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Zoological Institute of Russian Academy of Sciences, Universitetskaya Embankment, Saint Petersburg, Russia

Biological invasions are a global trend due to globalization of the world. An important
goal of invasion biology is to identify environmental characteristics that may make a
region receptive to invasions. We tested the hypothesis that environmental variables
have stronger effect on the biomass of the alien Cercopagis pengoi in the Neva
Estuary than biotic interactions with other zooplankton species. Hierarchical cluster,
principal component and Pearson correlation analyzes were used to elucidate changes
within the zooplankton community along environmental gradients. The data analysis
showed that the biomass of C. pengoi was higher in waters with higher salinity, low
temperature, high transparency, lower chlorophyll a concentration and lower proportion
of chlorophyll in particulate suspended matter. The biomass of C. pengoi showed
significant positive correlations with biomasses of its potential preys. However, we
did not find direct significant negative correlations between C. pengoi and larger
zooplankton predators Leptodora kindtii and Bythotrephes spp. This research generally
supports the hypothesis that if environmental variables are appropriate for an exotic
species, then that species is likely to invade successfully, regardless of the native species
already present.

Keywords: zooplankton, biotic interactions, Gulf of Finland, Baltic Sea, invasive species, Cercopagis pengoi, NIS

INTRODUCTION

Biological invasions are a global trend due to globalization and increased traffic between different
countries (Cohen and Carlton, 1998; Dirzo et al., 2014). The introduction of non-indigenous
species (NIS) into ecosystems can lead to the displacement of native species and other negative
consequences. Recently, this effect may be exacerbated due to climate change (Moritz and Agudo,
2013; Holopainen et al., 2016). It is believed to be conducive to invasions, and large-scale invasions
of alien eurybiont species in seas can be expected in the near future (Jones and Cheung, 2014). Some
non-indigenious species may have economic consequences on fisheries and the tourism industry,
and can result in substantial monetary costs and/or alterations to entire ecosystems and social
systems (Kumschick et al., 2012, 2015; Galil et al., 2014; Ojaveer et al., 2015). One of such species
is Cercopagis pengoi. This planktonic crustacean is an important prey for fish, especially for Baltic
herring (e.g., Antsulevich and Välipakka, 2000), while simultaneously appearing to compete with
fish for food sources (Gorokhova et al., 2005).
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Cercopagis pengoi is an invader from the Ponto-Caspian
region and in a number of papers described as a highly
invasive species (e.g., Telesh and Ojaveer, 2002; Jażdżewski and
Grabowski, 2011; Zaiko et al., 2011). In the early 1990s, it was
first recorded in the Baltic Sea and in the eastern part of the
Gulf of Finland in particular, and is now spread throughout the
Baltic (Telesh and Ojaveer, 2002; Katajisto et al., 2013; Bielecka
et al., 2014; Rowe et al., 2016). Moreover, in 1998 it was firstly
found in Lake Ontario (Laurentian Great Lakes) (MacIsaac et al.,
1999), where it quickly reached high densities, has likely caused a
decline in small zooplankton and may compete with the pelagic
early life history stages of fish (Benoît et al., 2002; Laxson et al.,
2003). The presence of C. pengoi also decreases the production of
juvenile copepods both through direct predation and through a
shift of copepod vertical distribution (Benoît et al., 2002). Genetic
research conducted by Cristescu et al. (2001) showed that its
population in the Laurentian Great Lakes most likely originated
from the Neva Estuary.

After the invasion in the 1990s, C. pengoi was found in the
zooplankton almost all over the Neva Estuary. It was absent only
in the uppermost part, shallow and freshwater Neva Bay (Krylov
et al., 1999). Studies of the seasonal dynamics of C. pengoi have
shown that it is present in zooplankton from June to late October,
with a peak of development in August and September (Krylov
et al., 1999; Telesh and Ojaveer, 2002). It was found to a depth
up to 48 m, but most of the biomass was concentrated in the
upper 10-m layer, both during the day and at night (Krylov et al.,
1999). Nowadays, C. pengoi has already naturalized in the Neva
Estuary and formed a free-living, self-sustaining (reproducible)
population (Golubkov and Litvinchuk, 2015).

