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ABSTRACT

In the past, the freshwater snail Theodoxus fluviatilis was abundant in the river Rhine, but was considered to be extinct in the Upper and High 
Rhine in 2004. We found individuals of T. fluviatilis for the first time at sites in the southern part of the Upper Rhine and High Rhine in 2020, 
where this species went extinct 16 years ago. There are several distinct haplotypes of this species; some of them occurring in geographically 
separated regions of Europe. We used mitochondrial DNA (cytochrome c oxidase subunit I, COI) to trace the origin of the newly arrived 
T. fluviatilis. We examined 269 individuals collected at 29 sites and compared their sequence data with known haplotypes of T. fluviatilis 
and other species of Theodoxus deposited in GenBank. We also analysed a historical sample from 1995 (collected before the species went 
extinct), which revealed that the haplotype of the native T. fluviatilis in the High Rhine at that time was F28. In the recent samples, however, 
we found T. fluviatilis with the haplotypes F31 and “euxinus”, which are reported in the Ponto-Caspian region. Both haplotypes are cryptic 
invaders, colonizing the Rhine via the Rhine–Main–Danube canal and adversely affecting the remaining native populations of T. fluviatilis 
in Western Europe. Our findings are important for this species management by nature conservation authorities: lineages of endangered 
species should be preserved and supported, while the spreading of invasive, non-native lineages (or species) should be prevented.

Keywords: biological invasion; COI-sequencing; conservation; cryptic invader; non-native haplotype; Ponto-Caspian origin; tracing non-
native species

Introduction

The world’s freshwater ecosystems are significantly 
affected by biological invasions, with non-native taxa 
nowadays making up a large fraction of the species, indi-
viduals and biomass (Haas et al. 2002; Ojaveer et al. 2002; 
Strayer 2010). However, not all invasive taxa are easily 
identifiable. Cryptic invasions are defined as “the occur-
rence of a species or genotype that was not previously 
recognized as alien in origin or not distinguished from 
other aliens” (Novak 2011). There are two basic types 
of cryptic invasions. Firstly, interspecific cryptic invasion 
refers to the invasion of a non-native species that goes 
unnoticed due to misidentification as a native or another 
non-indigenous species, with which it is often closely re-
lated (Morais and Reichard 2018). Secondly, intraspecific 
cryptic invasion refers to the invasion of another lineage 
of a species into a region where a distinct native lineage 
of the same species already exists. Cryptic invasions form 
a minor part of current research on biological invasions, 
despite their potential to influence native species and af-
fect native communities to a similar extent as standard 
biological invasions (Morais and Reichard 2018).

Molecular markers and mitochondrial DNA sequence 
data have frequently been used to trace the origin and 
spread of cryptic invaders in freshwater bodies (Morais 
and Reichard 2018). Examples of intraspecific invasions 
are reported in several lakes and rivers in Africa by 
non-native genotypes of the freshwater gastropod Mel­
anoides tuberculata from Asia (Van Bocxlaer et al. 2015), 
in Western and Central Europe by non-native races of 
the freshwater snail Gyraulus parvus from North Amer-
ica (Lorenková et al. 2021) and the Atlantic by distinct 
haplotypes of the hydrozoan Gonionemus vertens from 
the Pacific (Govindarajan and Carman 2016).

Theodoxus fluviatilis (Linnaeus, 1758) is a neritid 
freshwater snail with a distribution extending from 
Western Russia to Iberia and from southern Scandina-
via to the Balkan peninsula and north Africa (Moroc-
co; Zettler et al. 2004). Individuals attach themselves to 
a hard substrate, such as rocks, cobbles or other pieces 
of stone, in calcium-rich waters (Fretter and Graham 
1962). This species is dioecious with a life cycle lasting 
2–3 years (Kirkegaard 2006). Up to 100 eggs are laid in 
yellowish spherical capsules, which are attached to any 
hard substrate (Fretter and Graham 1962). Bunje (2005) 
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reports the geographical distribution of genetic lineages 
of T. fluviatilis in Europe. Sequence analysis of mitochon-
drial cytochrome c oxidase subunit I (COI) reveal that 
this snail has geographically nested clades displaying a 
distribution consistent with fragmentation and restricted 
dispersal. Certain regions in Europe harbour distinct na-
tive haplotypes. For example, the haplotypes F01 and F03 
occur in central and northern Germany, while the haplo-
type F28 is only recorded at two sites in western France 
(Bunje 2005).

