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Abstract The SE Baltic region harbors a diverse
assemblage of alien amphipods of Ponto-Caspian
origin. The composition of this fauna was shaped by
three invasion waves: (1) pre-twentieth century dis-
persals via watershed-connecting canals, (2) delib-
erate introductions in the 1960s, and (3) last decade
dispersals via shipping and existing canals. Given this
complex history, we test whether genetic diversity
(mitochondrial COI and nuclear OPS) differs between
the native and invaded ranges and between the delib-
erately introduced species and the ones that dispersed

Handling editor: Diego Fontaneto

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10750-023-05230-6.

D. Copilas-Ciocianu (<) - E. §idagyte—Copilas .

K. Arbaciauskas

Laboratory of Evolutionary Ecology of Hydrobionts,
Nature Research Centre, Vilnius, Lithuania

e-mail: denis.copilas-ciocianu @ gamtc.It

M. O. Son - H. Morhun

Department of Water Quality, Institute of Marine Biology
of National Academy of Sciences of Ukraine, Odesa,
Ukraine

H. Morhun
Department of Invertebrate Zoology and Hydrobiology,
University of Lodz, Lodz, Poland

J. N. Macher
Naturalis Biodiversity Center, Leiden, The Netherlands

on their own. We find that in the native range the two
species groups exhibited similar COI diversity, while
OPS diversity was higher in the deliberately intro-
duced species. In the invaded range, COI diversity
significantly decreased in all species, but more so in
the self-dispersed group. No change in OPS diversity
was detected among ranges. Mitochondrial diversity
was more structured geographically in the native
range, and the dominant invasive haplotypes were
detected in the native populations of all but one spe-
cies, further highlighting the utility of this marker in
tracing invasion sources. Our comparative approach
provides important insight into the inter-range genetic
diversity of Ponto-Caspian invaders, highlighting the
role of introduction mode.

Keywords Crustacea - Dispersal - Haplotype -
Introduction mode - Invasive species - Native - Non-
native - Range

Introduction

The importance of genetic variation on the outcome
of biological invasions has been recognized for dec-
ades (Baker & Stebbins, 1965). Initially, it was
thought that small founding alien populations would
be subjected to strong genetic drift and inbreeding,
leading to severe loss of genetic diversity and ham-
pering adaptation to the novel environment by reduc-
ing fitness and evolutionary potential (Estoup et al.,
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2016). However, it later became apparent that the loss
of genetic diversity is commonly not prevalent since
the effects of bottlenecks can be overruled by vari-
ous factors such as high propagule pressure, admix-
ture between invasive populations of different origin,
and spatially structured genetic diversity of source
populations (Kolbe et al., 2007; Roman & Darling,
2007). Importantly, loss of variation at the commonly
employed selectively neutral genetic markers does not
necessarily entail a reduction in variation at ecologi-
cally relevant traits that are under selection (Dlugosch
et al., 2015). Therefore, the so-called “genetic para-
dox of biological invasion” (i.e. successful adaptation
without genetic variation) is valid only for a few spe-
cies (Estoup et al., 2016).

The Ponto-Caspian region has long been recog-
nized as one of the most significant sources of aquatic
invasive species throughout the Northern Hemi-
sphere (Bij de Vaate et al., 2002; Panov et al., 2009;
Copilag-Ciocianu et al., 2023). The fauna of this area
is ecologically diverse, adaptable, and tolerant to
large salinity fluctuations, making it particularly suc-
cessful at colonizing and rapidly multiplying in new
habitats (Reid & Orlova, 2002; Arbaciauskas et al.,
2013; §idagyté & Arbaciauskas, 2016; Hupalo et al.,
2018; MeBner & Zettler, 2018; Paiva et al., 2018;
Cuthbert et al., 2020; Copilas-Ciocianu & Sidorov,
2022; Paidere & Brakovska, 2022). As such, Ponto-
Caspian invasions are generally associated with sig-
nificant ecological and sometimes economic damage
(Vanderploeg et al., 2002; Strayer, 2009; Haubrock
et al., 2022). Among this melting pot of Ponto-Cas-
pian invaders, amphipod crustaceans seem to be the
most numerous, with up to 40% of the entire fauna
expanding beyond the native range (Copilag-Ciocianu
et al., 2023), often with fatal consequences for the
native species (Dermott et al., 1998; Arbaciauskas,
2008; Grabowski et al., 2009; Rewicz et al., 2014;
Soto et al., 2022).