An important goal of invasion biology is to identify
environmental characteristics that may make a region
particularly receptive to invasions (David et al., 2017). When
introduced, a species may persist only if it is able to pass
through environmental and biotic filters. Environmental filters
include all the abiotic conditions that determine the range of
physicochemical properties, often called the fundamental niche,
that make a new habitat suitable for a species to complete its
life cycle (David et al., 2017). While some ecologists consider
abiotic conditions that are favorable for survival of exotic species
(Moyle and Light, 1996; Lahdes and Karjala, 2007), the other
ones focus on their biotic interactions with native biota (e.g.,
Marchetti et al., 2004; Ptáčníková et al., 2015; Vanderploeg et al.,
2015). Moreover, some studies have shown that if abiotic factors
are appropriate for an exotic species, then that species is likely
to invade successfully, regardless of the native species already
present (Moyle and Light, 1996; Marchetti et al., 2004). Therefore,
it is very important to determine the specific abiotic and biotic
environmental conditions favorable to the development of a
certain alien species.

The Neva Estuary has a smooth gradient of biotic and abiotic
environmental factors (Golubkov and Golubkov, 2020; Golubkov
et al., 2020). The zooplankton community in this part of the
Gulf of Finland develops under the conditions of a water salinity
gradient, from freshwater in the upper part to brackish-water
(5 PSU) in the lower. The depth increases from the delta of the
Neva River, which affects the temperature profile in the water

column. Starting from the middle part of the estuary, the water
column in the summer period is stratified. In addition, there is
a gradient of plankton primary production rate from the mouth
of the Neva River toward the Gulf of Finland and from the
coast to the open part of the estuary (Golubkov et al., 2017;
Golubkov and Golubkov, 2020). These gradients together with
climate change lead to highly variable environments (Golubkov
et al., 2020; Golubkov and Golubkov, 2020, which may contribute
to the extinction of native species and invasions of eurybiont
species invaders (Holopainen et al., 2016). Due to of its biological
features, NIS are able to more quickly and better adapt to life in
such variable conditions than native species. For instance, it has
recently been shown that rising temperatures in the northern part
of the Baltic Sea may increase the risk of the invasions of new
species (Holopainen et al., 2016). However, studies of the effects
of temperature and salinity on alien species and their interaction
with other zooplankton species are practically absent in the Baltic
Sea (Vuorinen et al., 2015).

The purpose of this study was based on 12-year observations
to assess relationships of biotic and abiotic environment variables
with the biomass of C. pengoi in the Neva Estuary. We tested
the hypothesis that environmental variables have stronger effect
on the biomass of the alien C. pengoi in the Neva Estuary than
biotic interactions with other zooplankton species. The gradient
of environmental factors existing in the estuary provides a good
opportunity to examine the influence of environmental variables
on this alien species. We hope that this study will advance
understanding of Cercopagis biology.

MATERIALS AND METHODS

Study Area
The Neva Estuary receives water from the Neva River, whose
catchment area exceeds 280,000 km2, and the water discharge
averages 2,490 m3 s−1 (78.6 km3 yr−1), which is about a fifth
of the total river discharge into the Baltic Sea. It is generally
characterized by a number of features common to other major
Baltic estuaries. As most of them, Neva Estuary is brackish-
water, non-tidal, shallow, with horizontal and vertical gradients
of salinity and a predominance of eurytopic species. The general
environmental characteristics of the Neva Estuary are given
in Table 1.

The Neva Estuary can be divided into three parts: the upper
shallow freshwater part (Neva Bay), and two brackish water parts,
the middle (the inner estuary) and the lower (the outer estuary)
parts (Figure 1). At the end of 1980s, the upper part was separated
from the middle part of the estuary by the Flood Protective
Facility. It consists of 11 dams separated by broad water passages
and ship gates in its southern and northern parts. There is no
temperature stratification in this part of the estuary. Low water
transparency, which does not exceed 1.8 m of Secchi depth in
summer time, constrains the distribution of bottom vegetation.

The middle part of the Neva Estuary is a slightly brackish-
water basin and is located between the Kotlin Island and a
longitude of ca. 29◦10′E. There is temperature stratification in
summer. An even deeper the lower part of the estuary (Table 1) is
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TABLE 1 | Main characteristics of the upper, middle and lower parts of
the Neva Estuary.