In the river Rhine and its tributaries, T. fluviatilis was 
the only abundant species of neritid until 1920 (Zettler 
2008). In the follwing decades, its abundance decreased 
dramatically, most probably due to severe water pollu-
tion, resulting in the near extinction in the 1970s (Mein-
ert and Kinzelbach 1985). During the period 1970–1986, 
numerous wastewater treatment plants were construct-
ed along the river, resulting in improvements in water 
quality (Baur and Schmidlin 2007). Populations of T. flu­
viatilis partly recovered in the Upper and High Rhine 
(Kinzelbach 1987). However, another dramatic decrease 
occurred around the year 2000. In an attempt to preserve 
the native T. fluviatilis in Switzerland, a founder sample 
was translocated from the High Rhine into Lake Zurich 
in 1997 (Müller and Steinmann 2008). It is claimed that 
T. fluviatilis was extinct in the High Rhine and the south-
ern part of the Upper Rhine by 2004 (Rey et al. 2005). 
In Switzerland, T. fluviatilis is included on the Red List 
as critically endangered (Rüetschi et al. 2012), while it 
is highly threatened in Germany (Jungbluth and Knorre 
2011). Nature conservation authorities are obliged to 
preserve and support populations of species on Red Lists. 
In contrast, in cases of invasive, non-native species or lin-
eages, nature conservation authorities are obliged to pre-
vent their further spread.

In 2006, T. fluviatilis was refound in the Upper Rhine 
near the mouth of the river Main in Germany (Wester-
mann et al. 2007). It was assumed it recolonized the Rhine 
via the Rhine–Main–Danube Canal, which was opened 
in 1992 (Westermann et al. 2007). Indeed, isolated pop-
ulations of T. fluviatilis were first recorded in Germany 
in the Danube near Regensburg in 2005, which rapidly 
spread in succeeding years (Hirschfelder et al. 2011). Ge-
netic analysis revealed that the haploype in these individ-
uals is F31; a haplotype described from Ukraine near the 
Black Sea and, at that time, not yet recorded in rivers in 
Western Europe (Bunje 2005; Hirschfelder et al. 2011). 
Gergs et al. (2015) confirm the presence of haplotype F31 
in all individuals examined in the river Rhine between 
Cologne and Karlsruhe in 2010–2013 and claim that the 
re-established T. fluviatilis populations that consist exclu-
sively of the non-native haplotype F31 are intraspecific 
cryptic invaders in the river Rhine. In 2020, individuals 
of Theodoxus were recorded in both the southern part 
of the Upper Rhine and the High Rhine at sites where 
the native T. fluviatilis went extinct 16 years ago (present 
study).

We aimed to determine the source of the newly es-
tablished Theodoxus populations in the southern part of 
the Upper Rhine and High Rhine and discuss the conse-
quences for the conservation of this species. We analysed 
the mitochondrial DNA-sequence of the cytochrome c 
oxidase subunit I gene in each individual and compared 
the molecular sequences with those of individuals sam-
pled at one site in the High Rhine before its assumed ex-
tinction and with other haplotypes of T. fluviatilis depos-
ited in the NCBI/GenBank (www.ncbi.nlm.nih.gov) and 
the COI sequences of other species of Theodoxus (T. dan­
ubialis (C. Pfeiffer, 1828), T. danasteri (Lindholm, 1908) 
and T. velox V. Anistratenko, 1999) occurring in the 
Ponto-Caspian region (Sands et al. 2019, 2020). We also 
aimed to examine the wider geographical distribution of 
the native haplotype of T. fluviatilis formerly occurring 
in the High Rhine, which is unknown. In particular, we 
addressed the following questions: (1) Which haplotypes 
are present in the newly established populations of T. flu­
viatilis in the High Rhine and southern part of the Upper 
Rhine? (2) Which haplotype was present in the original, 
native population (now considered extinct) in the Up-
per Rhine and what is the distribution of this haplotype? 
(3) Was it possible to preserve T. fluviatilis with the native 
haplotype from the High Rhine by translocating it into 
Lake Zurich? and (4) Can individuals of T. fluviatilis with 
different haplotypes be visually distinguished by differ-
ences in shell patterning?

Material and Methods

Sampling and sites
Individuals of T. fluviatilis were obtained from 29 sites 

in Switzerland, France and Germany (Table 1, Fig. 1). 
The High Rhine emerges from Lake Constance, flows 
west, mainly on the border of Germany and Switzerland 
(Fig. 1A). In Basel, it flows to the north (now called Up-
per Rhine) and forms the southern part of the border 
between France and Germany. Then the Rhine merges 
with one of its main tributaries, the river Main. Cargo 
shipping on the Rhine is possible from Rotterdam (North 
Sea) to Rheinfelden, 20 km upstream of Basel (Baur 
and Schmidlin 2007). The Rhine–Main–Danube Canal 
connects the Rhine via the Danube with the Black Sea 
which, in turn, is connected by canals and rivers to the 
Caspian Sea. The Altrhein (site 22) is a remnant of the 
former Upper Rhine north of Basel running parallel to 
the Grand Canal d’Alsace. The Altrhein has a close to nat-
ural river bed and is fed with water from the Upper Rhine 
with a minimum discharge of 50 m3 per second (Wirth 
et al. 2010). However, when the flow of the Upper Rhine 
exceeds 1,400 m3 per second, surplus water is released 
through the Altrhein, thereby causing great fluctuations 
in discharge and water level.

Samples were hand collected in shallow water, ex-
cept at sites 8 and 29, where SCUBA-divers collected 
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snails at a depth of 1–4 m. Individuals were preserved 
in 80%-ethanol before being photographed and utilized 
for DNA-extraction. We determined the geographical 
coordinates of the sites sampled using a GPS receiver 
and topographical maps (scale 1 : 25,000). For each indi-
vidual sampled at sites 22 and 24, we recorded on which 
stone it was attached. In combination with the COI-se-
quences, this allowed an examination of the small-scale 
spatial distribution of different haplotypes (whether 
they occur separately on different stones or co-occur on 
stones).