The Baltic region, and specifically Lithuania, had
a particularly rich history of Ponto-Caspian amphi-
pod invasions (Arbaciauskas et al., 2011). The first
invasion wave took place well before the twenti-
eth century and was enabled by the construction of
artificial canals that connected the Baltic and Black
Sea watersheds, providing a dispersal corridor for
Ponto-Caspian species. Through this first wave Cheli-
corophium curvispinum (Sars, 1895) and Chaetogam-
marus ischnus (Stebbing, 1899) reached the area
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(Jarocki & Demianowicz, 1931; Jazdzewski, 1980),
although the latter does not occur there anymore
(Arbaciauskas et al., 2017; Copilag-Ciocianu et al.,
2023). It has been hypothesized that through this
colonization wave Gammarus varsoviensis Jazdze-
wski, 1975 has also arrived in the region from the
Dnieper basin (Grabowski et al. 2012). However, the
evidence provided so far is rather circumstantial and
we consider the case far being from closed. The sec-
ond and most important wave consisted of deliberate
introductions in the 1960s with the aim of improving
fish feed (Gasitinas, 1963). Several peracarid species,
including three amphipods (C. warpachowskyi (Sars,
1894), Obesogammarus crassus (Sars, 1894), and
Pontogammarus robustoides (Sars, 1894)) were ini-
tially introduced and acclimated in the Kaunas Water
Reservoir (WR) in Lithuania (Jazdzewski, 1980; Vai-
tonis et al., 1990; Arbaciauskas et al., 2017). From
there they either were deliberately spread to other
waterbodies and neighboring countries (until the late
1980s) or dispersed on their own throughout most
of the Baltic basin and beyond (Arbaciauskas et al.,
2011; Moedt & van Haaren, 2018; Mefiner & Zettler,
2021). The sources of these species’ translocations
were the then newly-built Dnieper and Simferopol
WRs in Ukraine which were artificially populated
with specimens originating from the native Dnieper-
Bug estuary (Gasitinas, 1972; Arbaciauskas et al.,
2017). The third and last invasion wave brought two
more species (Dikerogammarus haemobaphes (Eich-
wald, 1841) and D. villosus (Sowinsky, 1894)) in the
last decade which dispersed on their own via the pre-
viously built canals or the Baltic Sea (§idagyté et al.,
2017; Copilas-Ciocianu & §idagyté—Copilas, 2022).
On-going regional expansion is continuously reported
in all of these species throughout the Baltic region
(Grudule et al.,, 2007; Arbaciauskas et al., 2017
Minchin et al., 2019; Lipinskaya et al., 2021; Copilas-
Ciocianu & §idagyté-Copilas, 2022).

The diverse history of introductions of invasive
Ponto-Caspian species to the Baltic region makes
this area an interesting model system for compara-
tive studies on the genetic diversity of closely related
invaders and how it is influenced by invasion history.
As such, with this paper we aim to answer two main
questions outlined below.

Question 1: Do invasive populations exhibit a
decrease in genetic diversity relative to the donor
populations? Considering the adaptability and
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success of Ponto-Caspian species in non-native
areas, one could assume that genetic diversity is
not substantially reduced. Indeed, recent studies
have shown that invasive populations of multiple
Ponto-Caspian species show comparable genetic
diversity with the native populations, especially in
the nuclear genome (Stepien et al., 2005; Rewicz
et al., 2015; Audzijonyte et al., 2017; Jazdzewska
et al., 2020), although this is not always the case
(Cristescu et al., 2001, 2004; Rewicz et al., 2017).

Question 2: Is there a difference in genetic
diversity patterns between the deliberately intro-
duced species (i.e. C. warpachowskyi, O. crassus,
and P. robustoides) and the ones that dispersed
on their own via fouling, ballast water, or natural
spread (i.e. C. curvispinum, D. haemobaphes, and
D. villosus)? Since multiple factors influence the
genetic diversity of invasive populations, we may
expect noticeable differences between the delib-
erately introduced and self-dispersed species. On
one hand, the deliberately introduced species were
released in high numbers (thousands) of individu-
als at once, possibly retaining a significant pro-
portion of the original genetic diversity due to
a less stringent effect of genetic drift. Contrast-
ingly, species that spread on their own are on the
northern limit of their invaded range in the Baltic
area (Copilag-Ciocianu et al., 2023) and are pos-
sibly under stronger selective pressure due to pro-
longed dispersal along an increasing gradient of
environmental harshness. Given that these factors
are known to reduce genetic diversity (Hardie &
Hutchings, 2010; Colautti & Lau, 2015), one could
expect that the species that arrived via dispersal
would have a reduced genetic diversity in com-
parison to the deliberately introduced species. On
the other hand, species arriving via dispersal could
harbor significant genetic diversity due to a higher
propagule pressure than the introduced species
which were transplanted only once from the native
region (Roman & Darling, 2007).

As such, examining the genetic diversity of the
invasive Ponto-Caspian amphipods among ranges
and introduction modes could provide important
insight into their long-term persistence, highlight
their adaptation and evolutionary potential, and
confirm their geographical origin.

