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Examination of the genetic structure of the vairone Telestes souffia based on 10 nucleat matkers 
(microsateIIites) revealed little-to-moderate genetic differentiation between geographically adjacent 
populations in the eastern part of Lake Constance in central Europe. Results emphasize the critically 
endangered status of this freshwater fish in the upper Rhine River system. 
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Climatic oscillations during the Quaternary had an important effect on the actual 
distribution and the genetic structure of many freshwater fish species, especially in 
previously glaciated areas due to founder events (Bernatchez, 2001; Ramstad et al., 
2004). In addition to natural events, human interactions (such as fisheries, habitat 
fragmentation and pollution) have imprinted the population genetic structure of many 
fish species in the recent past (Laroche & Durand, 2004). Combining population 
genetic data with geographical information, life-history traits of a species and data on 
past events such as climatic fluctuations or human interference can provide important 
insights into the factors that shaped the structure of populations, the evolutionary 
history of a species and its conservation status. 

The vairone Telestes souffia (Risso) lFig. 1 (a)] is a primary freshwater fish dis
tributed in the Alps and the surrounding regions. It inhabits the upper reaches of 
the main central European river systems such as the Rhine, Rhone, Danube and 
Po. Previous research on the phylogeography of this cyprinid in central Europe 
revealed that two main genetic lineages exist, which are likely to have colonized 
the Alps after the last glaciation cycle either from the south (Italian clade) or from 
the east (Alpine clade) (Salzburger et al., 2003; Marchetto et al., 2010). These two 
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FIG. I. Ca) 1'ele.l"les ,l'Oujjia and Cb) rivers studied in the eastern part of Lake Constance in Central Europe. 

genetic lineages are congruent with the sub-species T. s. muticellus in Italy and 
T. s. sou/fia or T. s. agassizi in the drainages of Danube, Rhine and Rhone. According 
to mitochondrial DNA data by Salzburger et al. (2003), the Rhine system T. sOL!ffia 
represents the youngest assemblage with a comparatively low number of mitochon
drial haplotypes, directly derived from Danubian ancestors. These results suggest 
low dispersal ability of T. souffia and a limited genetic diversity in the Rhine River 
system. 

Because of its little economic importance, major faunal translocations of T. souffia 
in Europe are not known. The only known exception is a discontinued restock
ing programme in the Jossa River (a tributary of the Main River in Germany), 
where fish from the Birs River in Switzerland have been released (R. Bless, pers. 
comm.). Therefore, at least in the Alpine area, the present distribution of T. souffia 
is expected to re flect the natural population history. This makes T. souffia an inter
esting model species to study the effects of paleoclimatic and geological events as 
well as human influence on the present di stribution of central European freshwater 
fi shes. 
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Telestes souffia is a rather specialized cyprinid species known for its intolerance to 
low oxygen levels and dependency on gravel substratum for spawning (Bless, 1996). 
As a threatened species, it is listed in Appendix III of the Bern Convention on the 
Conservation of European Wildlife and Natural Habitats, Appendix II of the E.U. 
Directive on the Conservation of Natural Habitats and Wild Fauna and Flora and is 
categorized as rare by the International Union for the Conservation of Nature (IUCN). 
Investigating the conservation status of T. souffia in France, Salducci et al. (2004) 
found that one quarter of the populations studied had experienced a recent population 
decline (bottleneck) and that four of the 19 populations are of a critically endangered 
status indicated by low genetic polymorphisms and weak population densities. 

In this study, nuclear markers (microsatellites) were used to investigate the pop
ulation genetic structure of T. souffia from the upper Rhine drainage system in the 
eastern part of Lake Con stance in central Europe. Of particular interest was the ques
tion: whether a lake could act as migration barrier for a riverine freshwater fish. Both 
the basin of Lake Constance and the surrounding landscape were shaped during the 
last glacial maximum (Wuerm, < 15 000 years before present), therefore coloniza
tion of this area by freshwater fish could only occurred have after this event. Hence, 
this study focused on the influence of relatively recent events on the dynamics and 
structure of populations of a specialized freshwater fish. 