Translocation of T. fluviatilis into Lake Zurich
In an attempt to preserve T. fluviatilis in Switzerland, 

100–200 individuals were translocated from the High 
Rhine into Lake Zurich in October 1997 (Müller and 
Steinmann 2008). In the first years, the translocated na-
tive snail population grew exponentially partly with the 
aid of further translocations, both within the lake and 
the rivers Limmat and Sihl, with this species extending its 
distribution over almost the entire Lake Zurich (Müller 
2016). After 2015, however, the populations declined and 
T. fluviatilis was rare in Lake Zurich in 2020 (P. Müller, 
unpubl. data). To examine whether the original haplo-
type of T. fluviatilis that is assumed to have become ex-
tinct in the High Rhine is still present in Lake Zurich, 
we determined the haplotypes of the individuals in the 
translocated population collected at various sites in 2013 
and 2020 (Table 1).

DNA extraction, amplification and sequencing
We isolated total genomic DNA from each individu-

al using a slightly modified CTAB-method (Doyle and 
Doyle 1987). DNA quantity and quality were measured 
using a NanoDrop (NanoDrop Technologies Inc., Wilm-
ington, USA) and standardized for genetic analyses. A 
partial sequence of the mitochondrial COI gene (600 bp) 
was amplified by polymerase chain reaction (PCR) using 
the primers F4d (5-TACTTTRTATATTATGTTTGGT-3) 
and R1d (5-TGRTAWARAATDGGRTCWCCHCCVCC 
-3; Bunje 2005). PCR reactions (40 µl) consisted of 
10 µl of template DNA (20–25 ng/µl), 8 µl Master Mix 
(5x FIREPOL Master Mix, Solis BioDyne, Estonina), 
1 µl of each primer (10 µM) and 20 µl sterile water. Am-
plification was done in an Eppendorf Mastercycler Pro 
(Vaudaux-Eppendorf AG, Schönenbuch, Switzerland) 
under the following conditions: initial 10 min. heat ac-
tivation step at 95 °C, followed by 36 amplification cy-
cles of denaturation at 95 °C for 50 seconds, annealing at 
54 °C for 60 seconds and extension at 72 °C for 60 sec-
onds, with a final extension step at 72 °C for 7 min. PCR 
products were cleaned-up using the NucleoSpin gDNA 
Clean-up kit (Macherey-Nagel, Oensingen, Switzerland) 
and sequenced by Macrogen Inc. (Amsterdam, The Neth-
erlands) using a capillary ABI 3730 XL DNA Analyser 
(Applied Biosystems, Foster City, CA, USA).

The systematics and distribution of Theodoxus in the 
Ponto-Caspian region, the presumed source of the in-
vaders, are not yet entirely resolved (Anistratenko et al. 
2020). For example, recent molecular studies support the 
synonymy of T. fluviatilis and Theodoxus euxinus (Cles-
sin, 1886) (Bunje and Lindberg 2007; Sands et al. 2019, 
2020), while in the DNA-barcoding system T. euxinus 
is still considered as a distinct species (Barcode of Life 
Data System 2021). In our study, we considered the var-
ious haplotypes of T. fluviatilis and other Theodoxus spe-
cies described in the literature (Bunje 2005; Bunje and 
Lindberg 2007; Gergs et al. 2015; Sands et al. 2019, 2020). 
Given the uncertain status of T. euxinus, we refer to its 
haplotype as T. fluviatilis haplotype “euxinus”.

We edited all sequences using CodonCode Aligner 
software (Codon Code Corporation, Centerville, MA, 
USA). Using the BLASTn tool, the molecular sequences 
of the individuals online were aligned to the sequences 
of the haplotypes of T. fluviatilis deposited in the NCBI/
GenBank (www.ncbi.nlm.nih.gov) as well as to those of 
other Theodoxus species occurring in the Ponto-Caspi-
an region (T. danubialis, T. danasteri, T. velox; Sands et 
al. 2019, 2020). Molecular sequences with at least 99.5% 
similarity to a described haplotype were considered as 
belonging to this haplotype. In total, we sequenced the 
COI from 269 individuals.

The haplotypes F28 (accession no AY765331) and 
TR01 (accession no KJ493817) of T. fluviatilis deposited 
in NCBI/GenBank differ in 3 base pairs (bp) from each 
other. Only a single COI sequence is stored from both 
haplotypes in GenBank. Thus, so far no information ex-
ists on the COI sequence variation in these haplotypes.

