (Rogers andotypes only occurring in a single water body) are found in
Harpending, 1992; Schneider and Excoffier, 1999). In theLake Trichonis.
absence of ®reissenaspecific substitution rate for the COI The D. presbensikD. stankovici sub-network en-
gene, we used the trait specific COl Protostomia moleculacompasses 211 specimens with 105 haplotypes (58 for
clock rate of 1.22%-0.27% substitutions per site and one “D. stankovicl and 47 forD. presbensis 16 of them shared
million years for the Jukes-Cantor model (Wilke et al., 2009). (7 and 9, respectively).
This rate has been shown to be robust among invertebrate Haplotypes of D. stankovici (lakes Ohrid and Skutari)
taxa with similar biological and life-history characteristics are completely separate fron presbensifiaplotypes from
(i.e. dioeceous tropical or subtropical taxa with a generatiorlakes Pamvotis, Prespa, Mikri Prespa, Vegoritis, Dojran, and
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Dreissena blanci

1]
Dreissena
polymorpha

(=)

Drei

Fig. 2. Statistical parsimony haplotype network@feissenaspp. based on COl mtDNA data (connection limit 95%). Haplotypes are colour-
coded according to major lake systems (see Table 1 for detailed locality information). Areas of circles representing the haplotypes found are
proportional to the number of specimens sharing the respective haplotype (for an assignment of haplotypes to individual specimens and their
exact locations see Table 1; PdD=polymorpha$S =“D. stankovicl, P =D. presbensisB =D. blanci). Missing haplotypes are indicated by

black dots. The grey line shows the connection betwérstankovicl and D. blanciwhen the TCS connection limit is reduced to 90%.
Haplotypes with the highest probability of being the ancestral haplotypes in the four taxa studied are indicated by bold circles (see Method
section for details).

Volvi as well as the Aliakmonas Reservoir (Figs. 1 and 2). The individual network analyses of the three na-
The two groups are, however, separated by only one mutative taxa suggested the following ancestral haplotypes:
tional step. The highest haplotype diversity and the highest D. stankovici, haplotype S6 (biggest outgroup probabil-
ratio of private haplotypes fo. stankovicl are to be found ity 0.127); D. presbensishaplotype P1 (biggest outgroup
in Lake Ohrid; forD. presbensign Lake Prespa. probability 0.116);D. blanci, haplotype B1 (biggest out-
When the connection limit of the network analysis is group probability 0.256).
reduced to 90% in order to infer the link between sub- The potential ancestral haplotype iB.“stankovici (S6)
networks, an almost direct connection between the mostonstitutes a central haplotype within this taxon and it is
common haplotype in D. stankovicl (haplotype S1 in  shared by specimens from lakes Ohrid and Skutari. Lake
Fig. 2) and the most common haplotypen blanci (B1)  Ohrid, however, is considered to be the ancestral area for
becomes evident. However, tBe polymorphasub-network  the extant haplotypes of. stankovicl as it has a higher
remains disconnected. diversity of haplotypes and a higher percentage of private
haplotypes (Fig. 1). The putative ancestral haplotype for
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Table 3. Results of exact test for significant pairwise genetic dif- Table 4. Results of the exact test for significant pairwise genetic
ferences (level 0.05) iDreissena presbensfsom different water  differences (level 0.05) ibreissena blancfrom different water

bodies. bodies. Note that lakes Prespa and Pamvotis were excluded from
the analysis as only a single specimen each was sampled in these
Lake Lake Mikri Lake Lake Lake  Lake lakes.
Prespa Prespa Pamvotis  Vegoritis Dojran  \olvi
Lake Lake Lake Kastrakiou Stratos
Prespa Trichonis Amvrakia Reservoir  Reservoir
Lake +
Mikri Lake Trichonis
Prespa Lake Amvrakia +
Lake + + Kastrakiou + +
Pamvotis Reservoir
Lake + + + Stratos + + +
Vegoritis Reservoir
Lake + + — + .
Dojran Allakmonas - + + +
Lake . . . + + Reservoir
\olvi
Aliakmonas + + — + - +
Reservoir