The study area comprised four rivers of the Rhine system in the eastern part of 
Lake Constance: Argen, Leiblach, Bregenzerach and Schwarzach [Fig. l(b)]. Three 
(Leiblach, Argen and Bregenzerach) of the four rivers under study flow directly 
into Lake Constance, whereas the Schwarzach River in Austria flows into the River 
Dornbirner Ach, which is connected to Lake Constance. This results in a rather small 
geographic area with shoreline distances between the respective river mouths from 
c. 2 to 25 km. About 20 individuals were sampled from one population per tributary 
(Table I); two populations were sampled within the Schwarzach River (Schwarzach 1 
and 2; n = 17 and n = 51, respectively), which are separated by c. 2 km including a 
stretch where the riverbed has been canalized. Individuals were caught by electrofish
ing; they were weighed, measured (standard and total length) and photographed, and a 
fin-clip preserved in 100% ethanol was taken for DNA analysis. Total genomic DNA 
was extracted using a sodium chloride extraction protocol (Bruford et al., 1998). 
Ten nuclear microsatellite loci, designed for T. souffia (Lsou05, Lsou08, Lsou09, 
Lsoull, Lsou14, Lsou19, Lsou21, Lsou27, Lsou29 and Lsou34), were genotyped 
as described by Muenzel et al. (2007). Basic genetic descriptive statistics: number 

TABLE 1. Population (see Fig. 1) parameters from Telestes soufjia 

Population n Fls Na Ne HE Ho NDL 

Schwarzach 1 51 0·075 7·8 4·04 0·68 0·67 1 
Schwarzach 2 17 0·093 6·1 3·86 0·73 0·72 0 
Leiblach 20 0·054 5·9 3-48 0·65 0·62 3 
Argen 21 0 6.5 3·59 0·68 0·72 0 

. Bregenzerach 21 0·107 6-4 3-45 0·66 0·63 5 

n, number of individuals; Na, mean number of alleles; Ne, effective number of alleles; HE, expected 
heterozygosity; Ho, observed heterozygosity; NDL, number of deviations from linkage disequilibrium 
(P > 0·05). 
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of alleles, expected (HE) and observed heterozygosities (Ho) and deviations from 
the Hardy-Weinberg equilibrium (HWE) (per population across all loci and per 
locus across all populations using Fisher's exact test) were compiled using GENEPOP 
(Raymond & Rousset, 1995). The effective number of alleles (Ne) was calculated 
as the reciprocal of ~ Pi 2 (Hartl & Clark, 1997). Linkage disequilibrium was tested 
for all possible pairs of loci in each population and globally for each pair of loci 
across populations with GENEPOP. The extent to which the riverine populations of 
T. souffia are isolated from one another was investigated by calculating Wright's 
F -statistics (Weir & Cockerham, 1984) as implemented in GENEPOP. In addition, a 
Bayesian model-based clustering algorithm implemented in the computer programme 
STRUCTURE 2.0 (Pritchard et al., 2000) was applied. Analyses were performed using 
the admixture and the non-admixture models and assuming correlated and inde
pendent allele frequencies with a burn-in period of 50 000 iterations, followed by 
200 000 Markov chain Monte-Carlo (MCMC) repetitions, an inferred K from one 
to 10 and three iterations each. Testing for recent bottlenecks in populations was 
conducted with the test statistics M-RATIO (Garza & Williamson, 2001). Settings 
applied were Ne = 1000 (and Ne = 10 000), f.1, = 0·01 and f.1, = 0·001 (correspond
ing to the generally assumed microsatellite mutation rates in fishes; Jones et al., 
1999; Shimoda et al., 1999), Ps = 0·8 and ~g = 3·5 (Garza & Williamson, 2001). 
Statistical significance was estimated by simulating an equilibrium distribution of 
M using 1000 replicates, according to the method described in Garza & Williamson 
(2001) and ranking the calculated value relative to the equilibrium distribution. Using 
conventional criteria, there is evidence of significant reduction in population size if 
<5% of the replicates are below the observed value. 

The mean expected and observed heterozygosities (HE and Ho), the mean number 
of alleles and the effective number of alleles are given in Table I. The total number 
of alleles per locus ranged from two to 16 with an average of nine alleles per locus 
when all populations were combined. Considering the populations separately, the 
mean number of alleles ranged from 5·9 (Leiblach) to 7·8 (Schwarzach 1). Analysis 
of the effective number of alleles (Ne) shows a smaller range between populations: 
3·5 S Ne S 4·0. In population Schwarzach 1, the highest number of alleles (7·8) was 
observed, while the effective number of alleles was only 4·0 resulting from many 
low-frequency alleles. Thus, the mean effective number of alleles is similar between 
all five populations investigated. Exact tests for linkage disequilibrium across all five 
populations revealed significant linkage at the 1 % level between loci Lsou05 and 
Lsou19, between Lsoull and Lsou14 and between Lsou8 and Lsou14. Deviations 
from HWE (heterozygote deficit; P < 0·01) were detected for Lsou9 (Bregenzerach), 
Lsou14 (Schwarzach 1), Lsou19 (Argen) and Lsou34 (all populations but Leiblach); 
locus Lsou34 was consequently excluded from further analyses. All but one pair-wise 
comparison among the five river populations connected via Lake Constance resulted 
in significant FST values (Table IT). The fixation indices indicated little genetic 
differentiation between the investigated populations. As expected, the populations 
Schwarzach 1 and Schwarzach 2, which are separated by c. 2 km only, do not show 
significant levels of genetic differentiation. The population assignment test with the 
software STRUCTURE based on 10 microsatellite loci did not resolve a distinct pop
ulation structure within a total of 130 individuals. Calculating the M-ratio (Garza 
& Williamson, 2001) revealed strong evidence for past demographic reduction in 
the population size for all five populations under study: Schwarzach 1 (M = 0·56, 
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TABLE n. Fixation indices for pair-wise comparisons between populations (see Fig. 1) of 
Telestes sOL(ffia 