Periostracum patterning
The periostracum is the thin outer layer of the snail 

shell, composed of conchiolin, a type of protein. The per-
iostracum colouration and its pattern are highly variable 
in T. fluviatilis (Zettler et al. 2004). The periostracum can 
be ornamented with a pattern of white drop-like spots 
on a dark-brown, black or redish background. In other 
individuals the periostracum is ornamented with zigzag 
stripes, while still others exhibit different combinations 
of white drop-like spots and zigzag stripes (Zettler et 
al. 2004). We analyzed the periostracum patterning in a 
“historical” sample of T. fluviatilis collected in the High 
Rhine near Augst (CH) in August 1997 before its pre-
sumed local extinction (n = 50) and in two recent sam-
ples obtained from the Altrhein (site 22, n = 28, collect-
ed on 15 September 2020; Table 1) and from the High 
Rhine (site 24, n = 28, collected on 14 September 2020). 
We photographed the shells of the snails using a digital 
microscope Keyence VHX-6000 (Keyence Corporation, 
Osaka, Japan). We then assigned each snail based on its 
periostracum patterning to one of five categories defined 
by Hirschfelder et al. (2011): D = ornamented with white 
drop-like spots (Fig. 3A); Z = pattern of dark zigzag 
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Table 1 Overview of the sites of Theodoxus fluviatilis sampled, numbers of individuals examined and assigned to each haplotype.

Site sampled (waterbody, country)
Coordinates 

(N / E)
Altitude 

(m a. s. l.)
Date 

sampled

Number of 
individuals 
examined

Haplotype (No. 
of individuals 

assigned to 
haplotype)5

1 Muttenz, Schweizerhalle (river Rhine, CH) 47.53265 / 7.67507 261 15.02.1995 5 F28 (5)

2 Zurich Riesbach, Höschgasse (lake Zurich, CH)1 47.35591 / 8.54916 405 17.05.2013 6 F28 (6)

3 Zurich Riesbach (lake Zurich, CH)1 47.35868 / 8.54712 405 04.09.2013 30
F28 (17), TR01 

(12), F03 (1)

4 Zurich near Mythenquai (lake Zurich, CH)2 47.35539 / 8.53617 405 17.05.2013 5 F28 (5)

5 Küsnacht near Goldbach (lake Zurich, CH)3 47.32886 / 8.57284 405 16.05.2013 6 F28 (6)

6 Zurich, Höhe Schipfe (river Limmat, CH)4 47.37257 / 8.54184 404 16.05.2013 6 F28 (6)

7 Zurich, near Gessnerbrücke (river Sihl, CH) 47.37661 / 8.53597 405 01.11.2020 25
F28 (9), TR01  
(11), nd6 (5)

8 Plobsheim, Ancienne gravière (quarry pond, F) 48.47831 / 7.74250 149 07.06.2015 20
F01 (13),  

F03 (6), F31 (1)

9 Montbozon, Haute-Saône (river Ognon, F) 47.46338 / 6.26415 241 31.05.2017 3 F28 (3)

10 Cenans, Haute-Saône (river Ognon, F) 47.42856 / 6.19654 232 30.05.2017 3 F28 (3)

11 Parcey, Doubs (river Loue, F) 47.01531 / 5.49436 196 22.06.2017 3 F28 (3)

12 Rahon, Doubs (river Orain, F) 46.98552 / 5.44935 194 22.06.2017 3 F28 (3)

13 Labeaume, Ardèche (river Beaume, F) 44.44952 / 4.30137 118 04.09.2017 3 F28 (3)

14 St. Martin-d’Ardèche (river Ardèche, F) 44.29965 / 4.56853 42 05.09.2017 3 F28 (3)

15 Méjannes-le-Clap, Gard (river Cèze, F) 44.26133 / 4.35057 95 14.09.2017 3 F28 (3)

16 Montclus, Gard (river Cèze, F) 44.26304 / 4.41988 84 05.09.2017 3 F28 (3)

17 St. André-de-Roquepertuis, Gard (river Cèze, F) 44.24816 / 4.44963 78 07.09.2017 3 F28 (3)

18 Goudarges, Gard (river Cèze, F) 44.20915 / 4.46955 69 13.09.2017 3 F28 (3)

19 Goudarges, Gard (river Source de Goudargues, F) 44.21574 / 4.46927 81 07.09.2017 3 F28 (3)

20 Sauve, Gard (river Vidourle, F) 43.94603 / 3.94701 94 06.09.2017 3 F28 (3)

21 Collias, Gard (river Gardon, F) 43.95289 / 4.48176 27 12.09.2017 3 F28 (3)

22 Istein, Altrhein (river Rhine, Ger) 47.66416 / 7.52127 230 15.09.2020 36
F31 (9),  

“euxinus” (27)

23 Basel, St. Alban-Rheinweg (river Rhine, CH) 47.55529 / 7.59780 248 17.09.2020 5
F31 (2),  

“euxinus” (3)

24 Basel, Rheinhalde (river Rhine, CH) 47.56059 / 7.62088 248 14.09.2020 32
F31 (24),  

“euxinus” (8)

