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Abstract
The Eurytemora affinis species complex (Copepoda: Calanoida) is widespread in
coastal and estuarine waters in the northern hemisphere. The species Eurytemora
carolleeae belongs to this complex. It was recently described and recognized as an
invasive copepod for European waters. Since then, it was found in a few European
estuaries. Based on molecular and morphological studies, we observed that E. carolleeae
has expanded into new freshwater habitats in Central Europe. We carried out detailed
morphological analysis for this species which indicates the potential higher stability
of the populations in freshwater habitats compared to brackish waters. Fluctuating
asymmetry did not significantly differ between freshwater and brackish water habitats,
but the share of deformed specimens was considerably larger in brackish waters.
We also found that season and habitat influenced the morphology of Eurytemora.
In the molecular analyses, we focused on mitochondrial (COI) as well as nuclear
gene markers (18S rDNA, ITS1-2) in E. carolleeae. In addition, for the first time,
we analyzed the cytochrome b gene of the latter species. A wide distribution of
E. carolleeae in the Oder River system in Central Europe indicates that it is a
suitable habitat for the present populations and suggests further expansion of the
species into continental waters.
Key words: freshwater, brackish water, Crustacea, barcoding, morphological
deformations, fluctuating asymmetry

Introduction
Invasive alien species pose a potential threat to native fauna and their
biodiversity due to the remodeling of food webs and homogenization of
ecosystems (Katsanevakis et al. 2014). Among the aquatic habitats, transitional
waters are particularly prone to the expansion of non-indigenous species,
caused by sea transport and ballast waters bringing foreign populations to
new ecosystems (Cohen and Carlton 1998). In habitats such as estuaries
and lagoons, one of the most successfully expanding organisms are those
exhibiting high resistance to physiological stress related to changing
environmental conditions, mainly salinity and temperature (Lee 1999). An
example of such organisms is the Eurytemora affinis species complex
(Copepoda: Calanoida).
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The E. affinis species complex is widespread in coastal and estuarine
waters in the northern hemisphere. In the last decade, following E. affinis
(Poppe, 1880), two new species were isolated from the complex, namely
Eurytemora carolleeae Alekseev and Souissi, 2011 and Eurytemora caspica
Sukhikh and Alekseev, 2013. The former is considered as native to North
American brackish waters (Alekseev and Souissi 2011) but becoming
invasive to American freshwater basins (Lee et al. 2013). Furthermore, this
species is treated as non-native and invasive to European estuaries and inland
seas (Alekseev and Souissi 2011; Sukhikh et al. 2013; Labuce et al. 2018).
Studies conducted on E. affinis complex species demonstrate that they
are characterized by great adaptability to waters with variable salinity
conditions (Lee 1999, 2016; Souissi and Souissi 2020). Fast adaptation to
changing conditions is a feature that favors the invasion of Eurytemora into
freshwaters, which has been explored in North American river systems
(Lee 1999; Winkler et al. 2008). Laboratory studies have shown that in
freshwater habitats E. affinis experiences stronger osmoregulation stress
(especially during low supply of food) than E. carolleeae (Lee et al. 2011,
2013; Cabrol et al. 2020); therefore, it is rarely found in freshwater habitats
(Favier and Winkler 2014).
To date, the presence of E. carolleeae in Europe has been confirmed in
the brackish waters of the Gulf of Finland, French estuaries (Gironde,
Loire, Seine), Trave estuary (German), Amsterdam canals (the Netherlands)
(Sukhikh et al. 2013, 2019, 2020), and the Gulf of Riga (Labuce et al. 2018,
2020). However, the range of the E. affinis complex in Central European
river systems and lagoons is not clear yet. In the case of the Oder (Odra) River
system (Chojnacki and Tyluś 2013) and the Vistula Lagoon (Paturej et al.
2017; Lajus et al. 2020), the presence of only E. affinis has been reported.
Therefore, in this study, we investigated the occurrence of species from the
E. affinis complex in one of the largest rivers of Central Europe, the Odra
River, and its lagoon connecting the river mouth with the Baltic Sea.
Although several non-indigenous species of invertebrates were found in this
river (Gruszka 1999; Łabęcka et al. 2005; Grabowski et al. 2007; Czerniejewski
et al. 2020), the presence of potentially invasive microinvertebrates is
overlooked. We assume that the Odra system is especially prone to invasion
by E. carolleeae because it has large trans-shipment ports (SzczecinŚwinoujście), is poorly saline, and eutrophic, which favors the growth of
this species (Lee et al. 2013). The mouth section of the river, Szczecin
Lagoon, is one of the largest in Europe and is characterized by low salinity.
Therefore, it may be a reservoir and gateway to the invasion of E. carolleeae
into the continental waters in Central Europe.
Despite the ability to survive in conditions outside the environmental
optimum, aquatic organisms are affected by multiple stressors such as
salinity, temperature, pollutants causing physiological stress (Lee 1999), or
morphological changes occurring in the body (Lajus et al. 2003). Organisms
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exposed to factors beyond the optimum environmental requirements
undergo large asymmetry fluctuations (Palmer and Strobeck 1986).
Therefore, fluctuating asymmetry (FA) has often been used as an indicator
of phenotypic disruption caused by increased developmental stress (Palmer
and Strobeck 1986). It is considered a good indicator of morphological
alterations occurring in copepods and Eurytemora specifically, along with
an increased environmental stress (Lajus et al. 2020). Thus, body measures
can signal the state of certain populations. For newly arrived species, the
stress might be so high that the morphological changes could be significant,
as would be expected in the case of E. carolleeae in newly inhabited waters.
Molecular analysis on the E. affinis complex mainly focuses on the
analysis of a fragment of the mitochondrial cytochrome c oxidase subunit I
(COI) gene, which helps to identify closely related species through
barcoding (Lee 1999; Sukhikh et al. 2013, 2019). Another mitochondrial
gene, cytochrome b (cytb), is equally effective in species identification
(Merritt et al. 1998; Parson et al. 2000), but was not commonly used in the
studies on the genus (Sługocki et al. 2019). Several conservative nuclear genes,
mainly 18S ribosomal RNA (rRNA), 28S rRNA, and internal transcribed
spacer (ITS), were proposed as alternative markers to mitochondrial genes.
These fragments of nuclear DNA (nDNA), inherited from both parents,
have been shown to differ between species while allowing a wider range of
amplification (Wu et al. 2015).
Our study aimed to determine the status of species within the E. affinis
complex in the Odra River system, combining molecular and morphological
approaches.