Materials and methods
Sampling

Six species of Ponto-Caspian amphipods were tar-
geted: three deliberately introduced in the Baltic
region (C. warpachowskyi, O. crassus, and P. robus-
toides) and three that dispersed on their own to this
region (C. curvispinum, D. haemobaphes, and D. vil-
losus). The sampling strategy was designed to thor-
oughly cover both the native donor range (lagoons
and estuaries throughout the NW Black Sea coast—
27 sites) and the invaded Baltic range (lagoons, riv-
ers and lakes belonging to the SE Baltic Sea drain-
ages—37 sites). In the native region we sampled
specifically the lagoons and estuaries (Bug-Dnieper)
which were the initial sources, as well as the Dnie-
per and Simferopol WR in Ukraine which were arti-
ficially populated with Dnieper-Bug specimens and
from where the deliberately introduced species were
transplanted to Lithuania. Adjacent regions in Roma-
nia and Bulgaria were also sampled to gain a better
understanding of the regional genetic diversity and to
pinpoint the source populations of the three species
that dispersed on their own (Table S1, Fig. 1). In the
invaded Baltic region the sampling covered Estonia,
Latvia, and Lithuania with a special focus on the lat-
ter since it was the epicenter of introductions. Addi-
tionally, we also included two sites from Poland (Vis-
tula and Szczecin lagoons) as these were also invaded
from the Baltic countries by two of the deliberately
introduced species (O. crassus and P. robustoides).
Animals were sampled in the late spring to early
autumn in 2012, 2014, 2020, and 2021 (Table S1).
All possible habitats were sampled along shorelines
in shallow water up to 1.5 m depth using kick sam-
pling with a hand net. Specimens were preserved in
the field in 96% ethanol which was replaced several
times. In the laboratory the material was stored at
—20 °C in fresh 96% ethanol. Specimens were iden-
tified under a stereomicroscope using the latest keys
(Copilas-Ciocianu & Sidorov, 2022).

Laboratory protocols
Genomic DNA was extracted as described in Copilas-
Ciocianu et al. (2022a). Briefly, a piece of dorsal tis-

sue was excised using a biopsy punch and DNA was
isolated using the Quick-DNA Miniprep Plus Kit

@ Springer
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Fig. 1 Patterns of mito-

Chaetogammarus warpachowskyi

Obesogammarus crassus
184U crassusy

chondrial (COI) haplotype
distribution between the
native and invaded ranges.
Insets on the lower left
depict haplotype networks
while on the upper right are
mismatch distributions. The
native range is shown with a
dashed black line. The sites
indicated with a thick white
outline were artificially
populated with individu-
als from the Dnieper-Bug

3 F

Frequenq

' :

Invaded range

Obs
— B

\ Native range

0

1
08
06
04
0.2

o

03
0.2
01

0

10 20
Pairvise differences

——

estuary and were the source
of deliberate introductions
to the Baltic region. Species
that were deliberately intro-
duced and that dispersed

on their own are indicated
with a blue and red frame,
respectively

Pontogammarus robustoides

X Invaded range
. s ------ Obs
e —Exp

10 20
; Native range

10 20 30
Pairvise differences

Native range

(Zymo Research). Depending on the available mate-
rial, between one and five individuals per sampling
location were used for genetic analyses.

Two protein-coding markers were chosen for
sequencing: the mitochondrial cytochrome ¢ oxidase
subunit one (COI) and the nuclear long-wave opsin
(OPS). Previous studies indicated that these mark-
ers have sufficient variation to track invasion path-
ways and explore genetic diversity of invasive Ponto-
Caspian crustaceans (Audzijonyte et al., 2008, 2017;
Rewicz et al., 2015; Morhun et al., 2022). For C. war-
pachowskyi sequencing of OPS failed and the nuclear
large ribosomal subunit (28S) was sequenced instead

@ Springer

which has a comparable level of variation. The PCR
protocols for COI followed Copilas-Ciocianu et al.
(2022a) with primers from Astrin & Stiiben (2008),
for OPS we followed Moskri¢ & Verovnik (2019)
with primers from Audzijonyte et al. (2008), and for
28S we followed Hou et al. (2007) with primers from
the same study. The OPS marker was heterozygous
as indicated by double peaks in chromatograms. The
double peaks were coded using the IUPAC nucleo-
tide ambiguity codes and haplotypes were phased
using PHASE (Stephens et al., 2001) implemented in
DnaSP 6 (Rozas et al., 2017). Only phased OPS hap-
lotypes were used in subsequent analyses. Sequences
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were aligned using MUSCLE (Edgar, 2004) imple-
mented in MEGA 6 (Tamura et al., 2013). The COI
and OPS sequences were subsequently amino-acid
translated to check for stop codons and reading frame
shifts that would indicate pseudogene amplification.
None were detected.

All the newly obtained sequences were submitted
to GenBank (COI accession numbers: OQ788623-
0Q788975, OPS accession numbers: OQ813899-
0Q814052, 28S accession numbers: 0Q801263-
0Q801288). To the final datasets we also added
22 COI sequences from a previous study (Copilas-
Ciocianu et al., 2022a). See Supplementary Table S1
for further details.