25 Muttenz, Fuchsloch (river Rhine, CH) 47.53736 / 7.66400 261 17.09.2020 6 F31 (6)

26 Muttenz, Schweizerhalle (river Rhine, CH) 47.53370 / 7.67150 261 10.08.2020 12 F28 (1), F31 (11)

27 Pratteln, Rheinlehne (river Rhine, CH) 47.53176 / 7.68315 261 10.08.2020 10 F31 (10)

28 Pratteln, Saline (river Rhine, CH) 47.53173 / 7.68435 261 10.08.2020 7 F31 (7)

29 Stein am Rhein, Schifflände (river Rhine, CH) 47.65982 / 8.85686 396 16.05.2020 19 F28 (18), F31 (1)
1 100–200 individuals collected in the river Rhine near Augst (CH; 47.53958 N, 7.71823 E) on 11.10.1997 were released in Lake Zurich (47.35591 N, 8.54924 
E) on 12.10.1997
2 collected in lake Zurich (CH; Zurich Riesbach, Höschgasse, 47.35591 N, 8.54916 E), released at this site on 28.05.2008
3 collected in lake Zurich (CH; Zurich Riesbach, Höschgasse, 47.35591 N, 8.54916 E), released at this site on 03.06.2008
4 collected in lake Zurich (CH; Zurich Riesbach, Höschgasse, 47.35591 N, 8.54916 E), released at this site on 26.06.2008
5 COI-sequences were assigned to haplotypes deposited in GenBank using the BLASTn tool; GenBank accession no. F28 AY765331; TR01 KJ493817; F01 
AY765306; F03 AY765308; F31 AY765336; “euxinus” AY771300
6 could not be determined

stripes (Fig. 3B, C); DZ = a combination of D and Z (Fig. 
3D); HL = a combination of horizontal and longitudinal 
stripes; and M = monochrome, no particular ornamental 
pattern (this category did not occur in our samples). A 
few snails could not be assigned to one of these categories 
due to an eroded periostracum. Molecular sequencing of 

the individuals made it possible to assign the periostra-
tum patterning to the various haplotypes of T. fluviatilis.

Data analyses
Phylogenetic reconstruction of DNA-sequences of 

T. fluviatilis found in the river Rhine was done using the 
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package phangorn (Schliep 2011) in the statistical soft-
ware R (version 3.6.3; R Core Team 2020). A maximum 
likelihood (ML) analysis was conducted that included all 
unique haplotypes with the substitution model TPM3u + 
I following Gergs et al. (2015). By using the pml function 
of the package phangorn, the likelihood of a phylogenetic 
tree based on given sequence alignments was computed 
and optimized with the function optim.pml. Support for 
reconstructed branches of the ML tree was estimated by 
bootstrapping with 1,000 replicates.

We used Contingency-tests to compare frequency dis-
tributions of periostracum patterns between native T. flu­
viatilis (“historical” sample) and invading T. fluviatilis 
(haplotypes F31 and “euxinus”) and between the fre-
quencies of the haplotype F31 and haplotype “euxinus”. 
For these analyses we pooled individuals of the haplotype 
F31 collected at sites 22 and 24 as well as individuals of 
the haplotype “euxinus” from these two sites. 

Results

Haplotypes recorded
We found that 97 individuals of T. fluviatilis belong to 

the haplotype F28. Analysis of the COI-sequence indicat-

ed that 78 individuals had a base-pair sequence identical 
to the sequence of F28 deposited in GenBank, while the 
sequence of 12 individuals differed in 1 bp, that of two 
individuals in 2 bp, that of three individuals in 3 bp and 
and that of two individuals in 4 bp from the sequence in 
GenBank. Using the Alignment Megablast procedure of 
GenBank (www.ncbi.nlm.nih.gov), a query cover of 99% 
was found between the haplotypes F28 and TR01 with an 
identity of 99.8 ± 0.2 (± SE, range in bp difference: 0–5, 
median = 2). The query cover between TR01 and F28 was 
99% (identity: 99.5 ± 0.3, range in bp difference: 0–3, me-
dian = 1). Based on the small variation in the molecular 
sequence, the newly described haplotype TR01 (Gergs et 
al. 2015) can be considered as almost identical to the for-
merly described haplotype F28 (Bunje 2005) and thus as 
the original haplotype of T. fluviatilis in the High Rhine. 
In contrast, F01, F03 and F31 are distinct haplotypes of 
T. fluviatilis, differing by more than 5 bp from the haplo-
types F28 and TR01. Furthermore, the haplotype “euxi-
nus” collected in our study has a distinct, unique COI-se-
quence (accession no AY771300), which clearly differs 
from the other haplotypes of T. fluviatilis (Bunje 2005; 
Gergs et al. 2015; Sands et al. 2019, 2020). The BLAST 
tool also revealed that none of the COI-sequences of 
the 269 individuals examined could be assigned to the 

Fig. 1 Frequency distribution of T. fluviatilis haplotypes (in %) determined by COI-sequencing at each site sampled in this study. A Historical distribution 
of T. fluviatilis haplotypes at site 1 in 1995 (before the assumed extinction of the species in the High Rhine) and of populations translocated from 
this site into Lake Zurich in 1997 (analysed individuals were sampled in 2013). B Recent distribution of T. fluviatilis haplotypes. The originally native 
T. fluviatilis with haplotype F28 in the High Rhine was replaced by the invasive haplotypes F31 (sites 22–28) and “euxinus” (sites 22–24) in 2020. The 
native haplotype F28 can still be found in the High Rhine near Lake Constance (site 29), in several rivers in southwestern France (sites 9–21) and in 
the river Sihl near Lake Zurich (descendents of the translocated individuals. Site 8 (a quarry pond) harbours T. fluviatilis haplotypes found in central 
and northern Germany and the invasive haplotype F31. Sample sizes (number of individuals sequenced) and sampling dates are given in Table 1.
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sequences of any other Theodoxus species deposited in 
GenBank.