Upper part Middle part Lower part

Type of climate (Köppen–Geiger
climate classification, in Kottek et al.
(2006):

Dfc – snow
climate, fully
humid, cool
and summer

Dfc – snow
climate, fully
humid, cool
and summer

Dfc – snow
climate, fully
humid, cool
and summer

Water residence time, days
(Golubkov and Golubkov, 2020)

5.5 45 1495

Mean depth, m 4 20 35

Salinity of water layer above
thermocline in midsummer
2006–2017, PSU

0.06 ± 0.01 1.08 ± 0.02 3.11 ± 0.03

Temperature of water layer above
thermocline in midsummer
2006–2017,◦C

20.1 ± 0.2 18.7 ± 0.1 17.8 ± 0.1

Average measured thermocline
depth in midsummer 2006–2017, m

Absent 10.2 ± 0.3 13.9 ± 0.2

Trophic status based on chlorophyll
a concentrations and primary
production (Golubkov, 2009)

Eutrophic Eutrophic Mesotrophic

located to the west of the ca. 29◦10′E and to the east of the border
of territorial waters of Russia. It has a depth up to 60 m, salinity
3–7 PSU and temperature stratification in summer. A more
detailed description of the estuary is given in Telesh et al. (2008).

The Neva Estuary is the recipient of discharges of treated
and untreated wastewaters from St. Petersburg City, which is
the largest megalopolis in the Baltic region with a population
of more than five million citizens (Golubkov et al., 2019).
The estuary area is intensively used for recreation, sport and
commercial fishing, different industries, including the nuclear
power station, and shipping. Oil transportation in the eastern
Gulf of Finland has increased almost five times from 1980 to
2000 (Golubkov, 2009). Four large ports and oil terminals were
constructed in the late 1990s – early 2000s in addition to the
port of St. Petersburg (Figure 1). As a result, there has been
considerable increase in ship traffic and risk of invasions during
the last decades.

Sampling
Thirty one stations were sampled in different parts of the estuary
(Figure 1) in the period from 20th of July to 5th of August
in 2006–2017. The temperature and salinity were determined at
each station by a CTD90m probe (Sea and Sun Tech., Germany)
every 20 cm from the surface to the bottom in the whole
water column (three replicates). In addition, transparency (Secchi
depth) was determined at each station (three replicates). Since
the whole water column was mixed in the shallow upper part,
we collected five water samples (2 L each): from the surface, half
a meter from the bottom and from three equal depths between
them. These samples were mixed to create a composite sample
(10 L). The samples for chlorophyll a, suspended particulate
matter and suspended particulate organic matter analysis (three
replicates) were taken from the composite sample.

In the middle and the lower parts of the estuary, composite
water samples were taken from the layer above the thermocline

(He). The average thermocline depth in 2006–2017 is shown
in Table 1. Five water samples (2 L each) were taken from
He: from the surface, the thermocline and from three equal
depths between them. These samples were mixed to create a
composite sample (10 L). The samples for chlorophyll a (Chl),
suspended particulate matter (SM), and suspended particulate
organic matter (SOM) (three replicates) were taken from these
composite samples.

Zooplankton samples were taken by vertical hauls (four in the
upper part, two in the middle and the lower parts of the estuary)
with the Juday quantitative plankton net (diameter 0.2 m, mesh
size 50 µm) from bottom to surface. The samples were collected
during the daytime, preserved in 4% formalin and examined in
the laboratory with a light microscope.

Sample Analysis
Three hundred milliliters of water were filtered through 0.85 µm
membrane filters (Millipore AAWP) to determine the Chl
concentration, which was followed by 90% acetone extraction
and spectrophotometric determination (Grasshoff et al., 1999).
Concentrations of SM were determined in the same way
by filtering water over preweighed and precombusted filters
(Whatman GF/F). The determination of the SM was carried out
using a standard gravimetric method (Grasshoff et al., 1999).
SOM was determined by oxidation with dichromate acid after
filtration through Whatman GF/F filters (Grasshoff et al., 1999).

The primary production of plankton (PP) and the
mineralization of organic matter (D) in the water column
were measured by the oxygen method of light and dark bottles
(Hall et al., 2007; Vernet and Smith, 2007). A more detailed
description of the method and experimental design was given
previously (Golubkov et al., 2017).

ICES zooplankton methodology manual (ICES, 2000) and
the manual for marine monitoring in COMBINE (Cooperative
Monitoring in the Baltic Marine Environment (Annex C-7))
(HELCOM, 2015) were used for qualitative and quantitative
zooplankton laboratory analysis. Abundances were calculated as
individuals m−3 and converted to biomasses (g m−3 wet weight)
using published carbon-length and length-weight regressions
(Dumont et al., 1975; Bottrell et al., 1976; Ruttner-Kolisko, 1977;
Winberg and Lavrentyeva, 1982). Zooplankton species have been
listed in the modern nomenclature according to World Register
of Marine Species (WoRMS Editorial Board, 2020).