Genetic diversity and demographic analyses

To explore the spatial patterns of haplotype distri-
butions we constructed haplotype networks for all
markers using Haploviewer (Salzburger et al., 2011).
As input, we used maximum-likelihood (ML) trees
generated for each species individually with MEGA
6. Haplotype distribution was plotted on maps using
QGIS Desktop 3.22.8 (http://www.qgis.org).

Specimens from the Dnieper and Simferopol WRs
were not included in all of the following analyses as
these populations are neither native nor belong to the
Baltic populations. Genetic diversity indices such as
the number of haplotypes (Hn), haplotype diversity
(Hd), nucleotide diversity (Pi), and the average num-
ber of nucleotide differences (K) were calculated per
species, marker, and region (native vs. invaded) using
the DNA polymorphism function in DnaSP 6.

To test for signs of rapid demographic expansion
throughout the invaded as well as native regions, we
performed several demographic tests and calculated
their significance: Tajima’s D (Tajima, 1989), Fu’s
Fs (Fu, 1997), R2 (Ramos-Onsins & Rozas, 2002),
and Raggedness statistic (Hri) (Harpending, 1994).
Tajima’s D and R2 rely on the frequency of segregat-
ing sites, Fu’s Fs on haplotype distribution, while Hri
measures the smoothness of the mismatch distribu-
tion (Ramos-Onsins & Rozas, 2002). Additionally, we
performed mismatch distribution analyses to assess
the frequency of pairwise differences in observed data
against an expected distribution, assuming population
expansion. All demographic tests and mismatch dis-
tributions were computed using DnaSP 6. To evaluate

genetic population structure, we employed an analy-
sis of molecular variance (AMOVA) in Arlequin 3.5
(Excoffier & Lischer, 2010). We divided the sites into
the native and invaded ranges and assessed statistical
significance using 1000 permutations.

Hypothesis testing

To test for patterns in genetic diversity (all four indi-
ces) between invaded and native ranges (question 1)
and deliberately introduced vs. self-dispersed species
(question 2) we fitted a linear mixed effects model
(LMEM) for each diversity metric (four for each COI
and OPS), with Range (2 levels: native, invaded) and
Arrival mode (2 levels: introduction, dispersal) terms
as well as their interaction term as fixed factors. Spe-
cies term was included as a random factor. In such a
model a significant interaction term could be inter-
preted as a positive answer to our question 2 (differ-
ence in diversity change slopes), while a significant
Range factor could be interpreted as an overall posi-
tive answer to our question 1 (reduction in diversity
in the invaded range). We log-transformed the Hn,
Pi, and K values for COI (the latter two—after the
addition of 107° due to zeroes present) as using raw
data for the LMEMs indicated significant deviations
of residuals from normality and/or homoskedastic-
ity (tested using the Shapiro-Wilk and the Levene’s
tests, respectively). For the OPS metrics no data
transformation was needed. Chaetogammarus war-
pachowskyi was excluded from the hypothesis testing
based on OPS since this marker was not amplified in
his species. The LMEMs were fitted and tested using
the R packages Ime4 (Bates et al., 2015) and ImerTest
(Kuznetsova et al., 2017). The models were visual-
ized with the aid of the visreg package (Breheny &
Burchett, 2017). Each LMEM was followed by four
pairwise comparisons among groups using the mul-
tivariate t (mvt) P value adjustment, implemented in
the package emmeans (Lenth, 2022).

Results

In total we obtained 352 new COI (641 bp), 154 OPS
(779 bp), and 26 28S (1137 bp) sequences. Com-
parative mitochondrial haplotype distribution indi-
cates a striking difference between the invaded and
native regions (Table 1, Fig. 1). A single dominant
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haplotype is present in the invaded Baltic area in all
species except P. robustoides, in which two dominant
haplotypes are present. The main invasive haplo-
types were detected in the native range for all species
except C. warpachowskyi. Specifically, they mainly
occur in the native source populations of the lower
Dniester and Dnieper rivers and the Dnieper-Bug
estuary (Fig. 1). For C. warpachowskyi no samples
could be obtained from the Dnieper, likely explain-
ing why the invasive haplotype was not detected in its
native range. At the nuclear OPS level the patterns of
haplotype distribution are less pronounced, without
noticeable differences between the native and invaded

ranges (Table 1, Fig. 2). There are, however, more
pronounced differences among species, some exhib-
iting the same dominant haplotype(s) in both ranges
(e.g. C. curvispinum, D. haemobaphes, and D. villo-
sus) while others exhibiting considerable diversity in
both ranges (O. crassus and P. robustoides) (Fig. 2).
No variation was observed for 28S in C. warpa-
chowskyi (Fig. 2).