between water bodies harbouring specimenb opresben-

siswas significant in 19 out of 21 pairwise comparisons (Ta-

ble 3).
D. presbensigP1) also represents a central haplotype within - The analysis ofD. blanci indicated that in this taxon,
this taxon. Itis only shared by specimens from Lake Prespaariance among populations accounted for 24.02% of to-
and the small neighbouring Lake Mikri Prespa (Fig. 2). Lake tg| variation and variation within populations for 75.98%
Prespa has a much higher total number of private hapIotype@FST: 0.2402,p < 0.001). Following the qualitative guide-
(Fig. 1) and as most of these haplotypes are derived fromines of Wright (1978), this fixation index indicates high ge-
the putative ancestral haplotype P1, Lake Prespa appears ftic differentiation. Note that among-group-variation is not
be the ancestral area for all extant haplotypeB.gbresben- applicable as this analysis involved only a single taxon.
sis ForD. blanci, the inferred ancestral haplotype is haplo-  The exact test of sample differentiation based on haplo-
type B1 (Fig. 2). As Lake Trichonis is the only natural lake in type frequencies also rejected the global null hypothesis of
which this haplotype was found during our survey (accept forpanmixia ofD. blancifrom a total of 7 water bodies studied
asingle specimen in Lake Prespa), and as this lake shows the, _ 0.001). Pairwise analyses of individual lake systems

highest percentage of privae blancihaplotypes (Fig. 1), it indicated significant differences in 9 out of 10 comparisons
is assumed to be the ancestral area for the extant diversity qfrape 4).

D. blanci

. 3.3 Tests for neutrality
3.2 Test for genetic structure

) Tajima’s D test of selective neutrality showed a significant

We performed two AMOVAS, corresponding to the two ma- geyiation from the neutral mutation hypothesis in all three
jor sub-networks obtained in the first network analysis (seejaxa . presbensisD = —2.43, p < 0.001; “D. stankovic:
Fig. 2): D. presbensis “D. stankovici and D. blanci The ~ p_ 242 , <0.001;D. blanci D = —1.54, p = 0.025),
first analysis revealed a significant level of genetic differ- jngicating population size expansion and/or positive selec-
entiation betweerD. presbensisand ‘D. stankovici with tion.
33.45% of the total variation being distributed between these
two groups {ct=0.3345,p < 0.05). Variation among pop- 3.4 Testing models of demographic and spatial
ulations within groups accounted for 20.45% of total varia- expansions
tion (Fsc=0.3073,p < 0.001) and variation within popula-
tions for 46.10% of total variationfst = 0.5390,p < 0.001). Allindividual mismatch analyses (Fig. 3) showed a unimodal

The alternative exact test of sample differentiation basedlistribution of pairwise nucleotide differences (also see the
on haplotype frequencies also rejected the global null hy-corresponding low raggedness values in Table 5, which are
pothesis of panmixia oD. presbensisand ‘D. stankovicl all non-significant). In addition, all sum of squared deviation
from a total of 9 water bodieg(< 0.001). Whereas a pair- (SSD) values (Table 5) are very low as well, none of them be-
wise comparison of lakes did not indicate significant differ- ing significant. These data indicate that neither the pure de-
ences in the genetic structure @."stankovicli (i.e. between  mographic expansion model for lakes Ohrid, Prespa and Tri-
lakes Ohrid and Skutari;p = 0.106), the differentiation chonis, nor the spatial expansion model for. ‘stankovici,
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Fig. 3. Mismatch distribution of nativ®reissenaspp. based on COlI mtDNA data. The distributions of pairwise nucleotide differences
(circles) were tested against two expansion models (black lines): spatial expansion for all lakes (to the left) and demographic expansion out
of the respective ancestral water body (to the right; see Result section for details). The 95% confidence intervals of the coalescent simulations
are indicated by dashed lines.

D. presbensisandD. blanci are rejected in favour of a de- It should be noted that the onsets of population expansions

mographic equilibrium. inferred here foDreissenaspp. are independent of the age
of the respective most recent common ancestors (MRCA).