Statistical Analysis
Since the number of stations where C. pengoi were met varied
over the years, we did not analyze the interannual variability of
the biomass of Cercopagis. A single survey for a year (snapshots)
does not allow reliable extrapolation of data for a year or even a
season. Therefore, we did not focus on temporal variability, but
on environmental factors that could affect the development of
C. pengoi and other zooplankton species in the estuary. In total,
51 samples collected over a 12-year period were analyzed.

Statistical analyses were performed using R software (version
3.6.0; R Development Core Team, 2020), R package “vegan”
(Oksanen et al., 2020), and Microsoft Excel. Pearson’s correlation
coefficients was calculated in excel.
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FIGURE 1 | The Neva Estuary with indication of sampling stations (A – the upper part; B – the middle part; C – the lower part). Anchors mark passenger and cargo
ports.

Hierarchical cluster analysis was used to examine dissimilarity
between samples in which C. pengoi was found. Hierarchic
clustering was performed using function “hclust.” Function
“rect.hclust” was used to visualize the cutting and function
“cutree” to make a classication vector with two numbers of
classes. A result was displayed by function “ordihull” R package
“vegan” (Oksanen et al., 2020).

The Principal component analysis (PCA) was used to
determine relationships between the biomasses of predatory
cladocerans using the “rda” function in the “vegan” package
(Oksanen et al., 2020). Full scripts of statistical analysis in R
present in Supplementary File.

RESULTS

Environmental Parameters
During the period of investigations, C. pengoi was found in 51
samples. The depth of the stations varied from 6.7 to 59 m and
the depth of the upper warm water layer from 3.9 to 23 m. The
salinity of the upper layer of warm water ranged from 0.26 to
4.3 PSU, the temperature from 13.9 to 22.4◦C and the Secchi
depth from 0.3 to 4.3 m. The concentration of chlorophyll a was

0.9–30 mg m−3, and the plankton primary production was 0.5–
2.7 gC m−2 day−1. Concentrations of suspended particles varied
between 1.7 and 45.8 g m−3, concentrations of suspended organic
particles – 0.5 to 6.8 g m−3. Percent of chlorophyll in SOM was
from 0.1 to 1.8. Average values of environmental parameters for
each station are given in the Supplementary Table 1. Most of
them correlated with each other (Table 2).

Biomass of Cercopagis pengoi and
Environmental Variables
Cercopagis pengoi was distributed throughout the middle and the
lower parts of the estuary, and was never found in its upper part.
The highest biomass (5,558 mg m−3) was found at station 25 in
the lower part in 2007, the lowest one (1.4 mg m−3) at station 18
in the middle part in 2006 (Figure 1).

Using biomass data for each zooplankton species and
environmental variables for stations where C. pengoi was found,
we performed cluster analysis and identified two groups of
samples (Figure 2). The first group included thirty-four samples
where C. pengoi biomass was low and averaged 52 mg m−3

(Figure 2 and Table 3). The second group included 17 samples,
at which the biomass of C. pengoi was many times higher and
averaged 1,689 mg m−3 (Figure 2 and Table 3).
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TABLE 2 | Pearson correlation coefficients between environmental variables in the
upper warm layer.

H He Sal T Sec Chl A SM SOM

H 1.00

He 0.32 1.00

Sal 0.62 0.44 1.00

T −0.31 −0.59 −0.59 1.00

Sec 0.67 ns 0.63 −0.34 1.00

Chl −0.50 ns −0.71 0.38 −0.59 1.00

A ns ns −0.50 ns −0.47 0.82 1.00

SM −0.30 ns ns ns −0.59 ns ns 1.00

SOM ns ns ns ns ns ns 0.42 ns 1.00

R −0.52 ns −0.65 ns −0.62 0.66 0.39 ns −0.40

H, water depth; He, depth of warm upper layer; Sal, water salinity; T, water
temperature; Sec, Secchi depth; Chl, concentration of chlorophyll a; A, plankton
primary production; SM, concentration of suspended particulate matter; SOM,
concentration of suspended particulate organic matter; R, % of Chl in SOM; ns,
not significant.