At the mitochondrial level, demographic tests
and mismatch distribution analyses indicated demo-
graphic expansion and genetic bottleneck in the
invaded Baltic region only in C. warpachowskyi (Fu’s
Fs=-.701, P=0.031) (Table 1). For the species

Fig. 2 Patterns of nuclear
(OPS for all species, 28S
for C. warpachowskyi)
haplotype distribution
between the native and
invaded ranges. Insets on
the lower left depict haplo-
type networks while on the
upper right are mismatch
distributions. The sites £
indicated with a thick white
outline were artificially
populated with individu-
als from the Dnieper-Bug }

Chaetogammarus warpachowskyi

Obesogammarus Crassus:

jg

t  Invaded range|

estuary and were the source = =
of deliberate introductions
to the Baltic region. Species
that were deliberately intro-
duced and that dispersed

on their own are indicated
with a blue and red frame,
respectively

10 20
Native range]

10 20 30
Pairwise differences

=

Y \ Native range
0

20
Pairwie diferences
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that dispersed on their own these metrics could not
be calculated since only one haplotype was present
(Table 1). Nevertheless, this drastic reduction of hap-
lotype numbers clearly indicates a genetic bottleneck.
In the native region both Dikerogammarus species
showed signs of demographic expansion (signifi-
cant Fu’s Fs and R2 tests and mismatch distribution)
(Table 1). Regarding the nuclear OPS, only P. robus-
toides and D. villosus showed signs of demographic
expansion and genetic bottlenecks in the invaded
Baltic region (significant Tajima’s D values). In the
native range, signs of rapid expansion were observed
only in O. crassus (Table 1).

For COI, AMOVA revealed a significant genetic
differentiation among native and invaded ranges
between all species (except D. haemobaphes and
D. villosus), with F, values ranging from 0.806 in
C. warpachowskyi to 0.075 in D. villosus (Table 2).
The overall patterns of COI variation were diverse
and geographically structured, with most variation
either being partitioned within sites (D. haemobap-
hes, D. villosus, and P. robustoides), among sites (O.
crassus), or among ranges (C. warpachowskyi and
C. curvispinum) (Table 2). At the level of the OPS
marker the genetic structuring was more homogene-
ous with significant differentiation among ranges
being detected only in O. crassus and P. robustoides,
both having low F, values (0.167 and 0.075, respec-
tively). In all species, most variation (78-83%) is
partitioned within sites, 4.6-6.4% among sites, and
0.5-17% among ranges (Table 2). With respect to
deliberately introduced versus self-dispersed spe-
cies, the former exhibit a stronger COI differentiation
among native and invaded ranges (mean F,=0.444)
than the latter (mean F;,=0.266). All three deliber-
ately introduced species have highly significant F,
values, while only one is significant (C. curvispinum)
among the species that dispersed on their own. The
OPS marker also indicated a similar trend (mean
Fy introducea =0-121, mean F gioereq=0.04), with the
two deliberately introduced species having significant
F, values, while none were significant in the self-dis-
persed species (Table 2).

With respect to ranges, all species showed a pro-
nounced reduction of genetic diversity at the COI
but not OPS marker in the invaded range relative to
the native range (Tables 1, 2, Fig. 3). The LMEMs
(Table 3, Fig. S1) indicated that mitochondrial genetic
diversity was generally reduced in the invaded range
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(significant Range effect at all four diversity metrics),
but OPS diversity was not (Table 3). Moreover, the
self-dispersed species also lost more mitochondrial
genetic diversity than the deliberately introduced ones
(significant interaction effect at all metrics except
Hd). While within the native range no differences
were observed, in the invaded range the introduced
species generally exhibited significantly higher mito-
chondrial genetic diversity than the self-dispersed
species (significant pairwise comparisons within the
native range group for all metrics except Hd). Inter-
estingly, the self-dispersed species had an overall
lower OPS genetic diversity than the introduced ones
(significant Arrival effect at all metrics except Hd)
within both native and introduced ranges.

Discussion

Our results revealed surprising patterns of genetic
variation in relation to geographical ranges (native vs.
invaded) and arrival mode (deliberately introduced
vs. self-dispersed species) to the non-native Baltic
region. We find that in all six investigated species
mitochondrial COI but not nuclear OPS genetic diver-
sity is reduced in the invaded range relative to the
native one. Intriguingly, the deliberately introduced
species exhibit higher genetic diversity and structure
in the invaded range than the species that dispersed
on their own. Below we discuss these patterns in
more detail and provide putative explanations.

It has long been assumed that invasive species
experience a drastic reduction of genetic variation
outside the native range due to genetic bottlenecks
(Baker & Stebbins, 1965). However, a plethora of
studies indicated that this is seldom the case and
often alien populations have comparable genetic
diversity relative to source populations due to mul-
tiple introductions and high propagule pressure
(Kolbe et al., 2007; Roman & Darling, 2007; Guo
et al., 2015). This pattern has been reported in many
Ponto-Caspian taxa studied to date ranging from crus-
taceans to mollusks and fishes (Stepien et al., 2005;
Audzijonyte et al., 2009, 2017; Rewicz et al., 2015;
Jazdzewska et al., 2020). Our study partially confirms
these findings as we detected a decrease in genetic
variation at the mitochondrial but not nuclear OPS
level across all six investigated species. This decrease
was also reflected in the genetic population structure,
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Table 2 Results of analyses of molecular variance (AMOVA) and genetic divergence among the native (NAT) and invaded (INV)

ranges
Species Arrival  Source of variation d.f. Sum of squares  Percentage  F,, P
of variation