Native haplotype in the High Rhine and its distribution 
All individuals sampled in the High Rhine in 1995 be-

fore its presumed extinction 9 years later belonged to the 
native haplotype F28 (Table 1; site 1). Bunje (2005) found 
this haplotype at two sites in western France, but did not 
examine any specimens from the Upper Rhine or High 
Rhine. We extended our survey to rivers in southeastern 
France (e.g. to the river Ardèche and river Cèze; Table 1). 
All 39 individuals sequenced from sites 9–21 belonged to 
the haplotype F28, extending the so far known distribu-
tion of this haplotype considerably (Fig. 1). The majority 
of the descendents of individuals translocated from the 
High Rhine into Lake Zurich belonged to haplotype F28 
(sites 2–6; Fig. 1). However, at site 3, the haplotypes F03 
and TR01 were also recorded in Lake Zurich. The orig-
inal haplotypes F28 and TR01 of T. fluviatilis from the 
High Rhine could still be detected in the river Sihl a few 
hundred metres from Lake Zurich (site 7) 23 years after 
their introduction into Lake Zurich.

Intraspecific cryptic invasion
COI-sequencing revealed that the newly established 

T. fluviatilis in the Upper and High Rhine belonged ei-
ther to haplotype F31 or haplotype “euxinus”, indicating 
that these intraspecific invaders have now reached the 
upper sections of the Rhine (sites 22–29; Fig. 1). We de-
tected the invasive haplotype F31 at low frequency also 
in a quarry 600 m from the Upper Rhine (site 8) and in 
the High Rhine where it emerges from Lake Constance 
(site 29; Fig. 1, Table 1). In contrast, individuals with 
haplotype “euxinus” were only recorded in sections of 
the Rhine downstreams of the dam of the hydroelectric 
power plant at Birsfelden near Basel (Fig. 1), indicating 
that individuals with this haplotype arrived later.

The ML analysis for phylogenetical reconstruction 
revealed that individuals of the invading haplotype F31 
belong to the Danubian group with haplotypes F38 (orig-
inally found in Ukraine; Bunje 2005) and MT563453 
(recorded as a newly arriving haplotype in the northern 
part of the Upper Rhine in 2018; Rothmeier et al. 2021) 
(Fig. 2). The invading haplotype “euxinus” is phylogeneti-
cally close to F30 (Fig. 2), a haplotype originally recorded 
in Ukraine (Bunje 2005). In contrast, F28, the native hap-
lotype of T. fluviatilis in the High Rhine, is phylogeneti-
cally close to the haplotypes F22 and F23 (Fig. 2), both 
recorded in Northern Italy. The phylogenetical relation-
ship of these three haplotypes can partly be explained by 
our new finding that the geographical range of haplotype 
F28 includes southeastern France (see above).

Periostracum patterning
Native T. fluviatilis, represented by a historical sample 

from 1997 at a site in the High Rhine, mainly had white 
drop-like spots on their shells (Figs 3A, 4), while shells of 

Fig. 2 Maximum likelihood tree of unique haplotypes of T. fluviatilis 
recorded in the river Rhine, rooted with the haplotype of Theodoxus 
danubialis as outgroup. Only bootstrap values (n = 1,000) of main 
branches are presented. See Table 1 for detailed information on the 
haplotypes found at the sites sampled. For further information on 
haplotypes and classification of groups see Bunje (2005), Gergs et al. 
(2015) and Rothmeier et al. (2021).

the invading T. fluviatilis (haplotypes F31 and “euxinus”) 
were characterized by dark zigzag stripes or a combina-
tion of zigzag stripes and drop-like spots (Figs 3B–D, 4). 
Individuals of both invading haplotypes differed signifi-
cantly in periostracum patterning from native T. fluvia­
tilis in the historical sample (Fig. 4A). However, invading 
individuals of the haplotypes F31 and “euxinus” did not 
differ in periostracum patterning (Fig. 4B).
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A B

C D

Fig. 4 Comparison of frequency distributions of periostracum patterning in T. fluviatilis. A Native T. fluviatilis from the High Rhine (collected in 1997 
before the presumed local extinction of the species; n = 50) versus invading T. fluviatilis (haplotypes F31 and “euxinus” combined; n = 44) from the 
Upper Rhine and High Rhine in 2020. B Haplotype F31 (sites 22 and 24 combined; n = 22) versus haplotype “euxinus” (sites 22 and 24 combined; 
n = 22) from the Upper Rhine and High Rhine in 2020. D = white drop-like spots, Z = zigzag stripes, DZ = a combination of D and Z, and HL = a 
combination of horizontal and longitudinal stripes. The single individual with HL-type was not included in the statistical analysis.