Materials and methods
Our research area covered the lower section of the Oder River, Dąbie Lake,
and Szczecin Lagoon with straits (Poland). The Odra River mouth is a
mixing zone for freshwaters flowing down the Oder and sea waters, which
are connected through one of the three straits. Due to the excess load of
nutrients, the Oder River and Szczecin Lagoon are strongly eutrophied.
However, currently, the nutrient loads are reduced, comprising 30% lower
nitrogen and 70% lower phosphorus than the proportions around 1990
(Friedland et al. 2019).
A total of 62 zooplankton samples were collected from ten sampling sites
located in the Oder River system (Figure 1). Sample collection was carried
out monthly in the warm season (June–August) during the years 2019–2020.
Additionally, two samples were collected from a freshwater sampling station
(Szczecin) during the cold season (December 2019) (Supplementary material
Table S1).
Zooplankton samples were collected from the bottom of the water bodies
to the surface using vertical hauls with a plankton net (mesh of 250 µm;
d = 20 cm). Concentrated samples were added into a 110-ml tube and fixed in
96% ethanol. Eurytemora species were identified based on the morphological
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Figure 1. Map of sampling sites in the Oder River system (Central Europe). Dotted line shows the maximum range of brackish
waters (Kowalewski and Kowalewska-Kalkowska 2011).

characteristics described by Alekseev and Souissi (2011). As the present
work focused only on E. affinis complex, Eurytemora velox (Lilljeborg,
1853) found during the study was not taken into consideration.
The specimens were selected in a plankton chamber using a Zeiss Primo
Vert reverse microscope (Germany), and measurements were performed
only on females. Each specimen (n = 91) was dissected into parts, of which
one was used for morphological studies (from the fourth somite to furca)
and the rest for molecular analysis. Remains from the morphological
analysis were transferred to glycerin and mounted in slides. Copepods
were identified, and morphological measurements were made in multiple
digital images obtained using a Nikon Eclipse 50i microscope (Japan)
equipped with ToupView software (ToupTek Photonics, China). As the
number of E. affinis s.str. specimens was insufficient (one adult female, and
three adult males), we conducted our molecular and morphological
analyses only on E. carolleeae.
The fourth and fifth pair of legs and furca were inspected to determine
the number of setae and spines. In the fifth legs, we measured the inner
outgrowth (IO), distal segment (DS), long seta (LS), and spines (S1–S3) to
characterize the morphological features (Figure 2). All traits were measured
on both sides of the body (left and right). Specimens that were suspected to
be mechanically damaged by sampling or manipulation in the laboratory
were not included in the study.
To determine the morphological variation of the population, we analyzed
the: (i) variability of the fifth leg size—by measuring all the traits of P5;
(ii) FA of the fifth pair of legs—calculated as a percent of variance between
the left and the right leg; and (iii) ratio between the parameters of the fifth
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Figure 2. Morphological parts of the female body and features of the fifth legs used to analyze
the variability of Eurytemora. P4 – fourth pair of legs, P5 – fifth pair of legs, Fu – furca, IO –
inner outgrowth, DS – distal segment, LS – long seta, S1–S3 – spines.

legs—calculated as a proportion of certain traits of P5. In addition, during
the morphological assessment, we observed that a large share of the
population had various types of deformations; therefore, we took into account
another factor—morphological deformations.
The t-test was used to find significant differences between morphological
characteristics among seasons and type of water. To assess the heterogeneity
of the of FA of P5, we used analysis of variance with Tukey’s honestly
significant difference post hoc test (Statistica 12, StatSoft).
Total DNA was isolated from 45 single adult E. carolleeae specimens
collected from three localities (Dziwna, Święta, and Western Oder in
Szczecin). Genetic material was obtained using the Tissue Genomic GPB
Extraction Mini Kit (GenoPlast Biochemicals). mtDNA and nDNA
sequences were used for molecular analyses. Polymerase chain reaction
(PCR) was carried out using GoTaq® DNA Polymerase (Promega). The
temperature–time profile of PCR was set as suggested by the manufacturer.
The following primers were used for the amplification of DNA fragments:
LCO1490/ HCO2198 (Folmer et al. 1994) for COI, CYTB151F/CYTB270R
(Merritt et al. 1998) for cytb, ITS4/ITS5 (White et al. 1990) for ITS1-ITS2
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and 18A1/1800 (Raupach et al. 2009) for 18S. The length of the amplified
products is shown in Supplementary material Table S2. The PCR products
were sequenced at Macrogen Europe (the Netherlands).
The nucleotide sequences of E. carolleeae were compared to each other
and to the sequences of other species of the genus, namely E. affinis,
Eurytemora lacustris, and Eurytemora foveola, as well as to that of the
species Temora longicornis and Heterocope appendiculata, which constituted
an outgroup (depending on the availability of appropriate sequences in the
database). All the sequences used for molecular analysis are deposited in
GenBank. The accession numbers of all sequences used for molecular
analyses are listed in Table S2. The method of Maximum Likelihood,
implemented in MEGA 7, was used to analyze the relationship (Kumar et
al. 2016). Best-fit substitution models were calculated using the algorithm
implemented in MEGA 7 for every set of sequences independently:
Hasegawa-Kishino-Yano model with discrete Gamma distribution
[HKY+G] (Hasegawa et al. 1985) for COI; Tamura 3-parameter model
[T92] (Tamura 1992) for cytb and 18S rRNA. Due to indels ITS1–ITS2
sequences were validated with Gblocks (parameters used were Minimum
Number of Sequences for a Conserved Positon, Minimum Number of
Sequences for a Flank Positon, Maximum Number of Contiguous
Nonconserved Positions, Minimum Length of a Block, Allowed Gap Positons)
(Castresana 2000). The analysis gave 86% of the aligned nucleotide
positions in 12 blocks. The sequences prepared in this way were used to
generate phylograms (Kimura 2-Parameter model [K2P] (Kimura 1980).
Bootstrap values for the trees were obtained from 1500 randomly generated
trees. The genetic distance between polymorphic sequences within a
species as well as between species was calculated in MEGA 7 using K2P.
Environmental factors were measured on the same day the invertebrate
samples were collected (Table S1). Temperature and the levels of salinity,
nitrate, ammonium, and chlorophyll a were measured in situ using a
Hydrolab DS5 multiparameter probe (USA). Based on the salinity values,
we categorized the samples into freshwater and brackish water (if the value
of the practical salinity units (PSU) on the station was > 1, we classified the
station as brackish). Another factor considered in the analysis was the season
– winter (cold season; December–March) and summer (warm season;
June–August).