3.5 Estimation of time since population expansion The age of the MRCA in all three taxa may be considerably

higher than the inferred age of spatial expansion.
The mean time estimates for the beginning of spa- ¢ ¢ P P

tial/demographic expansion irD: stankovicl, D. presben-

sis andD. blanci are given in Table 5. The demographic 4 Djscussion

expansion of D. stankovici in Lake Ohrid and its spatial

expansion into Lake Skutari started some 320000-30000@.1 Biogeographical zones on the southern Balkans

years ago and therefore considerably earlier than the de-

mographic expansion db. presbensisvithin Lake Prespa The biogeographical zonation Bfeissenapp. here inferred
and its spatial expansion into nearby water bodies somédy molecular data largely corresponds with the zonations
110000 and 70000 years ago, respectively (also see the noproposed previously based on data from fisBreissena
overlapping CI's in Table 5). The demographic expansion*“stankovici occurs exclusively in the ecoregion “southeast-
of D. blanci and its spatial expansion out of Lake Tricho- ern Adriatic drainages” (Fig. 1)P. blanci mainly in the

nis (160 000 and 140 000 years ago, respectively) apparentlgcoregion “lonian drainages”, ard. presbensisnainly in
started before the spread Bf presbensisbut considerably the Vardar and Thrace ecoregions. There is, however, con-
later than the expansions db: stankovici (Cl's, however,  siderable disagreement regarding the assignment of the an-
are overlapping). The spatial expansiorDofpresbensisut cient lakes Ohrid and Prespa to ecoregions. Most researchers
of Lake Prespa appeared to have started considerably lateonsider Lake Ohrid as belonging to the southeastern Adri-
than its demographic expansion (but CI's overlap). atic drainages (see Introduction, also see Albrecht and Wilke,
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Table 5. Estimated parameters of spatial and demographic expansion models inDigissenaspp. based on mismatch analyses. For

details on the estimation of time since expansion and its confidence intervals see the Method section. SSD: sum of squared deviations fromn
the respective modep: significance of the respective parameter; Rl: raggedness irdg@qpulation parameter Tau; Cl: 95% confidence
interval; T: time since population expansion.

Spatial expansion model Demographic expansion model
“D. stankovici  D. presbensis D. blanci “D. stankovicl  D. presbensis D. blanci
(all sites) (all sites) (all sites) (Lake Ohrid) (Lake Prespa) (Lake Trichonis)

SSD (p-value) 0.001 (0.53) 0.001 (0.60) 0.001 (0.80) 0.002 (0.26) 0.001 (0.95) 0.009 (0.73)
RI (p-value) 0.016 (0.61) 0.024 (0.80) 0.019 (0.88) 0.018 (0.28) 0.019 (0.98) 0.039 (0.80)
T 4.63 1.12 2.24 5.02 1.76 2.48
(Ch (2.96-5.12) (0.69-3.16) (1.29-3.68) (4.18-5.70) (0.43-3.80) (1.05-5.83)
T in Mya 0.297 0.072 0.144 0.322 0.113 0.160
(Ch (0.201-0.393) (0-0.153) (0.061-0.227) (0.236-0.409) (0.002-0.224) (0.002-0.317)