Schwarzach 1 
Schwarzach 2 
Leiblach 
Argen 
Bregenzerach 

Schwarzach 1 

O·013NS 

0·034*** 
0·016*** 
0·042*** 

*** p < 0·001; NS, non-significant. 

Schwarzach 2 

0·043*** 
0·027*** 
0·048*** 

Leiblach 

0·022*** 
0·027*** 

Argen 

0·029*** 

P ::: 0·00), Schwarzach 2 (M = 0·52, P < 0·01), Leiblach (M = 0·53, P < 0·01), 
Argen (M = 0·55, P ::: 0·001) and Bregenzerach (M = 0·50, P < 0·01). This was 
true for both the assumed effective population sizes (Ne = 1000 and 10 000) and 
the applied mutation rates (p, = 0·01 and 0·001). 

While the phylogeographic history of T. souffia in the main central European 
river systems has been studied in some detail (Gilles et al., 1998; Salzburger et al., 
20(3), little is known about its fine-scale genetic structure in different parts of 
central Europe. Salducci et at. (2004) characterized T. souffia's genetic structure 
demonstrating its critical conservation status in France (RhOne basin). The present 
sampling sites in the upper Rhine system represent an even smaller geographic scale 
with only between two and 25 km lakeside distance between river mouths. The 
pair-wise FST comparisons revealed a little-to-moderate, yet significant, degree of 
genetic differentiation between the populations (Table II). This finding could suggest 
that the lacustrine environment of Lake Constance acts as a barrier to gene flow for 
the riverine specialist T. souffia (note that T. souffia has never been found within the 
lake itself). 

A mark-recapture study in the T. souffia population from the River Argen uncov
ered a seasonal migration behaviour between a common winter habitat in the form 
of a deeper pool in a tributary and the spawning (spring) and foraging (summer) 
grounds in the riverbed itself (Wocher & Rosch, 2005). Only first-year juveniles did 
not follow this migration and stayed in the river throughout their first year. Simi
lar observations have been made in the Schwarzach, where T. souffia are known to 
remain in winter in relatively high densities (up to 400 individuals per 100 m stream 
course) in an anabranch, while in the main stream the highest densities are found 
in spring and summer (up to 100 individuals per 100 m stream course) (B. Grab
herr, unpubl. obs.). Thus, while seasonal migrations on a small geographic scale and 
within the same habitat type (gravel) are well documented in T. souffia, migrations 
over larger geographic distances and across different habitat types (i.e. lake habitat) 
appear to be rather rare. This can be attributed to the fish's stenotopic behaviour and 
to habitat disturbances as they occur throughout the species distribution range. 

All populations investigated here show signatures of population bottlenecks adding 
genetic support to the declaration of T. souffia as a critically endangered species. 
In all four rivers studied, T. souffia is rare and only known from some localities, 
which typically represent the most undisturbed and the most structured sites, such as 
anabranches (B. Grabherr, unpubl. obs.). Yet, the long-term observation of popula
tion densities in the Schwarzach revealed that annual variation in population density 



1163 

is high and that single events such as high temperatures or floods can have severe 
effects on populations. The high temperatures and low water stands in summer 2003, 
for example, led to a population decline to c. 25% in the mainstream and 80% in 
the Anabranch; a flood in the summer of 2005 reduced the juvenile population 
dramatically (B. Grabherr, unpubl. obs.). A sympatric population of chub Leuciscus 
cephalus (L.), a more widespread and a more generalist species, was only marginally 
affected by these events. It is such climatic events and the reduction of natural habi
tats caused by human impact that are probable causes for population bottlenecks and 
declines in T. souffia. To which extent the reduction of genetic diversity leads to 
reduced adaptability in T. souffia would need to be studied further. 
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