COI marker

C. warpachowskyi ~ INT Among NAT and INV ranges 1 8.08 80.62 Fct=0.806  <0.0001
Among sites within ranges 21 2.38 3.87 Fsc=0.199  0.034
Within sites 46 3.00 15.51 Fst=0.844  <0.0001

O. crassus INT Among NAT and INV ranges 1 3.71 27.18 Fct=0.271  0.007
Among sites within ranges 14 11.27 49.82 Fsc=0.684  <0.0001
Within sites 39 3.72 23.00 Fst=0.769  <0.0001

P. robustoides INT Among NAT and INV ranges 1 5.66 25.58 Fet=0.255  <0.0001
Among sites within ranges 44 19.02 22.27 Fsc=0299 <0.0001
Within sites 86 16.83 52.15 Fst=0478  <0.0001

C. curvispinum DIS Among NAT and INV ranges 1 7.41 57.33 Fct=0.573  <0.0001
Among sites within ranges 14 4.04 8.90 Fsc=0.208  0.0029
Within sites 41 6.16 33.77 Fst=0.662  <0.0001

D. haemobaphes DIS Among NAT and INV ranges 1 0.75 15.01 Fct=0.150  0.143
Among sites within ranges 8 2.65 36.67 Fsc=0.431  0.005
Within sites 12 1.50 48.32 Fst=0.516  <0.0001

D. villosus DIS Among NAT and INV ranges 1 0.43 7.58 Fct=0.075  0.068
Amonyg sites within ranges 15 247 6.52 Fsc=0.071 0.228
Within sites 32 4.33 85.91 Fst=0.141  0.079

OPS marker

O. crassus INT Among NAT and INV ranges 1 2.10 16.73 Fect=0.167 <0.0001
Among sites within ranges 14 4.69 5.59 Fsc=0.067 0.073
Within sites 48 12.50 77.68 Fst=0.223  0.003

P. robustoides INT Among NAT and INV ranges 1 0.81 7.56 Fct=0.075  0.011
Among sites within ranges 41 8.41 5.11 Fsc=0.055 0.126
Within sites 45 8.25 87.33 Fst=0.126  0.099

C. curvispinum DIS Among NAT and INV ranges 1 0.003 3.18 Fct=0.031 0.644
Among sites within ranges 13 0.42 4.63 Fsc=0.044  0.205
Within sites 39 1.50 92.20 Fst=0.078  0.278

D. haemobaphes DIS Among NAT and INV ranges 1 1.09 10.86 Fct=0.108  0.086
Amonyg sites within ranges 10 3.48 6.41 Fsc=0.071 0.194
Within sites 30 8.25 82.73 Fst=0.172  0.092

D. villosus DIS Among NAT and INV ranges 1 0.10 0.44 Fct=0.004 0.356
Amonyg sites within ranges 16 1.75 6.41 Fsc=0.063 0.128
Within sites 42 3.75 93.15 Fst=0.059 0.112

28S marker

C. warpachowskyi ~ INT Among NAT and INV ranges
Among sites within ranges N/A N/A N/A N/A N/A

Within sites

INT deliberately introduced, DIS self-dispersed. Significant effects (P < 0.05) are highlighted in bold
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Fig. 3 Metrics of genetic diversity for the mitochondrial
(COI) marker (top) and nuclear (OPS for all species, 28S for
C. warpachowskyi) marker (bottom). Metric abbreviations: Hd
haplotype diversity, Pi nucleotide diversity, K average num-

with the COI marker being more differentiated among
sites and ranges than OPS. Such discrepancy could
be due to the fact that the mitochondrial genome is
haploid, uniparentally inherited and lacks recombina-
tion in amphipods and most other taxa. One the other
hand, the investigated nuclear marker exhibited high
levels of heterozygosity, likely reflecting the high het-
erozygosity and large genomes commonly encoun-
tered in amphipods (Rees et al.,, 2007; Kao et al.,
2016; Jeffery et al., 2017). Nevertheless, given that
we sequenced only one nuclear marker, these patterns
should be studied further using reduced representa-
tion genomic approaches based on single nucleo-
tide polymorphisms (SNPs) which proved useful in
amphipods (Weiss et al. 2022; Hupato et al., 2023). It
is likely that a full-genome approach might still reveal
a certain loss of nuclear genetic variation relative to
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CWw OC PR CC DH DV

Cw OC PR CC DH DV

ber of nucleotide differences. CW Chaetogammarus warpa-
chowskyi, OC Obesogammarus crassus, PR Pontogammarus
robustoides, CC Chelicorophium curvispinum, DH Dikero-
gammarus haemobaphes, DV Dikerogammarus villosus

the native range, but potentially not at the same mag-
nitude as observed for the mitochondrial genome.