2008). Some researchers noted a relationship to the loniamay have triggered population expansions, and if so, whether
region (e.g. Wilke et al., 2007), yet other researchers pointhese changes were of global, regional, or local nature.
to the high degree of isolation and faunal distinctness ofAcknowledging that these different spatial scales may not
Lake Ohrid faunal elements, which possibly warrants the asbe mutually exclusive, the disconcordance of demographic
signment to its own region (e.g. Banarescu, 1991; Albrechtevents in the taxa studied might, at first sight, point to lo-
et al., 2009; Hauffe et al., 2010; Trajanovski et al., 2010). cal effects influencing individual lakes and their respective
The data presented here, indeed, indicate a close relatiorspecies. The situation, however, appears to be more complex
ship of Lake Ohrid specimens and the ecoregion “southeasthecause different lakes with different limnological charac-
ern Adriatic drainages”, demonstrated by the occurrence oferistics (e.g. size, depth, source of water, residence time of
“D. stankoviciin Lake Skutari. However, as the latter lake is water; also see Table 2) may buffer environmental changes
almost directly connected to Lake Ohrid via the Drim River, to different degrees.
the relatively isolated occurrence ob:' stankovici in the We are unable to provide explanations for the population
Skutari area should not be overrated. expansions in D. stankovici some 300 000—-320 000 years
The situation for Lake Prespa is less ambiguous. Whereaago and inD. blanci some 140000 years ago due to lack
most researchers consider this lake to be closely related tof relevant paleolimnological data.The demographic expan-
Lake Ohrid biogeographically, recent studies (e.g. Albrechtsion of D. presbensisn Lake Prespa some 110000 years
and Wilke, 2008; Albrecht et al., 2009) suggest a closer bio-ago, however, can possibly be linked to environmental and
geographical connection between Lake Prespa and the lakedimatic fluctuations that were inferred for the Ohrid-Prespa
of the Vardar region. This pattern is also supported by theregion during the last glacial-interglacial cycle (Lindhorst et
genetic analyses presented here. We therefore suggest moak, 2010; Vogel et al., 2010a,b; Wagner et al., 2010). The
ifying the borders of the Vardar ecoregion to include lakesEemian interglacial ended approximately 110000 years ago
Prespa and Mikri Prespa (also see Mawket al., 2010). and was characterized by abrupt climatic changes and sig-
nificant lake level fluctuations @zine et al., 2010), which
4.2 Demographic changes irDreissenaspp. relative to might have caused the demographic expansion observed. In-
environmental changes terestingly, while these affects are apparent in Lake Prespa,
they did not leave traces in the demographic history of
Whereas the distribution of groups of species among ecore:D. stankovicl in Lake Ohrid. In fact, a recent study shows
gions often reflects the general biogeographical history of ahat “D. stankovicl already had a dominant position in the
larger area, a comparison of closely related taxa may reveabenthic invertebrate assemblages of the latter lake during the
the effects of small-scale biotic and abiotic factors in spacel_ast Interglacial (Albrecht et al., 2010). These observations
and time. lead to the hypothesis that regional environmental changes
Estimates of the dates of population changes indicatenay have had pronounced effects on the population histories
that the onsets of demographic and spatial expansions inf Dreissenaspp. in the Balkans, though the high buffer ca-
the three native taxa do not coincide, but differ consider-pacity of, for example, Lake Ohrid (deep oligotrophic lake
ably. This raises the question as to whether environmenwith a considerable water input coming from sublacustrine
tal changes (e.g. recovery from catastrophic lake-level lowsprings) may have mitigated these effects (but see Reed et
stands; Sturmbauer et al., 2001; Schulthei3 et al., 2009al., 2010 for the sensitivity of diatoms to climate change in
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Lake Ohrid). Thus, the onset of spatial expansioBimpres-  2008; Albrecht et al., 2009). Acknowledging that we are un-
bensisout of Lake Prespa may be associated with a recov-able to provide a quantifiable neutral model of private hap-
ery from lake level low stands, whereas we do not see suchotype diversities in the lakes studied, we do see a general
effects in Lake Ohrid populations. Nonetheless, given thetrend that shows an increase of haplotype diversities from
patchy distribution of lakes in the area, local events affect-artificial and relatively young natural lakes over potential an-
ing individual lakes probably had pronounced effects on thecient lakes to well recognized ancient lakes, such as Lake
respective demographic histories Dfeissenaspp. as well.  Ohrid. In other words, the degree of eco-insularity may be
In fact, both the exact test of sample differentiation and therelated to the age of the respective water body and it is con-
AMOVA reject panmixia within the three native taxa stud- ceivable that species in those lakes, characterized by long
ied. The high degree of genetic structure in all these taxa islemographic histories, are better adapted to the individual
rather unexpected. Most water bodies studied here are fresettings of ancient lakes and that they are therefore typically
quently used by migratory water birds as breeding or rest-able to out-compete immigrants originating from other wa-
ing grounds (e.g. Grimmett and Jones, 1989). Together witlter bodies (e.g. Boss, 1978; Radoman, 1985; Albrecht and
the, in part, low geographical distance between these wateWilke, 2008). Moreover, it has recently been shown for the
bodies, one would expect a high degree of passive dispeNeogene lakes in the Balkans that, once a fauna evolved in
sal and therefore considerable gene flow between lakes ansitu, inter-lake exchange remains extremely rare (Harzhauser
reservoir. However, the AMOVAs indicate significant pair- and Mandic, 2008). Of course, isolation (and therefore the
wise genetic differences amord presbensigpopulations  frequency of emigration and immigration events) also plays
from different water bodies, except for lakes Pamvotis, Do-an important role for eco-insularity. Long-lived lakes (an-
jran and the Aliakmonas Reservoir (Table 3). The same iscient lakes and paleolakes) have repeatedly been regarded as
true for D. blanci Within this taxon, populations from dif- islands with observed patterns being discussed in an island-
ferent water bodies show a high degree of pairwise differen-biogeographic context (e.g. Wesselingh, 2007).