Results
Spatial distribution
The species E. carolleeae was observed in high frequency (the percentage of
occurrence on site) from Szczecin to straits connecting the waters of the
Szczecin Lagoon with the Baltic Sea (stations 1–8) (Table S1). The highest
occurrence of E. carolleeae was observed in Dziwna in Wolin (100%) followed
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Table 1. Percentage of deformed appendages in the female individuals of Eurytemora carolleeae Alekseev and Souissi, 2011
depending on the water characteristics of the Oder River system.
Brackish water
(warm season)
Freshwater
– warm season
– cold season
All samples

Sample size

Fourth pair of legs

Fifth pair of legs

Furca

All considered appendages

28

10.7

7.1

10.7

28.6

63
29
34
91

4.8
5.9
3.4
6.6

6.3
2.9
10.3
6.6

6.3
5.9
6.9
7.7

15.9
14.7
17.2
19.8

Figure 3. Morphological deformations of Eurytemora carolleeae in the Odra River system: A, B – regular fifth pair of legs; C–J –
fifth legs; K, L – fourth legs; M–S – furca. Arrows indicate anomalies and deformations. Scale bar: 50 µm.

by Western Odra in Szczecin (88%), whereas the lowest frequency was
found in Eastern Oder in Szczecin (17%) followed by Dąbie Lake (67%).
The species E. affinis s.str. was found at only one station (Świna), which is
the most saline, with a very low frequency (17%).

Morphological parameters
Morphological deformations
Among the 91 females of E. carolleeae subjected to morphological analysis,
almost 20% showed at least one morphological deformation out of the
three parameters (Table 1 and Figure 3). The largest share of deformed
specimens was recorded in brackish waters (warm season) (28.6%), which
Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04
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Figure 4. Boxplot distribution of the size of fifth leg parameters. A – cold versus warm season; B – freshwater versus brackish
water. DS – distal segment, IO – inner outgrowth, LS – long seta, S1–S3 – spines. A paired t-test was used to compare the
differences between parameter size in different types of water (only significant values are shown; p < 0.05).

was considerably higher compared to freshwater (mean value for the cold
and warm season) (15.9%). Compared to the same research period (warm
season), the proportion of deformed individuals in freshwaters was even
lower and amounted to 14.7%, while in the winter period it was 17.2%. The
share of deformed appendages in Eurytemora was similar for all the
examined body parts (ca. 7%).
Variability of the fifth leg size
The parameter fifth leg size was mainly associated with the season rather
than with the salinity of water bodies (Figure 4). In cool waters, each of the
tested parameters was characterized by statistically significantly larger
values than in warm waters (p < 0.001). In freshwater, the sizes of DS and
IO were significantly greater than in brackish waters (p < 0.001), while the
other parameters were similar.
Fluctuating asymmetry of the fifth pair of legs
The variability of parameters between the left and the right leg was not
significant in any of the studied groups – with respect to either seasons or
Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04
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Figure 5. Boxplot distribution of fluctuating asymmetry of fifth leg parameters (left–right ratio).
DS – distal segment, IO – inner outgrowth, LS – long seta, S1–S3 – spines. Different letters
indicate significant (p < 0.05) differences between the values of asymmetry (Tukey’s honestly
significant difference test).

water types (p > 0.05, data not shown); however, for all three spines (S1–S3),
FA was significantly higher compared to the other parameters (p < 0.05)
(Figure 5). The lowest FA values were determined for IO and the highest
for S3.
Ratio between the parameters of the fifth legs
The largest differences between the parameter ratios were found in the
comparison based on the season. The differences in IO/S1, IO/S2, IO/S3,
LS/S1, LS/S2, S1/DS, S1/S3, S2/DS, and S3/DS ratios were high between
seasons (p < 0.05) (Figure 6). On the other hand, much smaller differences
were found between freshwaters and brackish waters in the case of IO/S3,
LS/DS, LS/S3, S2/S3, and S3/DS ratios (p < 0.05).

