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Abstract
The regions of the Black, Caspian, and Azov seas are known for being both (i) the place of extensive crustacean radiation dated to the times of Paratethys and Sarmatian basins, and (ii) present donors of alien and
invasive taxa to many areas worldwide. One amphipod morphospecies, Dikerogammarus haemobaphes,
is known both as native to rivers draining to the Black and Caspian seas as well as a successful invader
(nicknamed demon shrimp) in Central and Western European rivers. Based on mitochondrial (COI and
16S) and nuclear (28S) datasets and 41 sampling sites, representing both the native (19) and the invaded
(22) range, we assessed cryptic diversity, phylogeography and population genetics of this taxon. First,
we revealed the presence of two divergent lineages supported by all markers and all species delimitation
methods. The divergence between the lineages was high (18.3% Kimura 2-parameter distance for COI)
and old (ca. 5.1 Ma), suggesting the presence of two cryptic species within D. haemobaphes. Lineage A was
found only in a few localities in the native range, while lineage B was widespread both in the native and in
the invaded range. Although genetic divergence within lineage B was shallow, geographic distribution of
16S and COI haplotypes was highly heterogeneous, leading us to the definition of four Geo-Demographic
Units (GDUs). Two GDUs were restricted to the native range: GDU-B1 was endemic for the Durugöl
(aka Duruşu) Liman in Turkey, whereas GDU-B2 occurred only in the Dniester River. GDU-B3 was both
present in several localities in the native range in the Black Sea drainage area and widespread in Central
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and Western Europe. The GDU-B4 was found exclusively in the Moskva River in Russia. Extended
Bayesian Skyline Plot indicated steady growth of GDU-B3 population size since 30 ka, pointing to the
rather old history of its expansion, first in the late Pleistocene in the native range and nowadays in Central
and Western Europe. The analysis of haplotype distribution across the present distribution range clearly
showed two invasion routes to Central and Western Europe. The first one, originating from the lower
Dnieper, allowed the demon shrimp to colonize Polish rivers and the Mittellandkanal in Germany. The
second one, originating from the Danube delta, allowed to colonize the water bodies in the upper Danube
basin. The UK population has originated from the Central Corridor, as only a haplotype found exclusively
along this route was recorded in the UK. Population genetics analysis showed that the invasion of the demon shrimp along the Central Corridor was not associated with the loss of genetic diversity, which might
contribute to the success of this invader in the newly colonized areas.
Keywords
Amphipoda, COI gene, Crustacea, inland waters, invasion routes, non-indigenous species, 16S gene

Introduction
Global climate changes impact the size and extent of areas that may potentially be
inhabited by many species (Parmesan 2006). For example, range expansions from the
glacial refugia after the last glacial maximum often take several thousands of years
(Taberlet et al. 1998; Hewitt 2004). Nowadays, one of the effects of progressive temperature rise over past decades is the range expansion of species into areas where they
previously were not present (LeRoux and McGeoch 2008; Ott 2010). This process has
accelerated in recent years due to various human activities. For example, many aquatic
species benefited from global shipping or interconnection of formerly separated water
bodies, allowing spread on a continental scale or even worldwide (e.g., Ricciardi and
MacIsaac 2000; Bij de Vaate et al. 2002; Gherardi 2007; Carlton 2011). Many successful invaders belong to crustaceans. Some prominent examples are the spiny-cheek crayfish Faxonius limosus (Rafinesque, 1817) and the amphipod Dikerogammarus villosus
(Sowinsky, 1894) in European fresh waters (Filipová et al. 2011, Rewicz et al. 2015),
the cladoceran Cercopagis pengoi (Ostroumov, 1891) in the North American Great
Lakes (Ricciardi and MacIsaac 2000) or the Chinese mitten crab Eriocheir sinensis H.
Milne Edwards, 1853 invading brackish and fresh waters globally (Dittel and Epifanio
2009; Hayer et al. 2019). Numerous studies demonstrated well that such invasions
may alter, more or less profoundly, the structure and functioning of aquatic ecosystems
(DAISIE 2009; Ricciardi and MacIsaac 2011; Strayer 2012).
Molecular methods provide a useful tool for casting light on the processes and
pathways of invasions, supplementing observations coming from traditional monitoring (Estoup and Guillemaud 2010). Among others, it enables identification of the
source populations and tracking the invasion routes of aquatic organisms (e.g., Cristescu et al. 2004; Audzijonyte et al. 2009; Brown and Stepien 2009, 2010; Cabezas et
al. 2014). Some of the studied invasions were associated with a loss of genetic diversity.
That is the case of the freshwater amphipod Crangonyx floridanus Bousfield, 1963 in
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Japan and in the United Kingdom (Nagakubo et al. 2011; Mauvisseau et al. 2019) or
the spiny-cheek crayfish F. limosus in Europe (Filipová et al. 2011). In contrast, in other
aquatic organisms no loss in diversity was observed (Roman and Darling 2007; Wattier
et al. 2007; Brown and Stepien 2010; Rewicz et al. 2015). Molecular studies allowed
also to reveal multiple invasion events in the case of some species, such as the freshwater amphipod Gammarus tigrinus Sexton, 1939 or the marine amphipods Caprella
mutica Schurin, 1935 and C. scaura Templeton, 1836 (Kelly et al. 2006; Ashton et al.
2008; Cabezas et al. 2014). More than one wave of invasion was also suggested for
other crustaceans, such as Limnomysis benedeni Czerniavsky, 1882 (Audzijonyte et al.
2009) or two European Carcinus crab species (Geller et al. 1997). Molecular methods
helped to reveal as well the origin of the invasive Palaemon elegans Rathke, 1837 population in the Baltic Sea (Reuschel et al. 2010).
Several studies uncovered the presence of substantial cryptic diversity in the invasive aquatic morphospecies with divergent genetic lineages showing different potential
to spread and colonize new areas (Kelly et al. 2006; Folino-Rorem et al. 2009; Bock et
al. 2012). For example, the North-American G. tigrinus comprises at least two cryptic
species in its native range. However, only one of them was transferred, on several occasions, across the Atlantic Ocean and, in parallel, colonized a wide range of European
waters (Rewicz et al. 2019). At the beginning of the 21st century, the same cryptic species has invaded the Laurentian Great Lakes (Kelly et al. 2006). On the other hand, in
the case of another well studied invasive amphipod, Dikerogammarus villosus, which
had widely spread in Central and Western Europe from its native range in the PontoCaspian region, there was no evidence for presence of cryptic species and only two
weakly divergent genetic lineages were found outside its native range (Wattier et al.
2007; Rewicz et al. 2015).
The area of the Black, Caspian, Azov, and Aral seas is recognized as the region of
extensive radiation of crustacean species flocks dated to the times of Parathetys and
Sarmatian basins (Cristescu et al. 2003; Cristescu and Hebert 2005). Due to long-term
isolation of these water bodies, their fauna consists of many endemic species (Pjatakova
and Tarasov 1996; Dumont 2000; Cristescu and Hebert 2005; Nahavandi et al. 2013).
In recent years, the area has played an important role as a donor of alien and invasive
species for many regions of the world (Ricciardi and MacIsaac 2000; Bij de Vaate et
al. 2002; Cristescu et al. 2004; Arbaciauskas et al. 2017; Minchin et al. 2019). The
range expansions of the Ponto-Caspian species to other parts of Europe are associated
with constructions of canals connecting previously separated river basins. The first
connections between the Black Sea and the Baltic Sea drainages date back to the 18th
century when the Pripyat-Bug (Royal) and Notecki canals were opened. In later years,
canals connected many rivers in Central and Western Europe (Jażdżewski 1980). The
history of Ponto-Caspian species invasions let Bij de Vaate et al. (2002) to identify
three migration corridors used by aquatic biota to spread all over Europe (Fig. 1). The
acceleration of the range expansions was also associated with the intentional transfer of
certain crustacean species to artificial reservoirs, especially in the former Soviet Union
(Karpevich 1975; Jażdżewski 1980; Arbaciauskas et al. 2017).
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Figure 1. European freshwater continental invasion corridors after Bij de Vaate et al. 2002 (orange –
Southern, red – Central, blue – Northern corridor) and history of invasion of D. haemobaphes. Shading
shows the presumed native area, years denote the first reports of D. haemobaphes at the respective sites
(indicated by arrows). Black dots indicate sampling sites used in this study.

Invasion history of Dikerogammarus haemobaphes in Europe
Ponto-Caspian amphipods have high invasion potential, and as many as 13 morphospecies originating from that region have been recorded as alien or invasive elsewhere
(Holdich and Pöckl 2007). This number includes three species of the genus Dikerogammarus (Ricciardi and MacIsaac 2000; Cristescu et al. 2004; Berezina 2007). One of
them, D. haemobaphes (nicknamed the demon shrimp), is native to the lower courses
of large rivers in the Black and the Caspian drainage areas, to their brackish water
lagoons as well as to the Caspian Sea (Sars 1894; Carauşu 1943) (Fig. 1). Already
Mordukhai-Boltovskoi (1964) forecasted possible quick range expansion of the demon shrimp in Western Europe, but until 1980 the species was reported only from
the lower and middle Dnieper, Dniester, Don, and Volga rivers (Jażdżewski 1980). In
1976, D. haemobaphes was found in the upper Danube in Germany (Bij de Vaate et
al. 2002). In the 1990s, its rapid expansion in Germany had begun. In 1993, it was
observed in the Main-Danube canal (Schleuter et al. 1994) and already in 1994 in the
upper Rhine River (Schöll et al. 1995). At the same time, in Russia, it spread up the
Volga River until Rybinsky Reservoir and invaded the upper Moskva River (Berezina
2007). Dikerogammarus haemobaphes was first recorded in the Vistula River in Poland
in 1997, and, during the monitoring of its middle and lower course in 1998 and 1999,
it appeared to have established populations there (Konopacka 1998; Bij de Vaate et
al. 2002). At the end of the 20th century, the species was commonly found also in the
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lower and middle Oder River, Vistula Lagoon, and in the Masurian Lake District in
Poland (Jażdżewski 2003; Grabowski et al. 2007b). In 2008, the species was recorded
for the first time in the Meuse, Moselle, and Seine rivers in France (Labat et al. 2011).
In 2011, it was found in two isolated Alpine lakes in Austria and Germany (present
study). In Switzerland the species was reported from the Murtensee in 2011 and from
the Neuenburgersee in 2016 (Altermatt et al. 2019). The latest record of this species
outside its native range came from 2012 when it was found in the River Severn in
Great Britain and, subsequently, it has established sustainable populations in the central part of the country (Aldrige 2013; Etxabe et al. 2015; Constable and Birkby 2016;
Johns et al. 2018). As a result, the species is presently distributed in the majority of
large European rivers, and the history of its range extension suggests that it has used all
three invasion corridors proposed by Bij de Vaate et al. (2002) (Fig. 1).
The demon shrimp has a high potential for invasion (Grabowski et al. 2007a; Bacela et al. 2009; Bacela-Spychalska and Van der Velde 2013). However, another invasive
species of the genus Dikerogammarus, the so-called killer shrimp D. villosus, was often
considered a more successful invader (Dick et al. 2002; Rewicz et al. 2015; Kobak et al.
2016), attracting more scientific attention than D. haemobaphes. Only two molecular
studies on D. haemobaphes have been reported so far by Müller et al. (2002) and Cristescu and Hebert (2005). However, the number of localities and individuals sampled
in both studies was too low to track the invasion history of the demon shrimp. Recent
studies of the congeneric D. villosus revealed the absence of cryptic species and no genetic diversity loss along invasion corridors (Wattier et al. 2007; Rewicz et al. 2015).
Based on the thorough sampling across Europe and using two mitochondrial and
one nuclear marker, our study aims to reveal the phylogeographic structure and historical population dynamics of D. haemobaphes in its native Black Sea basin and in the
invaded range. Taking into account what is currently known about the recently studied
and closely related killer shrimp, the history of the demon shrimp invasion and the
geological history of the native area, we hypothesized that (i) it is plausible that in the
native region the demon shrimp encompasses several weakly divergent lineages dating
back to Pleistocene, (ii) there are possibly two sources, the Dnieper and the Danube
deltas and, hence, two independent routes for the species invasion to Central and
Western Europe – the so-called Central Corridor and the Southern Corridor of invasion, respectively, (iii) learning from the invasion history of the closely related killer
shrimp, we can expect that the populations of the demon shrimp will also show signs
of demographic and spatial expansion and no loss of genetic diversity, except the UK
population, in comparison to the source population.