tiation except for those inhabiting the Aliakmonas Reservoir We do not know the processes leading to the relative high
and Lake Trichonis (Table 4). While both taxa have a rel- degree of eco-insularity dDreissenaspp. in ancient lakes
atively high number of private haplotypes in natural lakesin the Balkans but empirical evidence from aquarium ex-
(particularly in ancient lakes), we only see a clear geographperiments (Wilke et al., unpublished data) also indicate that
ical structure irD. presbensi¢Fig. 2). Most specimens from “D. stankovicl from Lake Ohrid is very difficult to main-
lakes Prespa and Mikri Prespa form one group, specimengain outside its native environment. This double-sided effect
from the remote Lake Pamvotis form a second group, andf eco-insularity — endemic organisms may outcompete most
most specimens from the eastern lakes and reservoirs (Vegavading species but are probably inferior outside their native
oritis, Dojran, Volvi, Aliakmonas) form a third group. The water bodies — may have considerable implications for the
difference in geographical structure betwdenpresbensis protection of nativédreissenapp. on the Balkans. As shown
and D. blanci could, however, be simply the result of an by Kostoski et al. (2010), Lake Ohrid harbours an increas-
isolation-by-distance effect d3. blancihas a much smaller ing number of invasive species. These species are mainly to
range tharD. presbensig¢see Fig. 1). be found in environmentally disturbed areas such as the eu-
throphicated Ohrid Bay on the Macedonian side and the Lin
Peninsula on the Albanian side (also see Matzinger et al.,
2007). There, water conditions might have changed in such
a way that endemic species lose their competitive advantage.
These are therefore the areas specimens from outside could
While isolation-by-distance may explain some of the patternspopulate most easily and from where a displacement of na-
observed in our data set, it does not explain the lack of faunative populations could start. The first confirmed record of
overlap between lakes Prespa and Ohrid. Although haploD. polymorphain the southwestern Balkans presented here
types of ‘D. stankovici and D. presbensigliffer by as lit- originated from such a disturbed system — from LakgékBa

tle as one mutational step (see Fig. 2), these sister-lakes da the Skutari drainage.

not share haplotypes nor do individual haplotypes from Lake Our data also indicate that immigration and emigration of
Ohrid cluster together with those from Lake Prespa. The highDreissenaspecimens may occur on a regular basis in the
degree of population distinctiveness in ancient lakes also beBalkans. This becomes evident not only from specimens
comes evident when looking at the distribution of haplotypesfound in relatively young artificial water bodies such as the
(particularly private haplotypes) among water bodies. TheAliakmonas, Kastrakiou and Stratos reservoirs (Fig. 1), but
highest haplotype diversities and the highest percentage dadlso from the low-frequency-occurrence f blanci speci-
private haplotypes (see Fig. 1) are to be found in (i) Lakemens in lakes Pamvotis and Prespa. Such dispersal events
Ohrid, (ii) Lake Prespa, and (iii) Lake Trichonis. Interest- may result in small isolated subpopulations subject to se-
ingly these lakes also appear to be, possibly in the same omere bottle necks and subsequent genetic drift (Wright, 1931,
der, the oldest lakes in the Balkans (e.g. Albrecht and Wilke Wilke et al., 2010). These processes could, at least partly,