Molecular characteristics
COI /mtDNA
The COI gene was analyzed at 624 bp, and six original sequences
(haplotypes) were determined (Table S3). The obtained nucleotide sequences
were compared to the corresponding E. carolleeae sequences from different
regions, and their variability was determined. The average genetic distance
for E. carolleeae from Poland was 0.6% (S.E. 0.2). Within the species, the
distance was within 0.5% (S.E. 0.2) between the Polish and Russian sequences,
and 3.3% (S.E. 0.7) between the Polish and US sequences. Interspecies
differences were found as well. The genetic distance between E. carolleeae
and E. affinis, the closest related species, was on average 15.1% (S.E. 1.8),
while between E. carolleeae and E. foveola the distance was 23.2% (S.E. 2.4).
On the phylogenetic tree, these species form the clades of common origin,
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Figure 6. Boxplot distribution of the ratios of fifth leg parameters. A – cold versus warm season; B – freshwater versus brackish
water. DS – distal segment, IO – inner outgrowth, LS – long seta, S1–S3 – spines. A paired t-test was used to compare the
differences between parameter ratios in different types of water (only significant values are shown; p < 0.05).

while the other species of the genus Eurytemora (E. lacustris, E. foveola) are
grouped separately, forming a monophyletic group (Figure 7).
cytb/mtDNA
Due to the lack of data in GenBank for Eurytemora species, cytb analysis
was carried out only for the sequences of E. carolleeae and the previously
described E. lacustris and E. velox (Slugocki et al. 2021 unpublished). The
genetic distance within the species was in the range of 0.3% (S.E. 0.6)–1.5%
(S.E. 0.7), while the distance between E. carolleeae and E. velox was 26.4%
on average (S.E. 3.3) and that between E. carolleeae and E. lacustris was
23.3% on average (S.E. 3.0). The sequence system on the phylogenetic tree
was identical to that of the tree constructed based on COI (data not
shown).
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Figure 7. Evolutionary relationship of taxa based on COI sequences. The analyzes were
performed on the basis of own sequences and those deposited in GenBank. Country codes for
individual tanks according to international lists. Asterisks indicate records from GenBank that
were described as a Eurytemora affinis.

Figure 8. A phylogram constructed on the basis of diagnostic nDNA fragments – ITS1-5,8S
rRNA-ITS2. The analyses were performed on three species for the genus Eurytemora, the only
ones available from GenBank.

ITS/nDNA
The ITS1–ITS2 sequences were obtained for 12 E. carolleeae specimens.
Differences in the fragment length resulting from indel-type mutations, as well
as those concerning individual nucleotides (SNP), were observed between
E. carolleeae, E. lacustris, and E. affinis species. Within the amplified ITS
sequence of E. carolleeae, three genetic variants (alleles) were distinguished.
Original sequences from a given geographical region were selected for
constructing the phylogenetic tree and estimating the genetic distance
(Table S2, Figure 8). Sequences of E. carolleeae from the USA, Russia, and
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Poland are monophyletic. Pairwise distance between Polish and Russian or
American sequences within the species was 0.1%, while the distance
between E. carolleeae and E. affinis was 3.7% (S.E. 0.7) and that between
E. carolleeae and E. lacustris was 17.3% on average (S.E. 1.6).
18S rRNA/nDNA
Amplification of the gene encoding the small nuclear subunit of the 18S rRNA
with primers resulted in a fragment 1,691-bp long, which corresponds to
almost the entire length of the gene. The resulting nucleotide sequence was
compared to the corresponding ones deposited in GenBank for the species
E. affinis, E. carolleeae, and E. lacustris. Between the analyzed sequences, 23
SNP-type mutations were observed. The genetic distance between E. carolleeae
and E. lacustris calculated from the 18S rRNA gene sequence was 1.3%
(S.E. 0.3). No nucleotide differences were observed between E. carolleeae and
E. affinis in the analyzed 1,691-bp segment. The phylogenetic tree (data not
shown) constructed for the genus Eurytemora indicated the high affinity of
E. carolleeae and E. affinis, which confirms our previous analyses, both
based on nDNA (ITS sequences) and mtDNA (COI or cytb).