A B

Fig. 3 Shells of T. fluviatilis from different sites. A Native T. fluviatilis of a historical sample from the High Rhine near Muttenz, CH (site 1; coll. P. Müller 
in August 1997). B Non-native haplotype “euxinus” from the Altrhein near Istein, GER (site 22; coll. B. Baur on 15.09.2020). C Non-native haplotype F31 
from the High Rhine, Rheinhalde, Basel, CH (site 24; coll. B. Baur on 14.09.2020). D Non-native haplotype “euxinus” from the Altrhein near Istein, GER 
(site 22; coll. B. Baur on 15.09.2020). Scale bar indicates 5 mm.
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Discussion

This study revealed that the newly established T. flu­
viatilis populations in the southern part of the Upper 
Rhine and High Rhine exhibit the non-native haplotypes 
F31 and “euxinus”. Both haplotypes can be considered as 
cryptic invaders (cf. Gergs et al. 2015) with a Ponto-Cas-
pian origin. The detection of the haplotype “euxinus” at 
three sites is the first record of this haplotype in Western 
Europe (Germany and Switzerland). The correct recogni-
tion of cryptic invasions is crucial to understanding their 
effect on assemblages of native species and ecosystems. 
However, the intrinsic difficulty of identifying cryptic 
invaders is that they are, by definition, camouflaged and 
cannot be distiguished morphologically from native spe-
cies already present or from known native species that 
may occur in other water bodies (Morais and Reichard 
2018).

There is evidence from breeding experiments that 
periostracum patterning in T. fluviatilis can be influ-
enced by environmental conditions such as water quality, 
type of food and mineral intake (Neumann 1959). How-
ever, the invading individuals (haplotypes F31 and “eu-
xinus”) found in the Rhine show identical periostracum 
patterns to those reported in the Danube in Austria in 
2001 (Schultz and Schultz 2001) and near Regensburg 
(Germany) in 2005 (Salewski and Hirschfelder 2006), 
indicating little influence of the environmental condi-
tions of the two river systems. We showed that the per-
iostracum patterns of the invading T. fluviatilis haplo-
types F31 and “euxinus” did not differ from each other. 
Thus, visual differentation between the two invaders is 
not possible. However, the periostracum patterns of both 
invading haplotypes differed from that of T. fluviatilis 
originally native to the High Rhine (F28), confirming the 
results of a similar comparison made by Hirschfelder et 
al. (2011) in the Danube near Regensburg (Germany). 
It should be pointed out that this finding relates to fre-
quency distributions of periostracum patterning based 
on many shells. On the basis of its periostracum pattern 
an individual snail cannot be assigned to one of the two 
non-native haplotypes.

The diversity of haplotypes recorded in this study can 
hardly be compared with those reported in earlier studies 
(Bunje 2005, 2007; Bunje and Lindberg 2007; Gergs et 
al. 2015; Sands et al. 2019, 2020), because the latter fo-
cused on phylogeographical aspects and were frequently 
based on small numbers of individuals sampled per site; 
haplotype information is sometimes only available for 
one specimen per locality. Bunje (2005) demonstrated 
the presence of genetically distinct groups within T. flu­
viatilis that are separated by major geographical features 
(mountain chains, river systems) in Europe. However, 
the elimination of natural barriers between water sheds 
often triggers the invasion of non-native species, among 
them also cryptic invaders (Morais and Reichard 2018). 
The linear environment of rivers, streams and small 

connected lakes allows non-native species to migrate 
along channelled fluvial paths, thereby increasing their 
distribution. The opening of the Rhine–Main–Danube 
Canal in 1992 increased the invasion rate of non-native 
vertebrate and invertebrate species into the Rhine drain-
age (Bij de Vaate et al. 2002; Baur and Schmidlin 2007; 
Leuven et al. 2009). It is assumed that transportation by 
cargo ships is responsible for the rapid spread of the inva-
sive T. fluviatilis haplotype F31 from the Ponto-Caspian 
region to western Europe (Westermann et al. 2007; Gergs 
et al. 2015), as might be the case for the haplotype “eux-
inus”. Hull fouling on commercial ships and recreational 
boats and transport of gravel are considered as important 
vectors for the spread of non-native gastropods in aquat-
ic habitats (Mineur et al. 2007). In the Danube, the cryp-
tic invader T. fluviatilis (later determined as haplotype 
F31 from the Ponto-Caspian region) was first recorded 
in Austria in 2001 (Schultz and Schultz 2001), 2005 in 
Germany near Regensburg (Salewski and Hirschfelder 
2006), 2006 in the northern part of the Upper Rhine 
near Mainz (Westermann et al. 2007), 2012 in Karlsruhe 
(Gergs et al. 2015) and reached the High Rhine in 2020 
(present study). One may assume that the spread of this 
invasive snail is less rapid upstream of Basel, where cargo 
shipping stops, as has been shown for other non-native 
invertebrates (Schmidlin and Baur 2007; Schmidlin et al. 
2012). However, our data demonstrate that T. fluviatilis 
(haplotype F31) has already colonized a locality close to 
Lake Constance (site 29). The spread of this non-native 
haplotype cannot exclusively be explained by transport 
by commercial ships. For example, we also recorded 
T. fluviatilis (haplotype F31) in a quarry pond 600 m 
apart from the Upper Rhine. Passive dispersal by water-
birds could also contribute to the spread of T. fluviatilis 
(Frisch et al. 2007).