4.3 Faunal exchange and eco-insularity of ancient lakes
in space and time
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explain the patterns of extabreissenabiodiversity seen in  their massive spread in western Europe and North Amer-
the Balkans. ica from small isolated areas and that the nabeissena
species in the Balkans are now known to occur in many more
4.4 Evolutionary history of native Dreissenaspp. inthe  water bodies than previously believed, there is real concern
Balkans that one or more of these native taxa could become invasive
(see Albrecht et al., 2007). The data presented here, how-
Given that nativeDreissenaspp. from the Balkans form a ever, indicate that their spatial expansion had already started
monophyletic group as suggested by Albrecht et al. (2007)between approximately 70000 and 300000 years ago and
and considering their demographic histories and patterns ofherefore is not human-mediated. Moreover, all species still
haplotype diversity inferred in the present paper, we suggesappear to be restricted to their native ranges. Of concern,
that an ancestrdreissengopulation in Lake Ohrid may be however, is that today two taxB, presbensiandD. blanci,
the source of todayBreissenebiodiversity in the area. also occur in artificial water bodies. While many reservoirs
Specimens of this population possibly invaded lakes inin the area are still free dbreissenaspp. (see the negative
the southern lonian region, such as Lake Trichonis, and berecords in Fig. 1), we did find specimens in large numbers in
came reproductively isolated (extdntblanci). Independent  at least three major reservoirs situated in two ecoregions. We
of this event, and probably at a later point in time, speci-therefore urgently suggest a monitoring programDoeis-
mens of the ancestral source population also invaded Lakeenaspp. in artificial lakes in the area as an early warning
Prespa (extanD. presbensis After a major demographic system. At the same time, studies are necessary to investi-
expansion, Lake Prespa then probably became the source fgate whether invasiv®. polymorphashow signs of further
the spreading oD. presbensido lakes in the Vardar and range expansions into areas currently exclusively populated
Thrace regions. Given the close haplotype relationship beby nativeDreissenaaxa in the Balkans.
tweenD. presbensigrom lakes Prespa and Pamvotis (see,

for example, the shared haplotype P5 in Fig. 2), Lake Prespacxnowledgementswe are very grateful to Peter & (Hetlin-
possibly was the source f&. presbensispecimens in Lake gen) and Viadimir P&¢ (Podgorica), who providedreissena
Pamvotis (lonian region) as well. materials from Lake Skutari. We also thank Athanasios Mogias
Interestingly, there also has been a spread of specimen®emocritus University of Thrace), who helped to prepare our
of “D. stankovicl from Lake Ohrid into the Skutari system. field work in Greece and arranged for the necessary collecting
This is, however, not surprising as the only outflow of Lake permits.  Silvia Nachtigall and Kirstin Schreiber (Justus Liebig
Ohrid, the Drim River (see Fig. 1), runs along Lake Sku- University G'lessen) are acknowledged for their help vv_|th the D_NA
tari. In fact, a similar “out of Ohrid” event has been noted WOrk- Special thanks go to Torsten Hauffe and Kirstin Schreiber
by Wilke et al. (2007). In their paper, the authors presenteuiéusws Liebig University Giessen) for collecting specimens of

d . hat th fth linid polymorphain the vicinity of Lake Skutari. Two anonymous
ata suggesting that the ancestor of the pyrgulinid gastropo ferees are acknowledged for reviewing the manuscript. The work

specieg’yrgula annulatawhich today occurs in some Italian 55 supported by German Research Foundation grants WI1901/8-1
lakes, in Croatia and also in Lake Skutari, probably inhabitedsng AL 1076/3-1 to TW and CA.

Lake Ohrid. Studies of the endemic cypriniform fish fauna
also suggest a closely interlinked Ohrid-Drim-Skutari systemgdited by: B. Wagner
(Sanda, 2007; Talevski et al., 2009; Markost al., 2010).

The patterns of (limited) immigration and emigration ob-
served here may help to provide a hypothesis for the highgeferences
degree of freshwater biodiversity in the Balkans not only for
Dreissenaspp., but also for other invertebrate taxa. We sug-apell, R., Thieme, M. L., Revenga, C., Bryer, M., Kottelat, M.,
gest that during an early limnological phase (or after catas- Bogutskaya, N., Coad, B., Mandrak, N., Contreras Balderas, S.,
trophic limnological events), a patchy system of ancientlakes Bussing, W., Stiassny, M. L. J., Skelton, P., Allen, G. R., Un-
in the area with limited gene flow supported the survival of mack, P., Naseka, A., Ng, R., Sindorf, N., Robertson, J., Armijo,
small isolated subpopulations. Probably during a later phase, E.. Higgins, J. V., Heibel, T. J., Wikramanayake, E., Olson, D.,
eco-insularity of lake faunas prevented excessive hybridiza- L0pez, H., Reis, R. E., Lundberg, J. G., Sabajg2, M. H., and
tion and sympatry of closely related taxa. Future studies fo- Pey. P Freshwater ecoregions of the world: a new map of bio-
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