Materials and methods
Sample collection
Dikerogammarus haemobaphes was collected at 55 sites in both its native (23 sites) and
invaded (32 sites) ranges between 2000 and 2014 (Table 1). Some localities were geo-
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Table 1. Sites where Dikerogammarus haemobaphes was collected. N – native range, CC – Central Corridor, SC – Southern Corridor, NC – Northern Corridor; n – number of individuals sequenced for COI
and 16S; h – number of haplotypes based on concatenated COI and 16S sequences; Ar and PAr – allelic
and private allelic richness estimates, corrected for sample size through rarefaction; NA – sampling date
not available.
Code Native / River Basin
invasive
1
N
Durugöl
2
N
Danube
3
N
Danube
4
N
Dniester
5
N
Dniester
5A
N
Dniester
6
N
Dniester
7
N
Dniester
7A
N
Dniester
8
N
Akkarzhanka
9
N
Akkarzhanka
10
N
Bug
11
N
Dnieper
11A
N
Dnieper
12
N
Dnieper
13
N
Dnieper
14
N
Dnieper
15
N
Dnieper
16
N
Dnieper
16A
N
Dnieper
17
N
Dnieper
18
N
Don
19
N
Don
20
CC
Dnieper
20A
CC
Dnieper
21
CC
Dnieper
22
CC
Vistula
22A
CC
Vistula
23
CC
Vistula
24
CC
Vistula
25
CC
Vistula
25A
CC
Vistula
26
CC
Vistula
27
CC
Vistula
28
CC
Vistula
28A
CC
Vistula
28B
CC
Vistula
29
CC
Vistula
30
31
31A
32
32A
33
34
35
36
37
37A
38
38A
39
40
40A
41

CC
CC
CC
CC
CC
CC
CC
SC
SC
SC
SC
SC
SC
SC
NC
NC
UK

Oder
Oder
Oder
Oder
Oder
Elbe
Ems
Danube
Danube
Danube
Danube
Danube
Danube
Danube
Volga
Volga
Great Ouse

River

Country

Latitude / Longitude Date n

h

Ar

Par

Durugöl liman
Danube
Danube
Dniestrovskij Liman
Dniester
Dniester
river near Orhei
Dniester
Dniester
Akkarzhanka
Dalnik
Southern Bug
Stebleevsky Liman
Dnieprovski Liman
North Crimean canal
Kerch peninsula, Frontove
Dnieper
Saksahan
Dnieper
Dnieper
Dnieper-Donbas channel
Krasnopavlivski zaliv
Doniec
Kievski Reservoir
Desna
channel in Dubay village
Bug
Bug
Bug
Bug
Vistula
Vistula
Vistula
Vistula
Vistula lagoon
Vistula lagoon
Vistula lagoon
canal between Łuknajno and
Śniardwy lakes
Warta
Oder
Oder
Oder
Oder
Mittellandkanal
Mittellandkanal
Starnbergersee
Traunsee
Danube
Danube
Danube
Danube
Balaton
Moskva
Moskva
Great Ouse

Turkey
Romania/Bulgaria
Romania
Ukraine
Ukraine
Ukraine
Moldova
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Ukraine
Belarus
Poland
Poland
Poland
Poland
Poland
Poland
Poland
Poland
Poland
Poland
Poland
Poland

41.3163, 28.6205
43.7499, 23.8987
45.1595, 28.9089
46.3309, 30.0956
46.4127, 30.2585
46.4127, 30.2585
47.3707, 28.8040
48.2309, 28.2775
48.2323, 28.2838
46.3469, 30.5969
46.4008, 30.5929
48.169, 30.4512
46.614, 32.5159
46.5595, 32.3437
46.1828, 33.5432
45.1865, 35.4718
47.7918, 35.1255
48.3533, 33.8621
48.4658, 35.0648
48.4646, 35.1322
49.0342, 36.1045
49.0971, 36.4267
48.8915, 37.8011
51.0675, 30.3907
51.4848, 31.3308
52.03, 26.8504
52.1748, 23.4342
52.1748, 23.4342
52.4141, 22.5612
52.5333, 21.259
50.5194, 21.5965
50.4224, 21.3104
51.661, 21.483
52.6945, 19.0212
54.2729, 19.4134
54.3243, 19.5194
54.3381, 19.2322
53.7991, 21.6355

2007
2013
2013
2009
2009
2011
2011
2011
2011
2009
2009
2009
2009
2009
2011
2011
2009
2009
2006
2006
2011
2011
2011
2009
NA
2010
2004
2003
2004
2003
2002
2002
2002
2000
2000
2000
2002
2002

23
1
1
8
14

Poland
Poland
Poland
Poland
Poland
Germany
Germany
Germany
Austria
Austria
Austria
Hungary
Hungary
Hungary
Russia
Russia
United Kingdom

52.6505, 14.9999
52.7332, 14.3785
52.6697, 14.461
52.4396, 14.5779
52.4396, 14.5772
52.3016, 11.3711
52.3082, 7.6272
47.9734, 11.3518
47.9008, 13.7686
48.1625, 16.5165
48.2991, 16.3469
47.7856, 18.96
47.8149, 18.864
46.9139, 17.8935
55.5969, 37.1223
55.5969, 37.1223
52.1344, −0.4662

2001
2001
2001
2001
2001
2010
2010
2011
2011
2005
2005
2011
2013
2006
NA
NA
2014

9 3
19 6

2.78 0
2.85 0.52

12 2

1.45

0

12 4.03 4.03
1
x
x
1
x
x
1
1 0.01
5 3.30 0.79

5 1
14 4

1
0
2.67 0.13

10
20
11
23

4
4
3
5

2.96
2.41
1.96
1.99

10
21
6
9
5

2
4
3
2
3

1.52 1
3.27 0.52
2.74 0.77
1.57 0
2.73 0.87

6
11
17
4

2
3
3
1

1.97 0
2.44 0.48
2.50 0
1
0

10 3
5 3

2.31 0.52
2.86 0

10 3
7 4
17 3

2.49 0.11
3.31 0.22
1.65 0.05

10 3
5 3
14 3

2.04 0.59
2.86 0.06
2.29 0

7

1.99

2

1.06
0.57
0.01
0.09

0

2
2
20
21
3

2
1
1
1
2

x
x
1
1
2

x
x
0
0
0

4

2

1.96

0

19 2
9 3
9

1

1.29 0
2.41 2.41
1

0
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graphically very close (ca. 20 km distance) to each other (same site number in Table 1,
but one of the two or three indicated with letter A or B), so we decided to combine
them with the closest sampling site to simplify further analysis (Table 1). As a result,
our dataset comprises 41 localities, of which 19 belonged to the native and 22 to the
invaded range (Fig. 2). All the sampling sites were located in public and non-protected
areas. In the native area, sampling was done along the western and northern coast of
the Black Sea either in limans of large coastal rivers or lower courses of large rivers (e.g.,
Danube, Dniester, Dnieper). The area around the Azov Sea was included in the sampling campaign, but the demon shrimp was not found in any of the 15 sampling sites
visited. The Caspian Sea was not included in our study. The sampling in the invaded
areas covered all three invasion corridors used by aquatic species to spread in Central,
Western, and Northern Europe (see Bij de Vaate et al. 2002) including the recently
colonized waters in the UK.

Molecular analysis
The total DNA was extracted from 434 individuals according to the standard phenolchloroform method (for details see Hillis et al. 1996). Air-dried DNA pellets were
eluted in 100 μl of TE buffer, pH 8.0, stored at 4 °C until amplification, and subsequently at −20 °C for long-term storage. Two mtDNA markers: a gene for the 16S ribosomal RNA (16S rRNA; ca. 320 bp fragment) and the standard barcoding fragment
of the cytochrome c oxidase subunit I gene (COI; 658 bp fragment) were amplified.
LR-J-GAM/LR-N-GAM primers (Müller et al. 2002) and reaction conditions after
Grabowski et al. (2012) were used for 16S rRNA amplification. COI gene was amplified using LCO1490/HCO2198 (Folmer et al. 1994) and UCOIR/UCOIF (Costa et
al. 2009) primers and reaction conditions following Hou et al. (2007). Sequences were
obtained using BigDye sequencing protocol on the Applied Biosystems 3730×l capillary sequencer by Macrogen Inc., Korea. Sequencing of the COI gene was performed
unidirectionally (with the forward primer). In cases when the quality of the obtained
sequence was not sufficient, a reverse sequencing was applied as well. Sequencing of
the 16S gene was bidirectional. Sequences were edited, aligned with the ClustalW
algorithm (Chenna et al. 2003) using BioEdit 7.2.5, and trimmed to the length of the
shortest one. The resulting 433 sequences of 16S (302 bp) and COI (598 bp) were
subsequently concatenated for the purpose of the analyses.
Haplotypes were retrieved using DNA SP v5 both for individual markers and for
the concatenated sequences (Librado and Rozas 2009). Then, at least two individuals
of lineage A as well as each detected geo-demographic unit (GDU, defined based on
the spatial distribution of well-supported lineages on the chronogram, see Results for
details) were amplified for the additional nuclear marker, 28S rRNA, for phylogeny
reconstruction. The nuclear marker was amplified with 28F and 28R primers and reaction conditions published by Hou et al. (2007).
Relevant voucher information, taxonomic classifications, and the COI barcode sequences are publicly accessible through the public data set “DHAEMOBA”

60

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Figure 2. A geographic distribution of D. haemobaphes haplotypes in the native and invaded area.
Numbers in triangles (native range) or circles (invaded range) represent sampling localities coded as in
Table 1. Sites with lineage A indicated with purple. n = number of sequences analyzed in the site B the
minimum spanning network of mtDNA haplotypes identified in D. haemobaphes. The size of circle
denotes the frequency of each haplotype. The numbers correspond to the haplotype numbers. GDU –
geo-demographic unit.

(https://doi.org/10.5883/DS-DHAEMOBA) on the Barcode of Life Data Systems
(BOLD; www.boldsystems.org) (Ratnasingham and Hebert 2007). Newly generated sequences were also deposited in GenBank: COI: MN342874–MN343144,
MN343146–MN343307; 16S: MN343308–MN343578, MN343580–MN343741;
28S: MN343743–MN343753.
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Time calibrated reconstruction of phylogeny
Bayesian time-calibrated phylogeny was reconstructed in BEAST, version 2.5.2 (Bouckaert et al. 2014) to infer the time frame of the D. haemobaphes diversification. The
COI and 16S mitochondrial markers were used as separate partitions in the Bayesian
inference analysis (BI). The priors to evolutionary models were set using bModelTest
(Bouckaert and Drummond 2017). The strict clock was calibrated with the COI mutation rate set at 0.01773 substitutions/site/Ma as proposed for amphipods by CopilaşCiocianu et al. (2019), given that very similar rates were reported for the family Gammaridae in other studies (Mamos et al. 2016; Grabowski et al. 2017). Four runs of
Markov chain Monte Carlo (MCMC), each 20 million iterations long and sampled
every 1000 iterations, were performed. Runs were examined using Tracer v 1.6, and all
the sampled parameters achieved a sufficient sample size (ESS > 200). Tree files were
combined using Log-Combiner 1.8.1 (Drummond et al. 2012), with the removal of
the non-stationary 25% burn-in phase. The maximum clade credibility chronogram
was generated using TreeAnnotator 2.5.2 (Bouckaert et al. 2014). For additional support of tree topology, the concatenated COI + 16S dataset was analyzed with the
Maximum Likelihood (ML) method, using the Tamura 3-parameter model (Tamura
1992) selected through the Bayesian Information Criterion (BIC) with 10000 bootstrap replicates. ML analysis was performed in MEGA X (Kumar et al. 2018).