Discussion
The species E. carolleeae was dominant in the E. affinis complex in the
Odra River system. Eurytemora affinis has only been recorded in the most
saline part of the river system. This study reports for the first time the
expansion of invasive E. carolleeae into the freshwater basins in Central
Europe. Due to the lack of extended research on the calanoids of the Odra
River system in recent years, it is impossible to determine when E. carolleeae
inhabited and spread into the waters of the lower section of the Odra River,
Szczecin Lagoon, and Dąbie Lake.
In North America, E. affinis is rarely found in freshwaters, while E. carolleeae
inhabits both brackish waters and freshwaters (Winkler et al. 2008; Lee et
al. 2011; Engström-Öst et al. 2017), which indicates the spatial segregation
of this species. In European waters, the spatial segregation of E. affinis
populations was observed in Scheldt estuary (Belgium/the Netherlands)
(Gasmi et al. 2014). It was suspected that the tributaries of this estuary could
be inhabited by E. carolleeae, but this was not confirmed morphologically
or genetically. In the present study, we demonstrated the spatial segregation
between E. affinis and E. carolleeae in the Oder River system. However, due
to the low salinity of this river system, the border between E. affinis and
E. carolleeae lies at the most saline junction of sea and lagoon waters.
Lee et al. (2013) found that high concentrations of specific food could
enable the invaders of Eurytemora from brackish water to greatly extend
into freshwater habitats. Eutrophic waters of the Odra River system seem
to be a suitable habitat for the expansion of E. carolleeae. Based on the
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history of its expansion after connecting certain water bodies in America
(Mills et al. 1993), further expansion of E. carolleeae upstream of the Odra
River can be expected. We speculate that this expansion process may be
strengthened by the construction of dams in the lower section of the river
system, which often leads to the homogenization of zooplankton
communities in the river networks (Sługocki et al. 2021).
Szczecin Lagoon is subject to fluctuations by environmental factors,
including salinity, which is largely dependent on meteorological conditions
(Osadczuk et al. 2007). The level of salinity is an important factor determining
the structure of invertebrate communities (Devreker et al. 2004). Due to
climate changes, increasing water level, more frequent northern winds
(BACC II Author Team 2015; Männikus et al. 2020), and the deepening of
the fairway (Kotowska et al. 2019), which will facilitate water injection into
the Szczecin Bay, changes may occur in the spatial distribution of some
estuarine species, including those from the E. affinis complex. Such changes,
particularly toward species with optimum salinity higher than that of the
Szczecin Lagoon, will probably support E. affinis s. str. populations.
The size of the Eurytemora body is strongly related to that of the
appendages, as demonstrated in the example of E. lacustris (Poppe, 1887)
(Sługocki 2020). Our results showed that season had a greater impact on
the morphological features of E. carolleeae than the habitat type. In the
cold season, the size of all the studied morphological traits was the highest
which was also related to the changes in proportions (values of ratio)
among the traits. The variability of the size of the body and its appendages
may be caused by factors such as temperature or oxygen concentration.
These factors could affect the body size of the organisms which has already
been demonstrated in both terrestrial and aquatic organisms (Kozłowski
1992; Karpowicz et al. 2020). Pierson et al. (2016) investigated E. carolleeae
populations in Chesapeake Bay (USA) in winter concluded that colder
conditions resulted in larger individuals of the species. However, in present
study both season and water type had no impact on FA in P5 of female
E. carolleeae. Nevertheless, the highest differentiation was noted in the
spines (S1–S3). According to Lajus et al. (2020), the FA of the spines is
mainly forced by stochastic components. Moreover, Lajus et al. (2020)
revealed that the populations of E. carolleeae in the Baltic Sea (Gulf of
Finland) had lower FA values than in the native habitats (Chesapeake Bay,
USA). The authors suspected global warming as a factor which elevated the
temperatures in Chesapeake Bay beyond the optimal conditions of
E. carolleeae. Our results indicate the limited impact of temperature on FA,
which could suggest that other factors may play a role in shaping the FA of
Eurytemora in the Oder River system. Further investigations are necessary
to evaluate the main factors that influence the FA of these species.
We found a high share of morphologically deformed specimens of
E. carolleeae in the samples. The deformations were two times more frequent
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in brackish water than in freshwater. However, molecular analyses showed
no differences between deformed and normal individuals. Behrends et al.
(1997) studied Acartia population in the Baltic Sea and showed a high
proportion of deformations in the fifth pair of female legs. For various
species of the genus Acartia, the percentage of abnormalities of the fifth pair
of legs ranged from 0% to 16%. The authors concluded that deformations
were not caused by contamination, and a high proportion of deformations
is natural for this species. Souissi and Souissi (2020) found that under
laboratory conditions, E. affinis do not demonstrate morphological
deformations, even when factors as temperature and salinity were stressful.
The inlet section of the Odra system is characterized by large salinity
fluctuations, which is mainly the result of storm inflow (Kowalewski and
Kowalewska-Kalkowska 2011). For some zones of the Szczecin Lagoon, the
amplitude of salinity changes may amount to 2 PSU for just a few hours.
Hence, it is presumed that a high share of deformed individuals in the
brackish waters may be related to large fluctuations of salinity or other
water components accompanying this fluctuation, causing morphological
alterations. Stability of populations at a given site is often determined by
their abundance (Czerniawski et al. 2016; Karpowicz et al. 2020). However,
the abundance of copepods at a given sampling site largely varies depending
on the season, time of day, or sampling method (Czerniawski et al. 2016;
Labuce et al. 2020). Therefore, it seems that morphological features indicating
whether the conditions are suitable for a given organism provide necessary
information for assessing population stability, especially if there are no
historical data. In our study, we found that E. carolleeae exhibited greater
morphological stability in freshwater than in brackish water. It could mean
that the freshwater section of the Oder River provides the optimal
environment for the invasive Eurytemora, which might lead to further
expansion of this species.
Recent separation of E. carolleeae from E. affinis species complex could
cause problems with morphological identification of the species, especially
in the non-native regions. Therefore, molecular tools can be useful in the
proper identification of species. Due to the fact that E. carolleeae is
relatively a newly described species, there are artifacts in the databases and
literature that should be systematically verified. For example, we suspect that
E. affinis found in freshwater habitats of the Oder River system in 2003–2005
(Chojnacki and Tyluś 2013) was in fact an E. carolleeae. A similar problem
was pointed out by Vasquez et al. (2016) when analyzing the Eurytemora
collection obtained from Laurentian Great Lakes in the 1950s. Moreover,
the authors showed that COI analysis indicated sequential differences
between E. affinis and E. carolleeae at a level of 14%, and in our study,
similar to the work of Sukhikh et al. (2019), the genetic distance was
slightly higher (15%). Phylogenetic trees based on COI distinguished two
subclades of E. carroleeae, separating native and non-native regions. Although
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previous studies demonstrated rapid evolutionary processes in this clade
(Lee 1999, 2016) it is still not precisely known when the E. carolleeae
species settled in new European habitats.
The databases for the COI of Eurytemora are relatively rich (Winkler et
al. 2011; Sukhikh et al. 2013, 2019, 2020; Vasquez et al. 2016; Sługocki et al.
2019). Unfortunately, for other genes or noncoding, diagnostic DNA
fragments, there are few or no data. The cytb gene sequence of E. affinis
species complex has not been reported so far, whereas a few sequences have
been reported for ITS and 18S rRNA (Sukhikh et al. 2019, 2020).
Therefore, new records for cytb expand the range of available molecular
markers, which allows for even more in-depth research on this taxon.
Molecular data analyses of the ITS1–5.8S rRNA–ITS2 region of several
species belonging to the genus Eurytemora (E. affinis, E. carolleeae, and
E. lacustris) enabled species-level differentiation, as previously demonstrated
by Sukhikh et al. (2020). Due to the variability of these nuclear sequences,
which come from both parents, as opposed to mitochondrial markers, it
was possible to perform rapid molecular identification within the genus.
For the conservative 18S rRNA gene, identification is possible for higher
taxonomic units. Although we performed differentiation within the genus
Eurytemora, the sequences of 18s rRNA gene did not differ between E. affinis
and E. carolleeae species which was also previously reported by Sukhikh et
al. (2020).
Regardless of the marker used, we observed a high affinity for E. carolleeae
and E. affinis. At the same time, our molecular analyses, as well as those of
other researchers reported in recent years (e.g. Vasquez et al. 2016; Sukhikh
et al. 2020), clearly indicated the need for both classical and molecular
studies. This seems to be important for studying the invasions and
biodiversity of aquatic ecosystems, and especially microinverebrates that
are often overlooked. Due to the new invasion of E. carolleeae in the
freshwater habitats of Central Europe, it is necessary to monitor the
invasion and assess the impact of this taxon on the native fauna.