These two groups of samples, in addition to the difference
in C. pengoi biomass, also differed in the average values of
environmental variables (Table 3). Their values for each group
of samples were used to determine the environmental conditions

under which the biomass of this species in the estuary was higher,
and under which it was lower.

The highest differences in environmental parameters between
two groups of samples were in water salinity and chlorophyll
a concentration (Figure 3). First, it turned out that the
biomass of C. pengoi was higher in samples from deep-water
stations with relatively high water salinity, and, accordingly,
this species preferred the deeper western parts of the estuary.
The Cercopagis biomass was also considerably higher in samples
from the stations with low concentrations of chlorophyll a
(Figure 3). In addition, these two groups of samples differed
in the average depth of the warm upper layer. In the
first group, where the biomass of C. pengoi was low, the
depth of the warm upper layer was one and a half times
less than in the second group, where this crustacean was
abundant (Table 3).

Composition and Biomass of
Zooplankton Species Occurred Together
With Cercopagis pengoi
Forty-six zooplankton species were found together with C. pengoi
during the study period in the middle and the lower parts of
the estuary (Supplementary Table 2). Thirteen of them belonged

FIGURE 2 | Two groups of samples in the Neva Estuary discriminated by biomass of C. pengoi and environmental factors. Roman numerals indicate group numbers.
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TABLE 3 | Average values of C. pengoi biomass and environmental variables in two groups of samples discriminated based on cluster analysis.

Group of
stations

Bav H He Sec Sal T SM SOM R Chl A

mg m−3 m m m PSU ◦C g m−3 g m−3 % mg m−3 gC m−2d−1

I 52.3 ± 1.4 19.2 ± 0.3 11.1 ± 0.2 1.8 ± 0.1 1.49 ± 0.03 18.9 ± 0.08 6.58 ± 0.2 2.31 ± 0.03 0.65 ± 0.01 13.3 ± 0.2 0.78 ± 0.01

II 1688.7 ± 88.5 27.3 ± 0.9 15.1 ± 0.4 2.1 ± 0.1 2.59 ± 0.07 17.9 ± 0.08 9.46 ± 0.4 2.03 ± 0.07 0.45 ± 0.03 6.71 ± 0.26 0.47 ± 0.01

Bav, average biomass of C. pengoi; H, average depth; Hep, average depth of warm upper layer; Sal, average salinity of He; T, average temperature of He; SOM,
concentration of suspended organic matter; R, proportion of chlorophyll a in suspended organic matter; Chl, concentration of chlorophyll a; A, primary production of
plankton ± SE.

to Rotifera, the most abundant of which was brackish-water
species Keratella cochlearis baltica. Carnivorous Cladocera were
represented by eight species, the most abundant of which was the
non-indigenous C. pengoi. In second place in terms of frequency
and biomass was native predatory species Leptodora kindtii.

FIGURE 3 | Median of water salinity (A) and chlorophyll a concentration (B) in
two groups of stations with low (1) and high (2) biomass of C. pengoi. Bold
black line, median; box, interquartile range; dotted lines, maximum and
minimum values.

Among the predatory cladocerans, another alien Ponto-Caspian
species, Evadne anonyx, was common. This species hybridizes
with the native Evadne nordmanni.

Non-predatory Cladocera, which belong to pelagic filter
feeders, were represented by eight species, the most numerous
of which was freshwater Daphnia cristata. Calanoida (Copepoda)
included six species, the most abundant of which was Eurytemora
affinis, and also the brackish-water alien species Acartia
tonsa. The cyclopoids (Copepoda) were represented by nine
predominantly freshwater species, the most common of which
was Mesocyclops leuckarti. Harpacticoida (Copepoda) did not
reach significant biomass, but were found in more than 50%
of the samples. Veligers of Dreissena polymorpha and other
mollusks were also common (Supplementary Table 2).

Pearson’s correlation analysis showed that the biomass of
C. pengoi significantly correlated with several zooplankton
species. The highest correlations were found with the
biomass of carnivorous cladocerans, alien E. anonyx and
native E. nordmanni and their hybrids. Moreover, biomass of
these species like the biomass of C. pengoi negatively correlated
with chlorophyll a concentration and the proportion of Chl in
SOM; their biomasses positively correlated with water salinity
and the depth of warm upper layer (Table 4).