Tests for cryptic diversity
To visualize molecular divergence of mtDNA haplotypes, a Minimum Spanning
Network was generated using Arlequin 3.5.1.2 (Excoffier and Lischer 2010). Pairwise Kimura 2-parameter (K2P) distances were estimated using MEGA X (Kumar
et al. 2018).
Four molecular species delimitation methods were applied to reveal the potential Molecular Operational Taxonomic Units (MOTUs) that could represent putative
cryptic species within the studied demon shrimp populations. Two methods were distance-based: Barcode Index Number (BIN) System (Ratnasingham and Hebert 2013),
and the barcode-gap approach using the Automatic Barcode Gap Discovery (ABGD)
(Puillandre et al. 2012). The following two were tree-based, a phylogenetic approach
using Generalized Mixed Yule Coalescent (GMYC) model-based method (Pons et al.
2006), according to Monaghan et al. (2009) and the Bayesian implementation of the
Poisson Tree Processes (bPTP) (Zhang et al. 2013). For both tree-based methods, we
have used the already generated Bayesian time-calibrated phylogeny.
The BIN method is implemented as part of the Barcode of Life Data system
(BOLD; Ratnasingham and Hebert 2007). Newly submitted sequences are compared
together with sequences already available in BOLD. Sequences are clustered according to their molecular divergence using algorithms that aim at finding discontinuities
between clusters. Each cluster is ascribed a globally unique and specific identifier (aka
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Barcode Index Number or BIN), already available or newly created if the submitted sequences do not cluster with previously known BINs. Each BIN is registered in BOLD.
The ABGD method is based upon pairwise distance measures. With this method,
the sequences are partitioned into groups (MOTUs), such that the distance between
two sequences from two different groups will always be larger than a given threshold
distance (i.e., barcode gap). We used primary partitions as a principle for group definition, as they are typically stable on a broader range of prior values, minimize the number of false-positives (over-split species), and are usually close to the number of taxa
described by taxonomists (Puillandre et al. 2012). The default value of 0.001 was used
as the minimum intraspecific distance. As there is currently no consensus about which
maximum intraspecific distance is reflecting delimitation of species, neither based on
morphology (Costa et al. 2007; Weiss et al. 2014; Katouzian et al. 2016) nor on reproductive barrier (Lagrue et al. 2014) we explored a set of values up to 0.1. The standard
Kimura 2-parameter (K2P) model correction was applied (Hebert et al. 2003).
The GMYC method defines MOTUs through identification of the switch from
intraspecific branching patterns (coalescent) to interspecific species branching patterns
(Yule process) on a phylogenetic tree. First, a log-likelihood ratio test is performed
to assess if the GMYC model fits the observed data significantly better than the null
model of a single coalescent species. If there is evidence for overlooked species inside
the phylogenetic tree, the threshold model is tested for the observed data to estimate
the boundary between intra- and interspecific branching patterns. The Bayesian tree
was uploaded into the R (R Core Team, 2013) software package ‘SPLITS’ (Species
Limits by Threshold Statistics) (Ezard et al. 2009) and analyzed using the single threshold model.
The bPTP is another phylogeny-based method. The bPTP incorporates the number of substitutions in the model of speciation and assumes that the probability that
a substitution gives rise to a speciation event follows a Poisson distribution. The
branch lengths of the input tree are supposed to be generated by two independent
classes of the Poisson events, one corresponding to speciation and the other to coalescence. Additionally, the bPTP adds Bayesian support values (BS) for the delimited
species (Zhang et al. 2013). The analysis was performed on the bPTP webserver
(available at http://www.species.h-its.org/ptp/) with 500 000 iterations of MCMC
and 10% burn-in.
The 28S rRNA nuclear phylogeny was reconstructed for Dikerogammarus haemobaphes, D. bispinosus Martynov, 1925, and D. villosus using the Maximum Likelihood method and the Tamura 3-parameter model selected through BIC as a best
fitting model (Tamura 1992). All positions with less than 95% site coverage were
eliminated. The bootstrap test was done with 500 replicates (Saitou and Nei 1987).
These analyses were done in MEGA X (Kumar et al. 2018). Sequences of D. villosus
(KF478495, KF478496) and Pontogammarus robustoides (Sars, 1894) (KF478447)
used as an outgroup were retrieved from GenBank.
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Demography
To reveal the historical demography of D. haemobaphes, we used the Extended Bayesian Skyline Plot (eBSP) (Heled and Drummond 2008) constructed in BEAST, version 2.5.2 (Bouckaert et al. 2014), using COI and 16S as separate partitions. The
eBSP was performed for the lineage A and three out of four geo-demographic units
(GDUs) identified in the lineage B (see results). Due to a small number of individuals
representing the clade from the Moskva River in Russia (GDU B4), this unit was not
explored. The clock rate and model selection were performed the same way as in the
case of time-calibrated phylogeny reconstruction. The population scaling factor was set
to 0.5. To ensure convergence, four runs of MCMC, each 100 million iterations long
and sampled every 5000 iterations, were performed. Runs were examined using Tracer
v 1.6; all the sampled parameters achieved sufficient sample sizes (ESS > 200) and presented congruent results. The final figures were generated in R (R Core Team, 2013).
We have also examined the current demographic status of the lineage A and three
GDUs of lineage B of D. haemobaphes in Arlequin 3.5 (Excoffier and Lischer 2010)
with mismatch distribution, supplemented by the selective neutrality tests, i.e., Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997) as indicators of population expansion.
We verified the validity of both models (sudden demographic and spatial expansion)
with the sum of squared deviations (SSD) between observed and expected mismatches
and by the Harpending’s Raggedness statistics (Harp).

Diversity and differentiation along Central Corridor
The haplotype diversity was assessed by calculating the allelic richness (Ar), and the private allelic richness (PAr), where haplotypes equaled to alleles, corrected for a common
sampling size using a rarefaction approach (Leberg 2002) in case of localities with at
least three individuals. Calculations were done using Hp-Rare 1.1 (Kalinowski 2005).
We used 19 sites along the Central Corridor to test for a positive correlation between genetic differentiation and the distance between sites (isolation-by-distance,
IBD). Besides, the data from these sites were used to check whether diversity (haplotype diversity, nucleotide diversity, Ar, PAr, see Table 1, Suppl. material 1: Table S1)
was associated with geographical distance from the source area (Dnieprovski Liman).
We evaluated the trend in haplotype diversity, nucleotide diversity, allelic richness, and
private allelic richness along the Central Corridor of the invasion by calculating Pearson Correlation Coefficient. The distances (Suppl. material 1: Table S1) were estimated
using Google Earth v.7.1.2 as a measurement of shortest distance along the waterway
(Google Earth, option path, zoomed enough to fit the line in the riverbed) of Central
Corridor starting from our sampling locality 11A (Dnieprovski Liman) to locality 32
(Oder). IBD was tested using the Mantel test between Fst/(1-Fst) and geographic dis-
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tance as recommended by Rousset (1997) for testing IBD in one-dimensional linear
systems, with 100000 permutations, using the ISOLDE software embedded in the
GenePop on the Web 4.2 package (Raymond and Rousset 1995).

Results
Cryptic diversity within Dikerogammarus haemobaphes
In the dataset composed of 433 sequences, we identified 15 haplotypes of 16S (302 bp)
and 27 haplotypes of COI (598 bp). The concatenation of both fragments (900 bp)
resulted in the recognition of 39 mtDNA haplotypes derived from different combinations of the 16S and COI haplotypes (Suppl. material 2: Table S2, Suppl. material 3:
Table S3). The pairwise K2P distance between the haplotypes ranged from 0.002 to
0.183 for COI and from 0.003 to 0.099 for 16S; the highest values suggesting the
presence of cryptic diversity within the studied morpho-species.
All the COI sequences, represented by 27 haplotypes, were uploaded into the Barcode of Life Data System (BOLD), resulting in two Barcode Index Numbers (BINs)
obtained (Fig. 3). The BIN AAX9262 was attributed to 406 sequences (23 COI haplotypes) and was already reported in BOLD and GenBank associated with D. haemobaphes. The mean K2P distance within this BIN was 0.0023, and the maximal K2P
distance was 0.0263. The BIN ADB9467, associated with 27 sequences (four COI
haplotypes), has not been reported before. The mean K2P distance within this BIN is
0.0013, and the maximal K2P distance is 0.0051. The closest BIN to ADB9467 is the
AAX9262, with an average K2P distance of 0.176.
Automatic Barcode Gap Discovery (ABGD) was performed on two data sets (i) 27
sequences, each representing one of the 27 COI haplotypes and (ii) 433 sequences, representing all individuals sequenced. The first analysis indicated the existence of two MOTUs
(lineages A, B), divergent by the 0.183 maximum K2P distance, that may be interpreted
as two potential cryptic species (Fig. 3). The individuals belonging to the lineage A included only four haplotypes (27 sequences) and were found in five localities, exclusively in the
native range of Dikerogammarus species (two sites in the lower Danube, two in the lower
Dniester and one on the Kerch Peninsula). The lineage B consisted of 23 haplotypes (406
sequences) widely distributed both in the native and the invaded range of D. haemobaphes.
The second analysis resulted in partitioning all COI sequences into three groups. One
corresponded to the lineage A, while within the lineage B, the sequences from individuals
found in the River Moskva in Russia were separated as yet another MOTU.
The GMYC analysis also rejected the null model of the D. haemobaphes sequences
representing a single species. The single threshold method of lineage identification allowed to recognize five entities: lineage A and lineage B, the latter further divided into
four sub-lineages (Fig. 3). The estimated number of species in bPTP ranged from three
to five, the best Bayesian support (>0.987) being for three (Fig. 3).
All the five methods used for species delimitation are congruent at recognizing the
lineage A as distinct from any other MOTU. Given the extremely high K2P-distance
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Figure 3. Time-calibrated phylogeny of Dikerogammarus haemobaphes and the results of different species
delimitation methods. Maximum clade credibility chronogram was inferred from a strict molecular clock
model based on the COI + 16S data set of D. haemobaphes. The numbers given next to the respective main
nodes indicate Bayesian posterior probabilities (> 0.5) and ML bootstrap values (> 50%). B1-4 represent
the geo-demographic units within the lineage B. BIN – Barcode Index Number (BIN) System, ABGD
haplotypes – Automatic Barcode Gap Discovery based on haplotypes, ABGD sequences – Automatic
Barcode Gap Discovery based on all sequences, GMYC – Generalized Mixed Yule Coalescent, bPTP –
Bayesian Poisson Tree Processes.

(max 0.183) between lineage A and all the others, we can conclude the presence of
cryptic diversity within D. haemobaphes. In addition, since this lineage is restricted
only to the native range, we do not use it in tracking the demon shrimp invasion in
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Europe. Lineage B was recognized by BINs and, partially, by ABGD as one MOTU,
while other methods subdivided it into smaller groups. Given the weak phylogenetic
support for these sublineages and lack of congruent delimitation results (Fig. 3) we
decided not to treat them as cryptic species, yet taking into account their allopatry (see
below), we refer to them further as geo-demographic units (GDU B1–4).
The phylogeny reconstruction based on the 28S rRNA confirmed the separation
of D. villosus and D. bispinosus from D. haemobaphes, as well as the clear separation
of lineages A and B, further supporting the presence of two cryptic species within D.
haemobaphes (Fig. 4). Within the morphospecies D. haemobaphes, the lineage A considerably differed from lineage B and, although with quite a low bootstrap support,
showed more affinities to D. bispinosus than to lineage B.