The rediscovery of the native T. fluviatilis haplotype 
F28 at site 26 in the High Rhine was rather surprising. 
It was assumed that it went extinct in the High Rhine in 
2004 (Rey et al. 2005; Westermann et al. 2007). Our re-
sults indicate that a few individuals survived in this sec-
tion of the river or recolonized it later. Another surprise 
was the discovery of the native T. fluviatilis haplotype 
F28 at site 29, where the High Rhine emerges from Lake 
Constance. At this site, no neritid snail was found during 
37 dives between 2010 and 2018, until the first record on 
16 May 2020 (P. Steinmann, unpubl. data). Furthermore, 
no individuals of T. fluviatilis were observed during eight 
dives at nearby localities in Lake Constance and in the 
High Rhine in the previous decade (P. Steinmann, un-
publ. data). Subsequent dives revealed that it had spread 
at site 29 over a distance of 320 m along the river bank of 
the High Rhine in summer 2020. We do not know how 
T. fluviatilis established this new population in the High 
Rhine. Most interestingly, however, one out of 29 indi-
viduals exhibited the non-native haplotype F31 from the 
Ponto-Caspian region. Thus, the frequency of the cryp-
tic invader’s haplotype was still low in this population in 
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summer 2020. Future investigations will reveal whether 
the non-native haplotype F31 will become more abun-
dant and displace the native haplotype F28 at this site.

In the northern part of the High Rhine the non-na-
tive haplotypes occupy broader ecological niches than 
the native haplotypes, persisting even in anthropogeni-
cally modified and disturbed habitats such as harbours 
(Rothmeier and Martens 2019). Non-native haplotypes 
of T. fluviatilis may also have a higher tolerance of the 
increase in water temperature in the river Rhine, as re-
ported for other invading molluscs from warm regions 
(Müller and Baur 2011). Furthermore, T. fluviatilis indi-
viduals of haplotype F31 were less infested by the trem-
atode Plagioparus cf. skrjabini (also an invader from the 
Caspian region) than individuals of the native haplotype 
(Rothmeier et al. 2021). The presence of both non-native 
parasites and non-native hosts (or hosts of non-native 
haplotypes) outside their natural range may have an ef-
fect on native biodiversity.

There is increasing evidence that introduced plant and 
animal taxa frequently hybridize with native taxa, lead-
ing to a growing concern that these hybridizations may 
compromise the genetic integrity of native taxa to the 
point of causing extinctions (Largiader 2007). Hybridi-
zation events can only be demonstrated by analysing nu-
clear DNA. We sequenced mitochondrial DNA, which is 
maternally inherited. We are therefore not able to answer 
the question whether invading T. fluviatilis individuals of 
haplotypes F31 and “euxinus” hybridize with native indi-
viduals of haplotype F28.

Conclusions

In addition to water quality and quantity, invasive spe-
cies are an important conservation challenge in freshwa-
ter habitats (Lysne et al. 2008). In the case of T. fluviatilis 
in the High Rhine, individuals with the native haplotype 
F28 are of conservation concern and recorded in the Red 
Lists of Germany and Switzerland (Jungbluth and Knorre 
2011; Rüetschi et al. 2012). Nature conservation author-
ities are obliged to preserve and promote these popula-
tions. In contrast, individuals with the haplotypes F31 
and “euxinus” are exotic invaders. In this case, nature 
conservation authorities are obliged to prevent the fur-
ther spread of these lineages. Removing non-native spe-
cies or strains from aquatic habitats is almost impossible. 
Re-introduction programmes with either the release of 
captive-propagated native snails and/or the translocation 
of eggs, juveniles and/or adults from viable populations 
aimed at restoring species or haplotypes in water bodies 
in their historical range, where they no longer exist, or 
to augment extant populations, are possible. Any re-in-
troduction must be planned carefully because they are 
associated with risks such as reduction in genetic vari-
ability, introduction of disease infected individuals into 
the wild or the potential that habitat quality does not 

match the actual needs of the introduced individuals 
(IUCN/SSC 2013). The endangered Theodoxus prev­
ostianus (Pfeiffer, 1828) was successfully re-introduced 
into a spring in Hungary (Fehér et al. 2017). However, 
while the translocation of T. fluvatilis of the native haplo-
type F28 into Lake Zurich was very successful in the first 
few years, 20 years later, this translocation seems to have 
failed, for as yet unknown reasons. In the river Rhine, 
the two cryptic invaders replaced the native lineage of T. 
fluviatilis (original haplotype F28) at sites where it went 
extinct. Future research will show whether the invading 
individuals (haplotypes F31 and “euxinus”) outcompete 
the native lineage of T. fluviatilis, where it is still present.
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