Acknowledgements
We wish to thank Kacper Nowakowski (University of Szczecin, Poland), Aleksandra Banaszyk,
Artur Zagórski (Bloco Pomerania, Poland), Kiki Gustinasari, Rizkiy Amaliyah Barakwan,
Prieskarinda Lestari (Institut Teknologi Sepuluh Nopember, Indonesia) and Cansel Taskın (Turkey)
for support during sample collection. We also thank the editor and two anonymous reviewers
for their constructive comments which largely contributed to improving the manuscript.

References
Alekseev VR, Souissi A (2011) A new species within the Eurytemora affinis complex (Copepoda:
Calanoida) from the Atlantic Coast of USA, with observations on eight morphologically
different European populations. Zootaxa 2767: 41–56, https://doi.org/10.11646/zootaxa.2767.1.4
BACC II Author Team (2015) Second Assessment of Climate Change for the Baltic Sea Basin.
Berlin, Springer, https://doi.org/10.1007/978-3-319-16006-1
Behrends G, Korshenko A, Viitasalo M (1997) Morphological aberrations in females of the genus
Acartia (Copepoda, Calanoida) in the Baltic Sea. Crustaceana 70: 594–607, https://doi.org/
10.1163/156854097X00708

Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04

457

Eurytemora carolleeae in the Oder River system

Cabrol J, Tremblay R, Winkler G (2020) Differential eco-physiological performances of two
pseudocryptic species of the Eurytemora affinis complex (Copepoda, Calanoida) in the St.
Lawrence estuarine transition zone: a reciprocal transplant experiment. Crustaceana 93:
379–404, https://doi.org/10.1163/15685403-00003973
Castresana J (2000) Selection of Conserved Blocks from Multiple Alignments for Their Use in
Phylogenetic Analysis. Molecular Biology and Evolution 17: 540–552, https://doi.org/10.
1093/oxfordjournals.molbev.a026334

Chojnacki JC, Tyluś K (2013) Environmental study of the seasonal succession of mesozooplankton
in a brackish water Odra River estuary during 2003-2005. Journal of Ecological Engineering
14: 12–25, https://doi.org/10.5604/2081139X.1043169
Cohen AN, Carlton JT (1998) Accelerating invasion rate in a highly invaded estuary. Science
279: 555–558, https://doi.org/10.1126/science.279.5350.555
Czerniawski R, Sługocki Ł, Kowalska-Góralska M (2016) Diurnal changes of zooplankton
community reduction rate at lake outlets and related environmental factors. PLoS ONE 11:
e0158837, https://doi.org/10.1371/journal.pone.0158837
Czerniejewski P, Kasowska N, Linowska A, Rybczyk A (2020) A new record of the invasive
blue crab (Callinectes sapidus Rathbun, 1896) and his parasite from the Baltic basin.
Oceanologia 62: 111–115, https://doi.org/10.1016/j.oceano.2019.06.004
Devreker D, Souissi S, Seuront L (2004) Development and mortality of the first naupliar stages
of Eurytemora affinis (Copepoda, Calanoida) under different conditions of salinity and
temperature. Journal of Experimental Marine Biology and Ecology 303: 31–46,
https://doi.org/10.1016/j.jembe.2003.11.002

Engström-Öst J, Barrett N, Brutemark A, Vehmaa A, Dwyer A, Almén AK, De Stasio BT
(2017) Feeding, survival, and reproduction of two populations of Eurytemora (Copepoda)
exposed to local toxic cyanobacteria. Journal of Great Lakes Research 43: 1091–1100,
https://doi.org/10.1016/j.jglr.2017.09.009

Favier JB, Winkler G (2014) Coexistence, distribution patterns and habitat utilization of the
sibling species complex Eurytemora affinis in the St Lawrence estuarine transition zone.
Journal of Plankton Research 36: 1247–1261, https://doi.org/10.1093/plankt/fbu063
Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers for amplification of
mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates.
Molecular Marine Biology and Biotechnology 3(5): 294–299
Friedland R, Schernewski G, Gräwe U, Greipsland I, Palazzo D, Pastuszak M (2019) Managing
Eutrophication in the Szczecin (Oder) Lagoon-development, present state and future
perspectives. Frontiers in Marine Science 5: 521, https://doi.org/10.3389/fmars.2018.00521
Gasmi S, Ferval M, Pelissier C, d’Amico F, Maris T, Tackx M, Legal L (2014) Genetic
diversity among the Eurytemora affinis species complex in the Scheldt estuary and its
tributaries using ISSR-PCR marker assay. Estuarine, Coastal and Shelf Science 145: 22–30,
https://doi.org/10.1016/j.ecss.2014.04.005