Time-calibrated reconstruction of phylogeny
The Bayesian phylogenetic reconstruction indicated the existence of two main lineages,
A and B (Fig. 3). Lineage A is constituted by four haplotypes (36–39). These haplotypes
were found in the Dniester river and its liman, the lower course of the Danube river,
and in one locality at the Crimean peninsula. Lineage B can be, taking into account the
results of MOTU delimitation together with the allopatric distribution of delimited
entities, further divided into four geo-demographic units. The geo-demographic unit
B1 (GDU B1) includes 12 haplotypes (haplotype numbers 1–12) endemic to Durugöl (Duruşu) liman in Turkey; GDU B2 includes 14 haplotypes (haplotype numbers
13–17 and 24–32) found both in native as well as recently invaded range. GDU B3 is
represented by six haplotypes (haplotype numbers 18–23) found only in the Dniester
river. The remaining three haplotypes (haplotype numbers 33–35) made up GDU B4
and were found exclusively in the Moskva River in Russia. The Bayesian chronogram
showed that lineage A diverged from the rest ca. 5.1 Ma, whereas GDU B4 diverged
from GDU B1-3 ca. 750 ka, GDU B1 diverged from GDU B2-3 ca. 300 ka, while the
split between GDU B2 and GDU B3 was ca. 250 ka.

Historical and contemporary expansion, colonization routes and source population for the UK, Balaton Lake and Alpine lakes
The results of eBSP analysis indicated that the size of populations within the lineage A
remained stable between 80 and 20 ka, followed by a slight decrease from 20 to 15 ka
and a large decrease during the last 10 ka (Fig. 5).
Within the lineage B, the GDU B1 from the Durugöl (Duruşu) liman in Turkey
experienced slight growth from 80 ka till 50 ka. Later, the population remained stable.
On the contrary, the widespread and invasive clade GDU B2 retained stable size till ca.
2.5 ka, and after that experienced accelerated growth. The Dniester population (GDU
B3) was stable until ca. 10 ka; later steady but slow growth can be observed. There were
not enough sequences of GDU B4 to perform the eBSP analysis.
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Figure 4. Maximum Likelihood tree of Dikerogammarus spp. based on the 28S rRNA gene. Sequences
representing D. haemobaphes lineage A, each of the geo-demographic units (GDU B1-4) within D. haemobaphes lineage B as well as D. bispinosus and D. villosus were used. The evolutionary history was inferred
by using the Maximum Likelihood method and the Tamura 3-parameter model. All positions with less
than 95% site coverage were eliminated. Bootstrap test was applied with 500 replicates. Information
about the D. bispinosus sequence may be found in public BOLD dataset: DHAEMOBA. Dikerogammarus
villosus and Pontogammarus robustoides sequences were retrieved from GenBank.

Figure 5. Multilocus extended Bayesian Skyline Plots for four lineages / geo-demographic units (GDU)
of Dikerogammarus haemobaphes. Solid lines indicate the median posterior effective populations size
through time; dotted lines indicate the 95% highest posterior density interval for each estimate.
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Table 2. Historical demography based on concatenated mtDNA sequences (COI and 16S) from the lineage A and the Geo-Demographic Units (GDU) within the lineage B in the native region of Dikerogammarus haemobaphes. For details about locations, see Table 1 and Fig. 2. Demography: Harp, Harpending’s
raggedness index; SSD, sum of squared deviations; D, Tajima’s D; Fs, Fu’s Fs tests; p, p value. The statistically significant p values (below 0.05) are marked in bold.
Lineage/area

Locations

Spatial
Harp
p
SSD
Dikerogammarus haemobaphes Lineage A (BIN ADB9467)
Lineage A
2, 3, 4, 5/5A, 12
0.113 0.342 0.007
Dikerogammarus haemobaphes Lineage B (BIN AAX9262)
GDU-B3
5/5A, 6, 7/7A, 8, 9 0.069 0.265 0.002
GDU-B2
11/11A, 13, 14
0.076 0.431 0.019
GDU-B1
1
0.067 0.475 0.004

p

Harp

Demographic
p
SSD

p

D

p

Fs

p

0.207 0.113 0.340 0.007 0.333

−0.597

0.337 −0.218 0.405

0.283 0.069 0.269 0.002 0.448
0.204 0.076 0.343 0.023 0.155
0.497 0.067 0.429 0.004 0.586

−0.887
0.215
−1.923

0.242 −3.621 0.041
0.618 0.572 0.647
0.013 −8.472 0.000

Mismatch analysis showed that neither demographic nor spatial expansion model
could be rejected for the lineage A or for any GDU of the lineage B (Table 2). Both
neutrality tests suggested the recent expansion only in the case of the GDU B1 from
the Durugöl (Duruşu) liman, while the Fu’s Fs suggests a recent expansion of the GDU
B3 from the Dniester. Interestingly, neither of the neutrality tests indicated recent
population size expansion for the widespread and invasive GDU B2.
The analysis of mtDNA haplotype distribution across the distribution range of the
demon shrimp clearly showed the two invasion routes to Central and Western Europe
(Fig. 2). The most frequently observed in the invaded area were haplotypes 14 and 17.
However, while haplotype 14 was found in several localities both along the Central and
Southern Corridor, haplotype 17 and haplotype 15 were present only in the NorthWestern Black Sea drainage (excluding the Danube and its delta) and in the Central
Corridor. Only the mtDNA haplotype 17 was found in the UK, suggesting that the
local population derives from the Central Corridor. We found four private haplotypes
(haplotypes 28–31) in the invaded range in Belarus and Poland. They were not encountered in the native area, probably due to their generally very low frequency. Additionally, it is worth noting that haplotype 32 was found exclusively along the Southern
Corridor (Danube drainage). Single haplotypes were recorded in the two Alpine lakes.
In the case of Starnbergersee in Germany (site 35), it was haplotype 14, while in the
Traunsee in Austria (site 36), only haplotype 32 was found. The population of Balaton
lake consisted predominantly of individuals bearing haplotype 14 with a small share of
individuals with haplotype 32.

Molecular diversity patterns
The highest diversity within the D. haemobaphes lineage B expressed by the number of
mtDNA haplotypes (12) as well as by the highest private allelic richness was observed
in the Durugöl (Duruşu) liman (Ar = 4.03 and PAr = 4.03, respectively) (Table 1). In all
the other localities within the native range of the species, the number of detected haplotypes did not exceed five. The allelic richness was higher than three in two cases, in
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the Dniester (station 5/5A) and in the Dnieper at Kerch Peninsula (station 13) with the
values 3.30 and 3.27, respectively. The private allelic richness was high in the Akkarzhanka River (station 8, PAr = 1.06) and in the Dnieper at station 16/16A (PAr = 0.87).
In the invaded range, the number of haplotypes was the highest in the Oder River
(station 31/31A, six haplotypes) followed by the station 24 in the Bug River with four
haplotypes recorded (Table 1). In all the other stations, the number of detected haplotypes did not exceed three. Allelic richness ranged from one to 3.31, with the highest
values observed in the Bug River at station 24 (Ar = 3.31) followed by the station 22/22A
in the same river and by the station 27 in the Vistula River (in both cases Ar equaled
2.86). The highest private allelic richness was observed in the Vistula River at station
26 (PAr = 0.59). Slightly lower values (PAr = 0.52) characterized the channel in Dubay
village (Dnieper River system, station 21) and in the Oder River at the station 31/31A.
No loss of allelic richness was observed along the Central Corridor, ca. 2500 km
from the source population to the furthest locality studied, as the highest value of
this parameter was observed in the Bug River (station 24, Ar = 3.31) in Poland, ca.
1960 km from the source area (Table 1, Suppl. material 1: Table S1). We observed a
weak isolation-by-distance (IBD) effect (Mantel test, R2 = 0.0369, p = 0.037) (Fig. 6A).
A slight decrease, although not statistically significant, in haplotype diversity
(R2 = 0.006, r(17) = −0.07; p = 0.76), nucleotide diversity (R2 = 0.018, r(17) = −0.13;
p = 0.59), allelic richness (R2 = 0.001, r(17) = −0.02; p = 0.92), private allelic richness
(R2 = 0.131, r(17) = −0.36; p = 0.13) were observed along the Central Corridor of
invasion (starting in the source of the corridor at the Dnieprovski Liman locality 11A,
belonging to the native range of the species) (Fig. 6B–E, Suppl. material 1: Table S1).

Discussion
The Ponto-Caspian region appears to be one of the main donors of alien aquatic species invading Central and Western Europe as well as North America (Bij de Vaate et al.
2002; Audzijonyte et al. 2006, 2008; Neilson and Stepien 2011; Snyder et al. 2014).
Some of them are now recognized as a serious threat to the invaded ecosystems (DAISIE 2009). Dikerogammarus haemobaphes is one of the three Dikerogammarus species
that have colonized vast areas of Europe during recent decades, and even recently it has
gained new territories outside continental Europe, i.e., in the UK (Labat et al. 2011;
Aldridge 2013; Etxabe et al. 2015; Constable and Birkby 2016).

Phylogeography and demography in the native region
We observed the presence of two highly divergent lineages among the individuals of
the demon shrimp (Fig. 3). The COI K2P distance between these two lineages was
0.183, which exceeded the threshold limit widely used for amphipod species delineation and observed even between many morphologically well-defined species (Costa
et al. 2009; Raupach et al. 2015; Lobo et al. 2017). The distinctness of these two di-
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Figure 6. A plot of pairwise Fst/(1-Fst) versus pairwise linear distance of 19 populations of D. haemobaphes encompassing source populations for the Central Corridor and Central Corridor itself. Plot of: Haplotype diversity (B), nucleotide diversity (C), allelic richness (D) and private allelic richness (E) within 19
populations of D. haemobaphes along source populations for the Central Corridor and Central Corridor
itself (see Suppl. material 1: Table S1 for details).
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vergent lineages was also supported by the nuclear (28S) gene (Fig. 4). The divergence
between these two lineages possibly dates back to 5.1 Ma (Fig. 3). This coincides with
the eustatic marine regression and the formation of separate Dacian and Kimmerian
basins in the present Ponto-Caspian area (Cristescu et al. 2003; Stoica et al. 2013). The
considerable extension of freshwater habitats in this area during the Pliocene may have
induced the evolution of species with freshwater preferences. Among them could be
the lineage A, as our findings suggest that it occurs in fresh and not in brackish waters
of the north-west Black Sea basin.
Dikerogammarus haemobaphes was originally described from the brackish waters of
the Caspian Sea, while Martynov (1919), based on the material from the lower Don
River, described the riverine form Dikerogammarus haemobaphes morpha fluviatilis to
distinguish it from the brackish water population. Some authors followed this separation (e.g., Cărăuşu 1943; Cărăuşu et al. 1955) and since then the above-mentioned
form has often been treated as a valid species (Straškraba 1962; Barnard and Barnard
1983; Jażdżewski and Konopacka 1988; Özbek and Özkan 2011). However, the morphological features separating D. haemobaphes and Dikerogammarus fluviatilis were
extremely poorly defined by Martynov (1919), so the existence of the latter species
remains unclear, and a thorough taxonomic revision was recommended (Jażdżewski
and Konopacka 1988). Our study of the material molecularly assigned to the lineage A
did not reveal any morphological evidence that would allow to classify it as D. fluviatilis
or as any other species than D. haemobaphes. Given the wide distribution of the lineage
B in the native region and taking into account that it includes the presumably Caspian
lineage from the Moskva River, we believe that this lineage most probably represents the
“real” D. haemobaphes. Thus the lineage A is an undescribed cryptic lineage known so
far only from the lower Danube and other rivers in the north-western Black Sea region.
The results of eBSP analyses indicate a recent (less than 20 ka) substantial decrease in
the effective population size within the lineage A that may explain its rarity and lack of
invasion potential. Such demographic decline is hard to explain, but it may be associated
with the late Pleistocene/early Holocene marine transgression and subsequent salinity
rise in consequence of reconnection of the former Pontic Lake to the Mediterranean Sea
that made up the present Black Sea (Svitoch et al. 2000; Badertscher et al. 2011). This
might have forced the numerous freshwater species to move up the rivers emptying to
the Black Sea, disconnecting their populations and causing demographic declines.
The divergence pattern within the D. haemobaphes lineage B in its native range is
shallow but reflected, to some extent, by the geographic distribution of GDUs. For
example, GDU B4 found exclusively in the Moskva River (Caspian Basin) apparently
diverged from the others at about 750 ka (Fig. 3), already after the Black and Caspian
basins disconnected (Cristescu et al. 2003). A similar separation of genetic lineages
was observed for several other local crustacean taxa, including amphipods, mysids, and
some cladocerans (Cristescu et al. 2003, 2004; Cristescu and Hebert 2005; Audzijonyte
et al. 2009). Geo-demographic unit B1, represented by 12 haplotypes that emerged ca.
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200–300 ka was, in our study, restricted to a single locality in the Durugöl (Duruşu)
liman in Turkey. A similar pattern was observed for D. villosus (Rewicz et al. 2015), and
our findings support the hypothesis that the populations of freshwater and oligohaline
crustaceans inhabiting the Ponto-Caspian region have started to diverge during the significant salinity rise that caused a barrier for gene flow between biota “imprisoned” in
the nearly freshwater lagoons and limans (Badertscher et al. 2011; Rewicz et al. 2015).
The eBSP analysis showed different historical demographic patterns in the remaining geo-demographic units. In the case of GDU B1, restricted to the Durugöl Liman,
the effective population size remained relatively stable. The two GDUs found in the
North Black Sea basin (B2 and B3) seem to experience demographic growth in the last
couple of thousands of years. These results stay in contrast with the ones obtained for
D. villosus; in this case, the post-Pleistocene demographic boost was observed in all the
studied lineages of the species (Rewicz et al. 2015).