Our most significant finding is that deliberately
introduced species in the invaded Baltic range exhibit
higher overall mitochondrial and nuclear OPS genetic
diversity than species that dispersed on their own.
Interestingly, in the native range, this difference per-
sists only at the nuclear marker level, while mitochon-
drial diversity is comparable between the two groups.
Deliberately introduced species also demonstrate a
stronger population structure with higher differen-
tiation among sites than self-dispersed species. This
discrepancy suggests that introduction mode could
indeed play a role, but other factors, such as species-
specific genomic architecture coupled with phyloge-
netic effects, might also contribute (see below).

It appears that introduction mode only affected
mitochondrial diversity, as it differs notably between
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Table 3 Results of linear mixed effects models (LMEMs) of COI and OPS markers diversity metrics: model coefficients and analy-
sis of variance (type III tests using Satterthwaite’s approximation for denominator degrees of freedom)

Response Term COI marker OPS marker
metric
b+SE F P b+SE F

Hn Arrival 0.13+0.28 2.8 0.146 —4.17 + 0.60 78.4 <0.001
Range -0.90+0.13 245.0 <0.001 0.00+0.45 3.0 0.144
Arrival:Range -1.13+0.19 36.2 <0.001 -1.00+0.58 3.0 0.144

Hd Arrival -0.08+0.10 3.0 0.135 -0.19+0.20 2.2 0.197
Range -0.53+0.07 132.1 <0.001 0.06+0.18 0.0 0.966
Arrival:Range -0.15+0.11 1.9 0.217 -0.10+0.24 0.2 0.688

Pi Arrival —0.45 + 0.85 16.7 0.006 —0.00 +0.00 244 <0.001
Range -2.77+0.57 176.9 <0.001 —0.00+0.00 0.4 0.563
Arrival:Range -5.24+0.81 41.9 <0.001 0.00+0.00 0.3 0.606

K Arrival -0.16 +0.77 86.8 <0.001 -1.51+0.39 244 <0.001
Range -2.49+0.57 441.3 <0.001 -0.31+0.43 0.4 0.564
Arrival:Range -11.98 + 0.81 220.0 <0.001 0.29+0.55 0.3 0.609

Hn haplotype number, Hd haplotype diversity, Pi nucleotide diversity, K average number of nucleotide differences. Significant effects
(P <0.05) are highlighted in bold. COI metrics Hn, Pi, and K were log-transformed. Tested terms: Arrival (deliberately introduced/

self-dispersed) and Range (native/invaded)

deliberately introduced and self-dispersed spe-
cies exclusively in the invaded range. It is unknown
whether these patterns could be explained by the
number of introduced specimens from the Simferopol
and Dnieper WRs to the Kaunas WR (Vaitonis et al.,
1990). Given that a total of 1600 exemplars of C.
warpachowskyi, O. crassus, and P. robustoides were
translocated (Gasitinas 1972), it is unclear to what
extent the genetic bottleneck was bypassed. Further-
more, after successful acclimatization in the Kaunas
WR in the 1960s, tens of thousands of specimens
were deliberately introduced to hundreds of water-
bodies in a stepwise fashion throughout Lithuania,
Latvia, Estonia, and Russia until the late 1980s (Vai-
tonis et al., 1990; Arbaciauskas et al., 2017). Such
a pattern of introductions likely helped to rapidly
spread genetic diversity before it was lost to genetic
drift.

From an ecological point of view, the deliber-
ately introduced species are generally more asso-
ciated with lacustrine environments and have not
spread as much on their own outside the native
range (Copilas-Ciocianu & Sidorov, 2022; Copilas-
Ciocianu et al., 2023). On the contrary, the species
that dispersed on their own to the Baltic region are
more associated with riverine habitats and have
substantially dispersed outside the native range,

being among the most widespread Ponto-Caspian
invaders (Rewicz et al., 2014; Copilag-Ciocianu
& Sidorov, 2022; Copilag-Ciocianu et al., 2023).
Their affinity for flowing water suggests a superior
colonization ability and higher potential for spread-
ing via river networks and interconnecting canals.
This is also supported by the AMOVA analyses for
D. haemobaphes and D. villosus which indicate a
higher level of genetic exchange among populations
than for the other species. However, this coloniza-
tion ability might also explain their reduced genetic
diversity in the Baltic area relative to the deliber-
ately introduced species. Given that this region
represents the northern range limit of all three self-
dispersed species, they may be subjected to various
range margin effects such as depleted genetic varia-
tion with potential consequences on adaptive poten-
tial and persistence (Bridle & Vines, 2007; Hill
et al., 2011; Takahashi et al., 2016).

The observation that introduced species exhibit
higher genetic diversity at the investigated nuclear
marker than self-dispersed species in both native
and non-native ranges suggests that this discrepancy
could be explained by species-specific genomic fea-
tures and evolutionary relationships. In the related
Baikal Lake radiations of gammaroidean amphipods,
there is an eightfold variation in genome size among
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species, which positively correlates with depth, body
size, and diversification rate (Jeffery et al., 2017).