Grabowski M, Jażdżewski K, Konopacka A (2007) Alien crustacea in Polish waters Amphipoda. Aquatic Invasions 2: 25–38, https://doi.org/10.3391/ai.2007.2.1.3
Gruszka P (1999) The River Odra estuary as a gateway for alien species immigration to the
Baltic Sea basin. Acta hydrochimica et hydrobiologica 27: 374–382, https://doi.org/10.1002/
(SICI)1521-401X(199911)27:5<374::AID-AHEH374>3.0.CO;2-V

Hasegawa M, Kishino H, Yano T (1985) Dating of the Human-Ape Splitting by a Molecular
Clock of Mitochondrial DNA. Journal of Molecular Evolution 22: 160–174, https://doi.org/
10.1007/BF02101694

Karpowicz M, Ejsmont-Karabin J, Kozłowska J, Feniova I, Dzialowski AR (2020) Zooplankton
Community Responses to Oxygen Stress. Water 12: 706, https://doi.org/10.3390/w12030706
Katsanevakis S, Wallentinus I, Zenetos A, Leppäkoski E, Çinar ME, Oztürk B, Grabowski M,
Golani D, Cardoso AC (2014) Impacts of invasive alien marine species on ecosystem
services and biodiversity: a pan-European review. Aquatic Invasions 9: 391–423,
https://doi.org/10.3391/ai.2014.9.4.01

Kimura M (1980) A Simple Method for Estimating Evolutionary Rate of Base Substitutions
through Comparative Studies of Nucleotide Sequences. Journal of Molecular Evolution 16:
111–120, https://doi.org/10.1007/BF01731581
Kotowska I, Mańkowska M, Pluciński M (2019) Planning the development of inland shipping
in the seaport-hinterland transport: A case study of the Oder River in Poland. Scientific
Journals of the Maritime University of Szczecin 58: 84–92, http://dx.doi.org/10.17402/340
Kowalewski M, Kowalewska-Kalkowska H (2011) Performance of operationally calculated
hydrodynamic forecasts during storm surges in the Pomeranian Bay and the Szczecin
Lagoon. Boreal Environment Research 16(A): 27–41
Kozłowski J (1992) Optimal allocation of resources to growth and reproduction: implications
for age and size at maturity. Trends in Ecology and Evolution 7: 15–19, https://doi.org/10.
1016/0169-5347(92)90192-E

Kumar S, Stecher G, Tamura, K (2016) MEGA7: Molecular Evolutionary Genetics Analysis
Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 33: 1870–1874,
https://doi.org/10.1093/molbev/msw054

Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04

458

Eurytemora carolleeae in the Oder River system

Labuce A, Ikauniece A, Strāķe S, Souissi A (2018) Survey of Presence of Non-Indigenous
Eurytemora carolleeae in the Gulf of Riga (Baltic Sea) Five Years After its First Discovery.
Proceedings of the Latvian Academy of Sciences. Section B. Natural, Exact, and Applied
Sciences. Sciendo 72: 230–235, https://doi.org/10.2478/prolas-2018-0032
Labuce A, Strake S, Dimante-Deimantovica I (2020) Eurytemora affinis (Poppe, 1880)
(Copepoda, Calanoida) in the Gulf of Riga, Baltic Sea - elemental composition and diurnal
vertical migration. Crustaceana 93: 447–466, https://doi.org/10.1163/15685403-00003977
Lajus DL, Graham JH, Kozhara AV (2003) Developmental instability and the stochastic
component of total phenotypic variance. In: Polak M (ed), Developmental Instability: Causes
and Consequences. Oxford University Press, Oxford, pp 343–363
Lajus D, Sukhikh N, Alekseev V (2020) Stochastic phenotypic variation: empirical results and
potential use in Eurytemora research (Copepoda, Calanoida). Crustaceana 93: 317–336,
https://doi.org/10.1163/15685403-00003983

Lee CE (1999) Rapid and repeated invasions of fresh water by the copepod Eurytemora affinis.
Evolution 53: 1423–1434, https://doi.org/10.1111/j.1558-5646.1999.tb05407.x
Lee CE (2016) Evolutionary mechanisms of habitat invasions, using the copepod Eurytemora
affinis as a model system. Evolutionary Applications 9: 248–270, https://doi.org/10.1111/
eva.12334

Lee CE, Kiergaard M, Gelembiuk GW, Eads BD, Posavi M (2011) Pumping ions: rapid parallel
evolution of ionic regulation following habitat invasions. Evolution 65: 2229–2244,
https://doi.org/10.1111/j.1558-5646.2011.01308.x

Lee CE, Moss WE, Olson N, Chau KF, Chang YM, Johnson KE (2013) Feasting in fresh water:
impacts of food concentration on freshwater tolerance and the evolution of food × salinity
response during the expansion from saline into fresh water habitats. Evolutionary
Applications 6: 673–689, https://doi.org/10.1111/eva.12054
Łabęcka AM, Domagała J, Pilecka-Rapacz M (2005) First record of Corbicula fluminalis (OF
Muller, 1774) (Bivalvia: Corbiculidae) - in Poland. Folia Malacologica 13: 25–27,
https://doi.org/10.12657/folmal.013.003

Männikus R, Soomere T, Viška M (2020) Variations in the mean, seasonal and extreme water
level on the Latvian coast, the eastern Baltic Sea, during 1961-2018. Estuarine, Coastal and
Shelf Science 245: 106827, https://doi.org/10.1016/j.ecss.2020.106827
Merritt TJS, Shi L, Chase MC, Rex MA, Etter RJ, Quattro JM (1998) Universal cytochrome b
primers facilitate intraspecific studies in molluscan taxa. Molecular Marine Biology and
Biotechnology 7: 7–11
Mills EL, Leach JH, Carlton JT, Secor CL (1993) Exotic species in the Great Lakes: a history
of biotic crises and anthropogenic introductions. Journal of Great Lakes Research 19: 1–54,
https://doi.org/10.1016/S0380-1330(93)71197-1