Invasion routes
The distribution of mtDNA haplotypes along the expansion routes clearly points out
to the Dnieper River as a donor of invaders for the Central Corridor and, subsequently, for Western Europe. It is supported by the haplotype composition of the studied
populations, with haplotypes, such as the most common haplotype 17, unique for the
Dniester, Dnieper, Bug, Vistula, Oder and all along the Mittellandkanal in Germany
but absent from the Danube and from the Alpine lakes. In the UK we found only haplotype 17, which suggests that the Central Corridor was also the most probable source
for the introduction of D. haemobaphes to the UK.
In contrast, the Danubian expansion route is characterized by only two haplotypes, haplotype 14 that is shared with the Central Corridor and the private haplotype
32. Such poor haplotype diversity in the Southern Corridor is hard to explain. Already
in the 1950s, the demon shrimp was reported from the middle Danube above Györ
in Hungary, and in 1994, it was found as high as the Danube-Main canal in Germany
(Straškraba 1962; Schleuter et al. 1994; Borza et al. 2015). In the early 1990s it was
abundant in the German part of the Danube, but soon after the appearance of the
killer shrimp, the population of demon shrimp in that area declined (Weinzierl et al.
1996; Kley and Maier 2006; Borza et al. 2018). Similar observations were made in
other rivers: Rhine, Lahn, Drava, Oder, and Vistula (Weinzierl et al. 1996; Bernauer
and Jansen 2006; Kley and Maier 2006; Grabowski et al. 2007b; Chen et al. 2012;
Ćuk et al. 2019; own unpublished data), suggesting effective replacement of this species by D. villosus, even if in some conditions co-existence of D. haemobaphes and D.
villosus was observed (Borza et al. 2017; Hellmann et al. 2017). Taking into account all
the above, we cannot exclude a possibility that the haplotype diversity in the Southern
Corridor had once been richer but pauperized after the populations of the demon
shrimp declined following lengthy interaction with the killer shrimp.
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Interestingly, while the demon shrimp was a successful invader reaching Western Europe via the Central Corridor, the killer shrimp expanded to this area via the
Southern Corridor. The population of D. villosus from the lower Dnieper expanded its
range along the Central Corridor only to central Poland (Rewicz et al. 2015). The interspecific competition between both congeneric invasive species may be the reason for
these differences. The killer shrimp is known to be a very active and robust competitor,
which may force less competitive species (such as D. haemobaphes) to leave their optimal ecological niches and extend their ranges into habitats yet unoccupied by competitors (Kobak et al. 2016 and references therein). Additionally, the presence of stronger
competitors may lead to niche partitioning as it was observed for Dikerogammarus
spp. in the Danube (Borza et al. 2017). Such factors have possibly promoted range
extension of the less competitive species and may help to explain why D. haemobaphes
conquered rivers along the Central Corridor (Kobak et al. 2016).
The Southern Corridor seems to be the most probable source from which demon
shrimp colonized the three studied lakes: the large lowland Balaton Lake in Hungary, as
well as the two submontane Alpine lakes – the Traunsee in Austria and the Starnbergersee
in Germany. The lake Balaton is connected to the Danube by the Sió canal, allowing different organisms to spread, and the presence of alien species was reported from the lake
already since the 1930s (Muskó et al. 2007). The spontaneous range extension through
the Danube-Balaton waterway is most probable, but an unintentional introduction of
D. haemobaphes together with another crustacean species, Limnomysis benedeni, used as
a food source for fish, could also be possible (Muskó 1992; Muskó et al. 2007). The two
submontane Alpine lakes also belong to the Danube drainage area, but they are connected
to the Danube by relatively small tributaries, namely fast-flowing submontane rivers. The
presence of the demon shrimp was not confirmed from these watercourses (Altermatt et
al. 2019). Thus, the most probable invasion vector, in this case, is an unintentional introduction associated with recreational activities such as sailing or diving, as it was reported
for D. villosus by Bącela-Spychalska et al. (2013). High potential for such dispersal was
experimentally evidenced also for the demon shrimp (Bącela-Spychalska 2016).
The small sample of D. haemobaphes from the Moskva River in Russia, also situated outside the native range of studied species (ca. 3000 km up from the Volga delta),
seems to be a sister group to all the other GDUs within lineage B found in the Black
Sea as well as in Central and Western Europe (Fig. 3). A single available COI sequence
mined from GenBank (GenBank accession number: AY529049) and labelled as coming from the Caspian Sea (Cristescu and Hebert 2005) represented the same haplotype
as eight out of ten sequences from the site in the Moskva River. This suggests that the
Caspian Sea served as a donor for this population, which most likely arrived there via
the Volga River belonging to the Northern Corridor of invasion. This scenario may be
supported by the fact that D. haemobaphes has been recorded all along the Volga River
as well as in its tributary Oka (Zadin 1964) and finally from the Moskva river (Lvova
et al. 1996). Intentional introductions and extensive shipping accelerated its invasion
process to a large number of water reservoirs built on the Volga River (Karpevich 1975;
Slynko et al. 2002). The lack of other molecular data from the Caspian and Azov
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seas does not allow to track the invasion process in the Northern Corridor in detail.
However, it has to be underlined that the shores of the Azov Sea were covered by our
sampling and no demon shrimp were found there.
The divergence of the Black and the Caspian Sea populations was observed in the
cases of several Ponto-Caspian crustaceans (Cristescu et al. 2003, 2004) and similar
situations may be expected for the presently studied species. Although we have found
some private haplotypes occurring only in the invaded range of D. haemobaphes, they
are all closely linked with the most common haplotypes found in the Dnieper River
and its liman. No haplotypes of unknown origin were recorded in Western Europe, so
the Caspian Sea may be excluded as a likely source of invading population along the
Central and Southern invasion corridors.
Although a weak signal of IBD was recorded, all other measures expressing changes
in the level of genetic diversity along the Central Corridor of the invasion were not significant, showing no bottleneck effect associated with the invasion of D. haemobaphes
along the invasion corridor. The detected isolation by distance may come from the fact
that a relatively high number (four) of private haplotypes existed at some sites in the
invaded area (Fig. 6). It could lead falsely to suggest isolation of the invading population from the source one. Generally, it is expected that the molecular diversity in the
invaded range might be reduced due to a relatively small number of newcomers. However, recent studies show that such a phenomenon does not have to be as common as
previously predicted (Roman and Darling 2007). No genetic diversity loss was observed
either during the invasion of D. villosus invasion in Europe (Wattier et al. 2007; Rewicz
et al. 2015) or in case of dreissenid mussels and fish in the North American Great Lakes
area (Stepien et al. 2005). The phenomena that can explain the lack of genetic diversity
loss may be associated with rapid colonization by a large population of invaders or subsequent multiple invasion waves (Stepien et al. 2005; Roman and Darling 2007). In the
present case, historical data suggest that the first alternative is more likely.
In conclusion, our results further confirm that the geological history of the PontoCaspian region stimulated divergence and speciation in the local freshwater and oligohaline organisms. Some of the resulting closely related lineages cannot be separated
morphologically and, at the present stage, have to be treated as cryptic ones. Some of
them, such as the lineage A of D. haemobaphes, remained in the area of origin, while
others, such as the lineage B, successfully conquered new areas. The colonization of
Western Europe by the demon shrimp followed mainly the Central Corridor, while another successful invader, the killer shrimp, used the Southern Corridor predominantly.
These differences may be explained by interspecific competition with the killer shrimp
(Kobak et al. 2016) that could force D. haemobaphes to leave the native range to reduce
the competitive pressure. Another reason may be competitive niche partitioning, as observed by Borza et al. (2017) and perhaps different habitat characteristics of the rivers
making up the two invasion corridors. Finally, we conclude the demon shrimp extended its range rapidly and that the expanding population was large as evidenced by the
lack of loss of genetic diversity in the populations studied along the Central Corridor.

Phylogeography of Dikerogammarus haemobaphes in Europe

75

Acknowledgments
The study was partially funded by the Committee on Scientific Research (3P04F01322),
Polish Ministry for Science and Higher Education grants: sampling (NN304081535,
NN304350139, NN303579439), molecular analysis (NN304350139) and partially
by the statutory funds of the Department of Invertebrate Zoology and Hydrobiology of University of Lodz. Tomasz Rewicz and Tomasz Mamos were supported by
the Scholarship of the Polish National Agency for Academic Exchange (NAWA) at
Bekker Programme (TR project nb. PPN/BEK/2018/1/00162, TM project nb. PPN/
BEK/2018/1/00225). The authors thank Peter Borza, Bartosz Janic, Ewa Janowska,
Radomir Jaskuła, Krzysztof Jażdżewski, Alicja Konopacka, Sergiy Kudrenko, Marek
Michalski, Mykola Ovcharenko, Maciej Podsiadło, Alexander Prokin, Agnieszka Rewicz, Mikhail Son and Oleksandr Usov for their help in collecting the material for this
study. Alicja Konopacka is acknowledged for identifying some material for this study.
Drew Constable (National Hydroecology Team, Environment Agency UK) is greatly
appreciated for providing the demon shrimp sample from the UK. We express our
gratitude to the two anonymous reviewers and the editor, Adam Petrusek, for providing useful comments that allowed us to improve our work.