Similar patterns of genomic size variation could
also occur in the Ponto-Caspian taxa given that their
ecological and morphological diversity is reminiscent
of that of the Baikalian radiations (Copilag-Ciocianu
& Sidorov, 2022). Thus, it is likely that genomic size
variation might be reflected in the observed patterns
of genetic diversity among the focal species. Fur-
thermore, taking into account phylogenetic relation-
ships, the introduced O. crassus and P. robustoides
and the dispersed D. haemobaphes and D. villosus
are more related to one another than to the other spe-
cies in our study (Hou et al., 2014; Copilag-Ciocianu
et al., 2022b; Morhun et al., 2022). Thus, they may
share similar genomic features that could drive the
observed patterns. Teasing out between the effects of
evolutionary history and introduction mode on pat-
terns of genetic diversity would require a larger data-
set in terms of species and genetic data.

The well-documented introduction history of the
focal taxa allows us to further test the utility of mito-
chondrial markers in tracing the origin of Ponto-Cas-
pian invaders. Although these markers have proven
useful in all of the crustacean species studied to date
(Cristescu et al., 2001, 2004; Audzijonyte et al., 2009,
2017; Rewicz et al., 2015; Jazdzewska et al., 2020),
four of the species included in our study (C. warpa-
chowskyi, C. curvispinum, O. crassus, and P. robus-
toides) had very limited sequence data available until
now, especially from the non-native range (Cristescu
& Hebert, 2005; Hou et al., 2014; Copilas-Ciocianu
et al., 2022a). Here we confirm that the main invasive
haplotypes (including from the Simferopol and Dnie-
per WRs) can be traced to the native populations of
the Dnieper-Bug estuary in all deliberately introduced
species except C. warpachowskyi which we did not
sample from this area (possibly extinct?). Further-
more, we also confirm the Dnieper-Bug estuary as the
origin of two species that dispersed on their own to
the Baltic region (C. curvispinum and D. haemobap-
hes), thus further emphasizing the importance of the
Central Corridor (i.e. Dnieper—Vistula—Oder—Rhine
and interconnecting canals) as a dispersal pathway
for Ponto-Caspian fauna (Bij de Vaate et al., 2002;
Copilag-Ciocianu et al., 2023). One remaining issue
is that the rare haplotypes found at single locations
in the invaded range were not detected in the native
range. Given the relatively short time since the
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introduction it is unlikely that these are novel variants
that appeared in the invaded range. Most likely they
remained undetected in the native range due to insuf-
ficient sample size or are possibly extinct there.

With respect to the native range, we find that all
species except D. villosus exhibit a significant geo-
graphical structure of mitochondrial haplotypes with
a divide between the west (Danube and surround-
ings) and east drainages (Dniester and Dnieper-Bug).
Although this pattern was not detected for D. villosus,
which exhibits a single dominant haplotype through-
out the entire region, it was confirmed with nuclear
microsatellites (Rewicz et al., 2015). Similar patterns
of differentiation across the Danube and the Dniester/
Dnieper drainages have been reported for various
other Ponto-Caspian crustaceans (Cristescu et al.,
2001, 2004; Audzijonyte et al., 2015) and are most
likely a result of the region’s geological history (Kri-
jgsman et al., 2019).

Overall, we observed significantly more genetic
structure in the native populations in comparison to
the invasive ones, as demonstrated by the AMOVA,
mismatch distributions, and demographic tests. How-
ever, considering the different timescales over which
genetic diversity was shaped between the regions
(decades to centuries in the invaded, millennia in the
native) and the relatively slow evolution of the uti-
lized markers in relation to this timeframe, one must
interpret the inferred demographic patterns in the
invaded region with caution. Additional comparative
phylogeographic studies using fast-evolving markers,
such as SNPs, are required to better comprehend the
demographic history of both native and invasive pop-
ulations at contemporary and millennial-level time-
scales (Weiss et al., 2022).

Conclusion

In this study, we identified a significant loss of mito-
chondrial genetic diversity in alien Ponto-Caspian
amphipods within the invaded Baltic range com-
pared to the donor NW Black Sea range. The genetic
diversity of the OPS nuclear marker remained largely
unchanged in the invaded range. Our findings consist-
ently demonstrate that deliberately introduced species
exhibit higher mitochondrial and nuclear OPS genetic
diversity, as well as a more robust genetic population
structure, than species that have naturally dispersed to
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the Baltic region. Additionally, mitochondrial mark-
ers have once again proven their utility in accurately
tracing donor populations, aligning with known inva-
sion histories. In conclusion, the mode of introduction
seems to affect genetic diversity outside the native
range solely at the mitochondrial level. Employing
a genomic approach alongside broader taxonomic
coverage could offer valuable insights and control
for phylogenetic relationships. Ultimately, our work
helps understanding the relationship between inva-
sion mechanisms and genetic diversity, which is cru-
cial for informing effective conservation strategies.
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