Osadczuk A, Musielak S, Borówka R (2007) Why should the Odra River mouth area not be
regarded as an estuary? A geologist’s point of view. Oceanological and Hydrobiological
Studies 36: 87–99, https://doi.org/10.2478/v10009-007-0011-8
Palmer AR, Strobeck C (1986) Fluctuating asymmetry: measurement, analysis, patterns. Annual
review of Ecology and Systematics 17: 391–421, https://doi.org/10.1146/annurev.es.17.110186.
002135

Parson W, Pegoraro K, Niederstätter H, Föger M, Steinlechner M (2000) Species identification
by means of the cytochrome b gene. International Journal of Legal Medicine 114: 23–28,
https://doi.org/10.1007/s004140000134

Paturej E, Gutkowska A, Koszałka J, Bowszys M (2017) Effect of physicochemical parameters
on zooplankton in the brackish, coastal Vistula Lagoon. Oceanologia 59: 49–56,
https://doi.org/10.1016/j.oceano.2016.08.001

Pierson JJ, Kimmel DG, Roman MR (2016) Temperature impacts on Eurytemora carolleeae
size and vital rates in the upper Chesapeake Bay in winter. Estuaries and Coasts 39: 1122–
1132, https://doi.org/10.1007/s12237-015-0063-z
Raupach MJ, Mayer C, Malyutina M, Wägele JW (2009) Multiple origins of deep-sea Asellota
(Crustacea: Isopoda) from shallow waters revealed by molecular data. Proceedings of the
Royal Society B 276: 799–808, https://doi.org/10.1098/rspb.2008.1063
Sługocki Ł (2020) Variability of mandible shape in the freshwater glacial relict Eurytemora
lacustris (Poppe, 1887) (Copepoda, Calanoida, Temoridae). Crustaceana 93: 337–353,
https://doi.org/10.1163/15685403-00003985

Sługocki Ł, Rymaszewska A, Kirczuk L (2019) Insights into the morphology and molecular
characterisation of glacial relict Eurytemora lacustris (Poppe, 1887) (Crustacea, Copepoda,
Calanoida, Temoridae). ZooKeys 864: 15, https://doi.org/10.3897/zookeys.864.34259
Sługocki Ł, Czerniawski R, Kowalska-Góralska M, Teixeira CA (2021) Hydro-modifications
matter: Influence of vale transformation on microinvertebrate communities (Rotifera, Cladocera,
and Copepoda) of upland rivers. Ecological Indicators 122: 107259, https://doi.org/10.1016/j.
ecolind.2020.107259

Souissi A, Souissi S (2020) Abnormalities in shape and size of Eurytemora affinis (Copepoda,
Calanoida) and its eggs under different environmental conditions. Crustaceana 93: 355–378,
https://doi.org/10.1163/15685403-00003989

Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04

459

Eurytemora carolleeae in the Oder River system

Sukhikh N, Souissi A, Souissi S, Alekseev V (2013) Invasion of Eurytemora sibling species
(Copepoda: Temoridae) from north America into the Baltic Sea and European Atlantic
coast estuaries. Journal of Natural History 47: 753–767, https://doi.org/10.1080/00222933.
2012.716865

Sukhikh N, Souissi A, Souissi S, Holl AC, Schizas NV, Alekseev V (2019) Life in sympatry:
coexistence of native Eurytemora affinis and invasive Eurytemora carolleeae in the Gulf of
Finland (Baltic Sea). Oceanologia 61: 227–238, https://doi.org/10.1016/j.oceano.2018.11.002
Sukhikh N, Abramova E, Holl AC, Souissi S, Alekseev V (2020) A comparative analysis of
genetic differentiation of the E. affinis species complex and some other Eurytemora species,
using the CO1, nITS and 18SrRNA genes (Copepoda, Calanoida). Crustaceana 93: 931–955,
https://doi.org/10.1163/15685403-bja10074

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

Vasquez AA, Hudson PL, Fujimoto M, Keeler K, Armenio PM, Ram JL (2016) Eurytemora
carolleeae in the Laurentian Great Lakes revealed by phylogenetic and morphological
analysis. Journal of Great Lakes Research 42: 802–811, https://doi.org/10.1016/j.jglr.2016.04.001
White T, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninski JJ, White TJ
(ed), PCR-protocols a guide to methods and applications. Academic Press, San Diego,
pp 315–322, https://doi.org/10.1016/B978-0-12-372180-8.50042-1
Winkler G, Dodson JJ, Lee CE (2008) Heterogeneity within the native range: population
genetic analyses of sympatric invasive and noninvasive clades of the freshwater invading
copepod Eurytemora affinis. Molecular Ecology 17: 415–430, https://doi.org/10.1111/j.1365294X.2007.03480.x

Winkler G, Souissi S, Poux C, Castric V (2011) Genetic heterogeneity among Eurytemora
affinis populations in Western Europe. Marine Biology 158: 1841–1856, https://doi.org/10.
1007/s00227-011-1696-5

Wu S, Xiong J, Yu Y (2015) Taxonomic resolutions based on 18S rRNA genes: a case study of
subclass Copepoda. PLoS ONE 10: e0131498, https://doi.org/10.1371/journal.pone.0131498
Supplementary material
The following supplementary material is available for this article:
Table S1. Locations sampled within the Oder River system for populations of Eurytemora affinis complex in years 2019–2020.
Table S2. List of accession numbers for Eurytemora spp. sequences from West Pomerania (PL) and sequences from other regions
(GenBank) used in molecular analyses.
Table S3. Sequence polymorphism for the COI fragment of E. carolleeae.
This material is available as part of online article from:
http://www.reabic.net/aquaticinvasions/2021/Supplements/AI_2021_Slugocki_etal_SupplementaryMaterial.xlsx

Sługocki et al. (2021), Aquatic Invasions 16(3): 443–460, https://doi.org/10.3391/ai.2021.16.3.04

460