References
Aldridge D (2013) GB non-native organism rapid risk assessment for Dikerogammarus haemobaphes (Eichwald, 1841). http://www.nonnativespecies.org/downloadDocument.
cfm?id=870 [accessed 05 September 2019]
Altermatt F, Alther R, Fišer C, Švara V (2019) Amphipoda (Flohkrebse) der Schweiz: Checkliste, Bestimmung und Atlas. Fauna Helvetica 32. Info fauna CSCF (Neuchâtel): 1–389.
Arbačiauskas K, Šidagytė E, Šniaukštaitė V, Lesutienė J (2017) Range expansion of PontoCaspian peracaridan Crustaceans in the Baltic Sea basin and its aftermath: Lessons from
Lithuania. Aquatic Ecosystem Health & Management 20: 393–401.
Ashton GV, Stevens MI, Hart MC, Green DH, Burrows MT, Cook EJ, Willis KJ (2008) Mitochondrial DNA reveals multiple Northern Hemisphere introductions of Caprella mutica
(Crustacea, Amphipoda). Molecular Ecology 17: 1293–1303. https://doi.org/10.1111/
j.1365-294X.2007.03668.x
Audzijonyte A, Daneliya ME, Vainola R (2006) Comparative phylogeography of Ponto-Caspian mysid crustaceans: isolation and exchange among dynamic inland sea basins. Molecular
Ecology 15: 2969–2984. https://doi.org/10.1111/j.1365-294X.2006.03018.x
Audzijonyte A, Wittmann KJ, Ovcarenko I, Vainola R (2009) Invasion phylogeography of the
Ponto-Caspian crustacean Limnomysis benedeni dispersing across Europe. Diversity and
Distributions 15: 346–355. https://doi.org/10.1111/j.1472-4642.2008.00541.x
Audzijonyte A, Wittmann KJ, Vainola R (2008) Tracing recent invasions of the Ponto-Caspian
mysid shrimp Hemimysis anomala across Europe and to North America with mitochon-

76

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

drial DNA. Diversity and Distributions 14: 179–186. https://doi.org/10.1111/j.14724642.2007.00434.x
Bacela K, Konopacka A, Grabowski M (2009) Reproductive biology of Dikerogammarus haemobaphes – an invasive gammarid (Crustacea: Amphipoda) colonizing running waters in Central
Europe. Biological Invasions 11: 2055–2066. https://doi.org/10.1007/s10530-009-9496-2
Bacela-Spychalska K (2016) Attachment ability of two Ponto-Caspian amphipod species may
promote their overland transport. Aquatic Conservation: Marine & Freshwater Ecosystems
26: 196–201. https://doi.org/10.1002/aqc.2565
Bacela-Spychalska K, Grabowski M, Rewicz T, Konopacka A, Wattier R (2013) The ‘killer shrimp’
Dikerogammarus villosus (Crustacea, Amphipoda) invading Alpine lakes: overland transport
by recreational boats and scuba-diving gear as potential entry vectors? Aquatic Conservation:
Marine and Freshwater Ecosystems 23: 606–618. https://doi.org/10.1002/aqc.2329
Bacela-Spychalska K, Van der Velde G (2013) There is more than one ‘killer shrimp’: trophic
positions and predatory abilities of invasive amphipods of Ponto-Caspian origin. Freshwater Biology 58: 730–741. https://doi.org/10.1111/fwb.12078
Badertscher S, Fleitmann D, Cheng H, Edwards RL, Göktürk OM, Zumbüh A, Leuenberger
M, Tüysüz O (2011) Pleistocene water intrusions from the Mediterranean and Caspian
seas into the Black Sea. Nature Geoscience 4: 236–239. https://doi.org/10.1038/ngeo1106
Barnard JL, Barnard CM (1983) Freshwater Amphipoda of the world. Hayfield Association,
Mt. Vernon, Virginia, 830 pp.
Berezina N (2007) Invasions of alien amphipods (Amphipoda: Gammaridea) in aquatic ecosystems of North-Western Russia: pathways and consequences. Hydrobiologia 590: 15–29.
https://doi.org/10.1007/s10750-007-0753-z
Bernauer D, Jansen W (2006) Recent invasions of alien macroinvertebrates and loss of native species in the upper Rhine River, Germany. Aquatic Invasions 1: 55–71. https://doi.
org/10.3391/ai.2006.1.2.2
Bij de Vaate A, Jazdzewski K, Ketelaars HAM, Gollasch S, Van der Velde G (2002) Geographical
patterns in range extension of Ponto-Caspian macroinvertebrate species in Europe. Canadian
Journal of Fisheries and Aquatic Sciences 59: 1159–1174. https://doi.org/10.1139/f02-098
Bock DG, MacIsaac HJ, Cristescu ME (2012) Multilocus genetic analyses differentiate between widespread and spatially restricted cryptic species in a model ascidian. Proceedings
of the Royal Society B 279: 2377–2385. https://doi.org/10.1098/rspb.2011.2610
Borza P, Csányi B, Huber T, Leitner P, Paunović M, Remund N, Graf W (2015) Longitudinal
distributional patterns of Peracarida (Crustacea, Malacostraca) in the River Danube. Fundamental and Applied Limnology 187: 113–126. https://doi.org/10.1127/fal/2015/0769
Borza P, Huber T, Leitner P, Remund N, Graf W (2017) Current velocity shapes co-existence patterns among invasive Dikerogammarus species. Freshwater Biology 62: 317–
328. https://doi.org/10.1111/fwb.12869
Borza P, Huber T, Leitner P, Remund N, Graf W (2018) How to coexist with the ‘killer
shrimp’ Dikerogammarus villosus? Lessons from other invasive Ponto-Caspian peracarids.
Aquatic Conservation: Marine and Freshwater Ecosystems 28(6): 1441–1450. https://doi.
org/10.1002/aqc.2985

Phylogeography of Dikerogammarus haemobaphes in Europe

77

Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu CH, Xie D, Suchard MA, Rambaut A, Drummond AJ (2014) BEAST 2: a software platform for Bayesian evolutionary analysis. PLoS
Computational Biology 10(4): e1003537. https://doi.org/10.1371/journal.pcbi.1003537
Bouckaert RR, Drummond AJ (2017) bModelTest: Bayesian phylogenetic site model averaging
and model comparison. BMC Evolutionary Biology 17(1): 1–42. https://doi.org/10.1186/
s12862-017-0890-6
Brown JE, Stepien CA (2009) Invasion genetics of the Eurasian round goby in North America: tracing sources and spread patterns. Molecular Ecology 18: 64–79. https://doi.
org/10.1111/j.1365-294X.2008.04014.x
Brown JE, Stepien CA (2010) Population genetic history of the dreissenid mussel invasions:
expansion patterns across North America. Biological Invasions 12: 3687–3710. https://
doi.org/10.1007/s10530-010-9763-2
Cabezas MP, Xavier R, Branco M, Santos AM, Guerra-Garcia JM (2014) Invasion history
of Caprella scaura Templeton, 1836 (Amphipoda: Caprellidae) in the Iberian Peninsula:
multiple introductions revealed by mitochondrial sequence data. Biological Invasions 16:
2221–2245. https://doi.org/10.1007/s10530-014-0660-y
Carauşu S (1943) Amphipodes de Roumanie. I. Gammaridés de type Caspien. Insstitutul de
Cercetari Piscicole al Romaniei, Bucuresti, 293 pp.
Carauşu S, Dobreanu E, Manolache C (1955) Amphipoda Forme Salmastre si de Apa Dulce.
Fauna Republicii Populare Romine, Bucuresti, 409 pp. [in Romanian]
Carlton JT (2011) The global dispersal of marine and estuarine crustaceans. In: Galil BS, Clark
PF, Carlton JT (Eds) In the wrong place – alien marine crustaceans: distribution, biology and impacts. Springer, Dordrecht, Heidelberg, London, New York, 3–23. https://doi.
org/10.1007/978-94-007-0591-3_1
Chen W, Bierbach D, Plath M, Streit B, Klaus S (2012) Distribution of amphipod communities in the Middle to Upper Rhine and five of its tributaries. BioInvasions Records 1:
263–271. https://doi.org/10.3391/bir.2012.1.4.04
Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG, Thompson JD (2003)
Multiple sequence alignment with the Clustal series of programs. Nucleic Acids Research
31: 3497–3500. https://doi.org/10.1093/nar/gkg500
Constable D, Birkby NJ (2016) The impact of the invasive amphipod Dikerogammarus haemobaphes on leaf litter processing in UK rivers. Aquatic Ecology 50: 273–281. https://doi.
org/10.1007/s10452-016-9574-3
Copilaş-Ciocianu D, Sidorov D, Gontcharov A (2019) Adrift across tectonic plates: molecular phylogenetics supports the ancient Laurasian origin of old limnic crangonyctid amphipods. Organisms Diversity & Evolution 19: 191–207. https://doi.org/10.1007/s13127-019-00401-7
Costa FO, DeWaard JR, Boutillier J, Ratnasingham S, Dooh RT, Hajibabaei M, Hebert PDN
(2007) Biological identifications through DNA barcodes: the case of the Crustacea. Canadian Journal of Fisheries and Aquatic Sciences 64: 272–295. https://doi.org/10.1139/f07-008
Costa FO, Henzler CM, Lunt DH, Whiteley NM, Rock J (2009) Probing marine Gammarus
(Amphipoda) taxonomy with DNA barcodes. Systematics and Biodiversity 7: 365–379.
https://doi.org/10.1017/S1477200009990120

78

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Cristescu MEA, Hebert PDN (2005) The “Crustacean Seas” – an evolutionary perspective
on the Ponto-Caspian peracarids. Canadian Journal of Fisheries and Aquatic Sciences 62:
505–517. https://doi.org/10.1139/f04-210
Cristescu MEA, Hebert PDN, Onciu TM (2003) Phylogeography of Ponto-Caspian crustaceans: a benthic-planktonic comparison. Molecular Ecology 12: 985–996. https://doi.
org/10.1046/j.1365-294X.2003.01801.x
Cristescu MEA, Witt JDS, Grigorovich IA, Hebert PDN, MacIsaac HJ (2004) Dispersal of the
Ponto-Caspian amphipod Echinogammarus ischnus: invasion waves from the Pleistocene to
the present. Heredity 92: 197–203. https://doi.org/10.1038/sj.hdy.6800395
Ćuk R, Milisa M, Atanacković A, Dekić S, Blažeković L, Žganec K (2019) Biocontamination
of benthic macroinvertebrate assemblages in Croatian major rivers and effects on ecological quality assessment. Knowledge and Management of Aquatic Ecosystems 420: 1–11.
https://doi.org/10.1051/kmae/2019003
DAISIE (2009) Handbook of Alien Species in Europe. Springer, Dordrecht, 399 pp.
Dick JTA, Platvoet D, Kelly DW (2002) Predatory impact of the freshwater invader Dikerogammarus villosus (Crustacea: Amphipoda). Canadian Journal of Fisheries and Aquatic Sciences 59: 1078–1084. https://doi.org/10.1139/f02-074
Dittel AI, Epifanio CE (2009) Invasion biology of the Chinese mitten crab Eriocheir sinensis:
A brief review. Journal of Experimental Marine Biology and Ecology 374: 79–92. https://
doi.org/10.1016/j.jembe.2009.04.012
Drummond AJ, Suchard MA, Xie D, Rambaut A (2012) Bayesian Phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology and Evolution 29: 1969–1973. https://doi.
org/10.1093/molbev/mss075
Dumont HJ (2000) Endemism in the Ponto-Caspian fauna, with special emphasis on the
Onychopoda (Crustacea). Advances in Ecological Research 31: 181–196. https://doi.
org/10.1016/S0065-2504(00)31012-1
Estoup A, Guillemaud T (2010) Reconstructing routes of invasion using genetic data: why,
how and so what? Molecular Ecology 19: 4113–4130. https://doi.org/10.1111/j.1365294X.2010.04773.x
Etxabe AG, Short S, Flood T, Johns T, Ford AT (2015) Pronounced and prevalent intersexuality does
not impede the “Demon Shrimp” invasion. PeerJ 3: e757. https://doi.org/10.7717/peerj.757
Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series of programs to perform
population genetics analyses under Linux and Windows. Molecular Ecology Resources 10:
564–567. https://doi.org/10.1111/j.1755-0998.2010.02847.x
Ezard T, Fujisawa T, Barraclough TG (2009) Splits: species’ limits by threshold statistics. R
package version, 1(11): r29.
Filipová L, Lieb DA, Grandjean F, Petrusek A (2011) Haplotype variation in the spinycheek crayfish Orconectes limosus: colonization of Europe and genetic diversity of native
stocks. Journal of the North American Benthological Society 30: 871–881. https://doi.
org/10.1899/10-130.1
Folino-Rorem NC, Darling JA, D’Ausilio CA (2009) Genetic analysis reveals multiple cryptic
invasive species of the hydrozoan genus Cordylophora. Biological Invasions 11: 1869–1882.
https://doi.org/10.1007/s10530-008-9365-4

Phylogeography of Dikerogammarus haemobaphes in Europe

79

Folmer OM, Black WH, Lutz R, Vrijenhoek R (1994) DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from metazoan invertebrates. Molecular Marine
Biology and Biotechnology 3: 294–299.
Fu Y-X (1997) Statistical tests of neutrality of mutations against population growth, hitchhiking, and background selection. Genetics 147: 915–925. https://www.genetics.org/content/147/2/915.short
Geller JB, Walton ED, Grosholz ED, Ruiz GM (1997) Cryptic invasions of the crab Carcinus
detected by molecular phylogeography. Molecular Ecology 6(10): 901–906. https://doi.
org/10.1046/j.1365-294X.1997.00256.x
Gherardi F (2007) Biological invasions in inland waters: an overview. In: Gherardi F (Ed.) Biological Invaders in Inland Waters: Profiles, Distribution, and Threats. Springer, Dordrecht,
3–25. https://doi.org/10.1007/978-1-4020-6029-8_1
Grabowski M, Bącela K, Konopacka A (2007a) How to be an invasive gammarid (Amphipoda:
Gammaroidea) – comparison of life history traits. Hydrobiologia 590: 75–84. https://doi.
org/10.1007/s10750-007-0759-6
Grabowski M, Jażdżewski K, Konopacka A (2007b) Alien Crustacea in Polish waters – Amphipoda. Aquatic Invasions 2: 25–38. https://doi.org/10.3391/ai.2007.2.1.3
Grabowski M, Mamos T, Bącela-Spychalska K, Rewicz T, Wattier RA (2017) Neogene paleogeography provides context for understanding the origin and spatial distribution of cryptic diversity in a widespread Balkan freshwater amphipod. PeerJ 5: e3016. https://doi.
org/10.7717/peerj.3016
Grabowski M, Rewicz T, Bacela-Spychalska K, Konopacka A, Mamos T, Jazdzewski K (2012)
Cryptic invasion of Baltic lowlands by freshwater amphipod of Pontic origin. Aquatic Invasions 7: 337–346. https://doi.org/10.3391/ai.2012.7.3.005
Hayer S, Brandis D, Hartl GB, Ewers-Saucedo C (2019) First indication of Japanese mitten
crabs in Europe and cryptic genetic diversity of invasive Chinese mitten crabs. NeoBiota
50: 1–29. https://doi.org/10.3897/neobiota.50.34881
Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications through
DNA barcodes. Proceedings of the Royal Society B-Biological Sciences 270: 313–321.
https://doi.org/10.1098/rspb.2002.2218
Heled J, Drummond AJ (2008) Bayesian inference of population size history from multiple
loci. BMC Evolutionary Biology 8: 1–289. https://doi.org/10.1186/1471-2148-8-345
Hellmann C, Schöll F, Worischka S, Becker J, Winkelmann C (2017) River-specific effects of
the invasive amphipod Dikerogammarus villosus (Crustacea: Amphipoda) on benthic communities. Biological Invasions 19: 381–398. https://doi.org/10.1007/s10530-016-1286-z
Hewitt GM (2004) Genetic consequences of climatic changes in the Quaternary. Philosophical
Transactions of the Royal Society B 359: 183–195. https://doi.org/10.1098/rstb.2003.1388
Hillis DM, Mable BK, Moritz C (1996) Applications of molecular systematics. In: Hillis DM,
Moritz C, Mable B (Eds) Molecular Systematics. Sunderland: Sinauer Associates, Massachusetts, 515–543. https://doi.org/10.2307/1447682
Holdich DM, Pöckl M (2007) Invasive crustaceans in European inland waters. In: Gherardi F
(Ed.) Biological Invaders in Inland Waters: Profiles, Distribution, and Threats. Springer,
Dordrecht, 29–75. https://doi.org/10.1007/978-1-4020-6029-8_2

80

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Hou ZG, Fu JH, Li SQ (2007) A molecular phylogeny of the genus Gammarus (Crustacea:
Amphipoda) based on mitochondrial and nuclear gene sequences. Molecular Phylogenetics and Evolution 45: 596–611. https://doi.org/10.1016/j.ympev.2007.06.006
Jażdżewski K (1980) Range extensions of some gammaridean species in European inland waters caused by human activity. Crustaceana Supplement 6: 84–107. https://www.jstor.org/
stable/25027516
Jażdżewski K (2003) An invasive Ponto-Caspian amphipod – Dikerogammarus haemobaphes
(Eichwald, 1841) – conquers Great Masurian Lakes, north-eastern Poland. Fragmenta
Faunistica 46: 19–25. https://doi.org/10.3161/00159301FF2003.46.1.019
Jażdżewski K, Konopacka A (1988) Notes on the gammaridean Amphipoda of the Dniester
River basin and Eastern Carpathians. Crustaceana Supplement 13: 72–89. https://www.
jstor.org/stable/25027753
Johns T, Smith DC, Homann S, England JA (2018) Time-series analysis of a native and a nonnative amphipod shrimp in two English rivers. BioInvasions Record 7: 101–110. https://
doi.org/10.3391/bir.2018.7.2.01
Kalinowski ST (2005) HP-RARE 1.0: a computer program for performing rarefaction on measures of allelic richness. Molecular Ecology Notes 5: 187–189. https://doi.org/10.1111/
j.1471-8286.2004.00845.x
Karpevich AF (1975) Theory and Practice of Acclimatization of Aquatic Organisms. Pishchevaya Promyshlennost, Moscow. [In Russian]
Katouzian AR, Macher JN, Weiss M, Saboori A, Leese F, Weigand AM (2016) Drastic underestimation of amphipod biodiversity in the endangered Irano-Anatolian and Caucasus
biodiversity hotspots. Scientific Reports 6: e22507. https://doi.org/10.1038/srep22507
Kelly DW, Muirhead JR, Heath DD, MacIsaac HJ (2006) Contrasting patterns in genetic
diversity following multiple invasions of fresh and brackish waters. Molecular Ecology 15:
3641–3655. https://doi.org/10.1111/j.1365-294X.2006.03012.x
Kimura M (1980) A simple method for estimating evolutionary rates of base substitutions
through comparative studies of nucleotide sequences. Journal of Molecular Evolution 16:
111–120. https://doi.org/10.1007/BF01731581
Kley A, Maier G (2006) Reproductive characteristics of invasive gammarids in the RhineMain-Danube catchment, South Germany. Limnologica 36(2): 79–90. https://doi.
org/10.1016/j.limno.2006.01.002
Kobak J, Rachalewski M, Bącela-Spychalska K (2016) Conquerors or exiles? Impact of interference competition among invasive Ponto-Caspian gammarideans on their dispersal rates.
Biological Invasions 18: 1953–1965. https://doi.org/10.1007/s10530-016-1140-3
Konopacka A (1998) Nowy dla Polski gatunek kiełża, Dikerogammarus haemobaphes (Eichwald,
1841) (Crustacea, Amphipoda), oraz dwa inne rzadkie gatunki skorupiaków obunogich w
Wiśle. Przegląd Zoologiczny 42(3–4): 211–218. [In Polish]
Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: Molecular Evolutionary Genetics Analysis across computing platforms. Molecular Biology and Evolution 35: 1547–
1549. https://doi.org/10.1093/molbev/msy096
Labat F, Piscart C, Fontan B (2011) First records, pathways and distributions of four new Ponto-Caspian amphipods in France. Limnologica 41: 290–295. https://doi.org/10.1016/j.
limno.2010.12.004

Phylogeography of Dikerogammarus haemobaphes in Europe

81

Lagrue C, Wattier R, Galipaud M, Gauthey Z, Rullmann J-P, Dubreuil C, Rigaud T, Bollache L
(2014) Confrontation of cryptic diversity and mate discrimination within Gammarus pulex
and Gammarus fossarum species complexes. Freshwater Biology 59: 2555–2570. https://
doi.org/10.1111/fwb.12453
Leberg PL (2002) Estimating allelic richness: Effects of sample size and bottlenecks. Molecular
Ecology 11: 2445–2449. https://doi.org/10.1046/j.1365-294X.2002.01612.x
LeRoux PC, McGeoch MA (2008) Rapid range expansion and community reorganization in
response to warming. Global Change Biology 14: 2950–2962. https://doi.org/10.1111/
j.1365-2486.2008.01687.x
Librado P, Rozas J (2009) DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bioinformatics 25: 1451–1452. https://doi.org/10.1093/bioinformatics/btp187
Lobo J, Ferreira MS, Antunes IC, Teixeira MAL, Borges LMS, Sousa R, Gomes PA, Costa MH,
Cunha MR, Costa FO (2017) Contrasting morphological and DNA barcode-suggested
species boundaries among shallow-water amphipod fauna from the southern European
Atlantic coast. Genome 60: 147–157. https://doi.org/10.1139/gen-2016-0009
Lvova AA, Paliy AV, Sokolova NY (1996) Ponto-Caspian immigrants in the Moscow River
within Moscow City. Zoologicheskyi Zhurnal 75: 1273–1274.
Mamos T, Wattier R, Burzyński A, Grabowski M (2016) The legacy of a vanished sea: a high
level of diversification within a European freshwater amphipod species complex driven by
15 My of Paratethys regression. Molecular Ecology 3: 795–810. https://doi.org/10.1111/
mec.13499
Martynov AM (1919) About Malacostraca on the vicinity of the Rostov-on-Don. Protocol
zasedania Obschestva Estestvoznania Donskogo Universiteta, Rostov-on-Don, 41–47. [in
Russian]
Mauvisseau Q, Davy-Bowker J, Bryson D, Souch GR, Burian A, Sweet M (2019) First detection of a highly invasive freshwater amphipod Crangonyx floridanus (Bousfield, 1963) in the
United Kingdom. BioInvasions Records 8: 1–7. https://doi.org/10.3391/bir.2019.8.1.01
Minchin D, Arbačiauskas K, Daunys D, Ezhova E, Grudule N, Kotta J, Molchanova N, Olenin
S, Višinskienė G, Strake S (2019) Rapid expansion and facilitating factors of the PontoCaspian invader Dikerogammarus villosus within the eastern Baltic Sea. Aquatic Invasions
14: 165–181. https://doi.org/10.3391/ai.2019.14.2.02
Monaghan MT, Wild R, Elliot M, Fujisawa T, Balke M, Inward DJ, Lees DC, Ranaivosolo R,
Eggleton P, Barraclough TG, Vogler AP (2009) Accelerated species inventory on Madagascar using coalescent-based models of species delineation. Systematic Biology 58: 298–311.
https://doi.org/10.1093/sysbio/syp027
Mordukhai-Boltovskoi FD (1964) Caspian fauna beyond the Caspian Sea. International
Review of Hydrobiology and Hydrography 49: 139–176. https://doi.org/10.1002/
iroh.19640490105
Müller JC, Schramm S, Seitz A (2002) Genetic and morphological differentiation of Dikerogammarus invaders and their invasion history in Central Europe. Freshwater Biology 47:
2039–2048. https://doi.org/10.1046/j.1365-2427.2002.00944.x
Muskó IB (1992) Amphipoda species found in Lake Balaton since 1987. Miscellanea Zoologica
Hungarica 7: 59–64.

82

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Muskó IB, Balogh CS, Tóth ÁP, Varga É, Lakatos GV (2007) Differential response of invasive
malacostracan species to lake level fluctuations. Hydrobiologia 590: 65–74. https://doi.
org/10.1007/s10750-007-0758-7
Nagakubo A, Sekine K, Tanaka Y, Kuranishi RB, Kanada S, Tojo K (2011) Rapid expansion of the
distributional range and the population genetic structure of the freshwater amphipod Crangonyx floridanus in Japan. Limnology 12: 75–82. https://doi.org/10.1007/s10201-010-0323-3
Nahavandi N, Ketmaier V, Plath M, Tiedemann R (2013) Diversification of Ponto-Caspian
aquatic fauna: Morphology and molecules retrieve congruent evolutionary relationships in
Pontogammarus maeoticus (Amphipoda: Pontogammaridae). Molecular Phylogenetics and
Evolution 69: 1063–1076. https://doi.org/10.1016/j.ympev.2013.05.021
Neilson ME, Stepien CA (2011) Historic speciation and recent colonization of Eurasian monkey gobies (Neogobius fluviatilis and N. pallasi) revealed by DNA sequences, microsatellites, and morphology. Diversity and Distributions 17: 688–702. https://doi.org/10.1111/
j.1472-4642.2011.00762.x
Ott J (2010) Dragonflies and climatic changes - recent trends in Germany and Europe. In: Ott
J (Ed.) Monitoring Climatic Change With Dragonflies. BioRisk 5: 253–286. https://doi.
org/10.3897/biorisk.5.857
Özbek M, Özkan N (2011) Dikerogammarus istanbulensis sp. n., a new amphipod species
(Amphipoda: Gammaridae) from Turkey with a key for the genus. Zootaxa 2813: 55–64.
https://doi.org/10.11646/zootaxa.2813.1.2
Parmesan C (2006) Ecological and evolutionary responses to recent climate change. Annual
Review of Ecology, Evolution, and Systematics 37: 637–669. https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
Pjatakova GM, Tarasov AG (1996) Caspian Sea amphipods: biodiversity, systematic position and ecological peculiarities of some species. Journal of Salt Lake Research 5: 63–79.
https://doi.org/10.1007/BF01996036
Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP, Hazell S, Kamoun S,
Sumlin WD, Vogler AP (2006) Sequence-based species delimitation for the DNA
taxonomy of undescribed insects. Systematic Biology 55: 595–609. https://doi.
org/10.1080/10635150600852011
Puillandre N, Lambert A, Brouillet S, Achaz G (2012) ABGD, Automatic Barcode Gap Discovery for primary species delimitation. Molecular Ecology 21: 1864–1877. https://doi.
org/10.1111/j.1365-294X.2011.05239.x
Ratnasingham S, Hebert PDN (2007) The Barcode of Life Data System. (http://www.barcodinglife.org). Molecular Ecology Resources 7: 355–364. https://doi.org/10.1111/j.14718286.2007.01678.x
Ratnasingham S, Hebert PDN (2013) A DNA-Based Registry for All Animal Species: The
Barcode Index Number (BIN) System. PLoS ONE 8: e66213. https://doi.org/10.1371/
journal.pone.0066213
Raupach MJ, Barco A, Steinke D, Beermann J, Laakmann S, Mohrbeck I, Neumann H, Kihara
TC, Pointner K, Radulovici A, Segelken-Voigt A, Wesse C, Knebelsberger T (2015) The application of DNA barcodes for the identification of marine crustaceans from the North Sea
and adjacent regions. PLoS ONE 10: 1–23. https://doi.org/10.1371/journal.pone.0139421

Phylogeography of Dikerogammarus haemobaphes in Europe

83

Raymond M, Rousset F (1995) Genepop (Version-1.2) – Population-Genetics Software for
Exact Tests and Ecumenicism. Journal of Heredity 86: 248–249. https://doi.org/10.1093/
oxfordjournals.jhered.a111573
R Core Team (2013) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna. http://www.R-project.org
Reuschel S, Cuesta JA, Schubart CD (2010) Marine biogeographic boundaries and human introduction along the European coast revealed by phylogeography of the prawn Palaemon elegans. Molecular Phylogenetics and Evolution 55(3): 765–775. https://doi.org/10.1016/j.
ympev.2010.03.021
Rewicz T, Grabowski M, Tończyk G, Konopacka A, Bącela-Spychalska K (2019) Gammarus
tigrinus Sexton, 1939 continues its invasion in the Baltic Sea: first record from Bornholm
(Denmark). BioInvasions Records 8: 862–870. https://doi.org/10.3391/bir.2019.8.4.14
Rewicz T, Wattier R, Grabowski M, Rigaud T, Bącela-Spychalska K (2015) Out of the Black
Sea: Phylogeography of the Invasive Killer Shrimp Dikerogammarus villosus across Europe.
PLoS ONE 10(2): e0118121. https://doi.org/10.1371/journal.pone.0118121
Ricciardi A, MacIsaac HJ (2000) Recent mass invasion of the North American Great Lakes
by Ponto-Caspian species. Trends in Ecology and Evolution 15(2): 62–65. https://doi.
org/10.1016/S0169-5347(99)01745-0
Ricciardi A, MacIsaac HJ (2011) Impacts of biological invasions on freshwater ecosystems. In:
Richardson DM (Ed.) Fifty Years of Invasion Ecology: The Legacy of Charles Elton. WileyBlackwell: 211–224. https://doi.org/10.1002/9781444329988.ch16
Roman J, Darling JA (2007) Paradox lost: genetic diversity and the success of aquatic invasions.
Trends in Ecology and Evolution 22: 455–464. https://doi.org/10.1016/j.tree.2007.07.002
Rousset F (1997) Genetic differentiation and estimation of gene flow from F-statistics under
isolation by distance. Genetics 145: 1219–1228.
Saitou N, Nei M (1987) The neighbour-joining method: A new method for constructing phylogenetic trees. Molecular Biology and Evolution 4: 406–425. https://doi.org/10.1093/
oxfordjournals.molbev.a040454
Sars GO (1894) Crustacea caspia. Contributions to the knowledge of the Carcinological Fauna
of the Caspian Sea. Part III. Amphipoda. Gammarida. Bulletin de l’Academie Imperiale des
Sciences de St.-Petersbourg 5(1): 179–223. [343–378] https://doi.org/10.5962/bhl.title.10631
Schleuter M, Schleuter A, Potel S, Banning M (1994) Dikerogammarus haemobaphes (Eichwald
1841) (Gammaridae) aus der Donau erreicht über den Main-Donau-Kanal den Main.
Lauterbornia 19: 155–159.
Schöll F, Becker C, Tittizer T (1995) Das Makrozoobenthos des schiffbaren Rheins von Basel
bis Emmerich 1986–1995. Lauterbornia 21: 115–137.
Slynko YuV, Korneva LG, Rivier IK, Shcherbina KH, Papchenkov VG, Orlova MI, Therriault
TW (2002) Caspian-Volga-Baltic invasion corridor. In: Leppäkoski E, Gollasch S, Olenin S
(Eds) Invasive Aquatic Species of Europe. Distribution, Impacts and Management. Kluwer
Academic Publishers, Dordrecht, 399–411. https://doi.org/10.1007/978-94-015-9956-6_40
Snyder RJ, Burlakova LE, Karatayev AY, MacNeill DB (2014) Updated invasion risk assessment for Ponto-Caspian fishes to the Great Lakes. Journal of the Great Lakes Research 40:
360–369. https://doi.org/10.1016/j.jglr.2014.03.009

84

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Stepien CA, Brown JE, Neilson ME, Tumeo MA (2005) Genetic diversity of invasive species
in the Great Lakes versus their Eurasian source populations: Insights for risk analysis. Risk
Analysis 25: 1043–1060. https://doi.org/10.1111/j.1539-6924.2005.00655.x
Stoica M, Lazăr I, Krijgsman W, Vasiliev I, Jipa D, Floroiu A (2013) Paleoenvironmental evolution of the East Carpathian foredeep during the late Miocene-early Pliocene (Dacian
Basin; Romania). Global and Planetary Change 103: 135–148. https://doi.org/10.1016/j.
gloplacha.2012.04.004
Straškraba M (1962) Amphipoden der Tschechoslowakei nach den Sammlungen von Prof.
Hrabe. Acta Societatis Zoologicae Bohemoslovenicae 26: 117–145.
Strayer DL (2012) Eight questions about invasions and ecosystem functioning. Ecology Letters
15: 1199–1210. https://doi.org/10.1111/j.1461-0248.2012.01817.x
Svitoch AA, Selivanov AO, Yanina TA (2000) Paleohydrology of the Black Sea Pleistocene Basins. Water Resources 27: 594–603. https://doi.org/10.1023/A:1026661801941
Taberlet P, Fumagalli L, Wust-Saucy AG, Cossons J-F (1998) Comparative phylogeography
and postglacial colonization routes in Europe. Molecular Ecology 7: 453–464. https://doi.
org/10.1046/j.1365-294x.1998.00289.x
Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 123: 585–595. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1203831/
Tamura K (1992) Estimation of the number of nucleotide substitutions when there are strong
transition-transversion and G + C-content biases. Molecular Biology and Evolution 9:
678–687. https://doi.org/10.1093/oxfordjournals.molbev.a040752
Wattier RA, Haine ER, Beguet J, Martin G, Bollache L, Musko IB, Platvoet D, Rigaud T (2007)
No genetic bottleneck or associated microparasite loss in invasive populations of freshwater
amphipod. Oikos 116: 1941–1953. https://doi.org/10.1111/j.0030-1299.2007.15921.x
Weinzierl A, Potel S, Banning M (1996) Obesogammarus obesus (SARS 1894) in der oberen
Donau (Amphipoda, Gammaridae). Lauterbornia 26: 87–91.
Weiss M, Macher JN, Seefeldt MA, Leese F (2014) Molecular evidence for further overlooked
species within the Gammarus fossarum complex (Crustacea: Amphipoda). Hydrobiologia
721: 165–184. https://doi.org/10.1007/s10750-013-1658-7
Zhadin VI (1964) Higher crustaceans of the Oka River collected in 1959. Trudy Zoologicheskogo Instituta 32: 149–154. [in Russian]
Zhang J, Kapli P, Pavlidis P, Stamatakis A (2013) A general species delimitation method with
applications to phylogenetic placements. Bioinformatics 29: 2869–2876. https://doi.
org/10.1093/bioinformatics/btt499

Phylogeography of Dikerogammarus haemobaphes in Europe

85

Supplementary material 1
Table S1
Authors: Anna Maria Jażdżewska, Tomasz Rewicz, Tomasz Mamos, Remi Wattier,
Karolina Bącela-Spychalska, Michał Grabowski
Data type: calculations
Explanation note: Molecular diversity measures calculated for the populations in the
native range (mostly Dnieper River) (N) and along the invasion corridor (I, Central
Corridor) of Dikerogammarus haemobaphes.
Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
Link: https://doi.org/10.3897/neobiota.57.46699.suppl1

Supplementary material 2
Table S2
Authors: Anna Maria Jażdżewska, Tomasz Rewicz, Tomasz Mamos, Remi Wattier,
Karolina Bącela-Spychalska, Michał Grabowski
Data type: GenBank data
Explanation note: GenBank accession numbers for all three studied genes and the presentation of haplotypes recognized for 16S, COI and concatenated data.
Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
Link: https://doi.org/10.3897/neobiota.57.46699.suppl2

86

Anna Maria Jażdżewska et al. / NeoBiota 57: 53–86 (2020)

Supplementary material 3
Table S3
Authors: Anna Maria Jażdżewska, Tomasz Rewicz, Tomasz Mamos, Remi Wattier,
Karolina Bącela-Spychalska, Michał Grabowski
Data type: distribution
Explanation note: The distribution of recognized haplotypes (concatenated 16S and
COI sequences).
Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODbL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
Link: https://doi.org/10.3897/neobiota.57.46699.suppl3