The biomass of C. pengoi positively correlated with biomass
of cladocera pelagic filter feeders Chydorus sphaericus and
D. cristata (Table 4). Two non-predators rotifers, K. cochlearis
baltica and Keratella quadrata platei, also positively correlated
with the biomass of Cercopagis. At the same time, the biomass
of these rotifers negatively correlated with chlorophyll a
concentration and positively with salinity. One predator rotifer,
Synchaeta sp., positively correlated with C. pengoi (Table 4).

Forty-six zooplankton species were found in the samples from
group 1 with a low biomass of C. pengoi, which was obtained
using cluster analysis (Figure 2). In the samples from group 2,
where the biomass of C. pengoi was high, several species which
were found in group 1, Eudiaptomus gracilis, Eurytemora velox,
Heterocope appendiculata, Bosmina coregoni, Podon intermedius,
and Ploesoma hudsoni were absent. The first group of samples
had also higher biomasses of predatory and filtering cladocerans,
cyclopoids, and veligers of mollusks compared to the second
group of samples (Figures 4A,B). However, the second group of
samples had a high biomass of non-predator rotifer (Figure 4B).
We calculated the Pearson’s correlation coefficient between the
biomass of Cercopagis and the biomass of all non-predatory
rotifers and found a significant positive correlation between them
(r = 0.54, p < 0.05, n = 51).
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TABLE 4 | Pearson correlation coefficients between biomass of various zooplankton species and environmental variables.

CP EA EN EAN Sec Chl A SM SOM R H He T Sal

Predators

CP 1.00 ns −0.43 ns ns ns −0.34 0.34 0.51 −0.30 0.49

EA 0.69 1.00 ns −0.42 ns ns ns −0.37 ns 0.48 ns 0.49

EN 0.76 0.74 1.00 0.29 −0.38 ns ns ns −0.30 0.30 0.38 −0.33 0.46

EAN 0.41 ns ns 1.00 ns ns ns ns ns ns ns ns ns ns

Non predators

CSp 0.30 ns ns 0.30 ns ns 0.35 ns 0.34 ns ns ns ns ns

DC 0.29 0.36 ns ns ns ns ns ns ns ns ns 0.29 ns ns

KCB 0.42 ns ns ns ns −0.29 ns ns ns ns 0.39 ns 0.29

KQL 0.56 ns 0.39 0.54 ns −0.36 −0.30 ns ns ns ns 0.28 −0.37 0.41

S 0.29 ns ns ns ns ns ns ns ns ns ns 0.28 ns ns

CP, C. pengoi; EA, E. anonyx; EN, E. nordmanni; EAN, E. anonyx × nordmanni; CSp, C. sphaericus; DC, D. Cucullata; KCB, K. cochlearis baltica; KQL, K. quadrata
platei; S, Synchaeta sp; ns, not significant. Abbreviations of environmental variables are the same as in Table 3.

FIGURE 4 | Biomasses of different taxonomic classes in two groups of
samples differing in the biomass of C. pengoi. (A) Cpred, Cladocera
predators; Cfilt, Cladocera pelagic filter feeders; CCal, Copepoda, Calanoida;
CCyc, Copepoda, Cyclopoida. (B) Rpred, Rotatoria predators; Rnpred,
Rotatoria non-predators; CHarp, Copepoda, Harpacticoida; Vel, veligers of
Mollusca.

Relationship Between the Biomass of
Cercopagis pengoi and Biomasses of
Other Carnivorous Cladocerans
The PCA analysis showed that biomasses of C. pengoi,
predatory cladocerans E. anonyx and E. nordmanni were
positively correlated (Figure 5). Three other predatory
cladocerans, L. kindtii, P. intermedilis, and Polyphemus
pediculus, did not correlate with Cercopagis. The biomass
of C. pengoi negatively correlated with biomasses of

two species of Bythotrephes (Figure 5). However, these
correlations were insignificant (Table 5). Instead, the
biomasses of Cercopagis and Bythotrephes spp. were oppositely
significantly correlated with salinity, depth, and chlorophyll
concentration. This suggests that the negative correlation
between these species is more due to the different environmental
conditions they prefer than to the direct interactions
of these species.

DISCUSSION

Correlation of the Biomass of Cercopagis
pengoi With Abiotic Variables
In its natural habitat in the Northern Caspian Sea, C. pengoi
prefers coastal water areas and bays, where the depth does
not exceed 75 m and the salinity reaches 10 PSU; it is
tolerant to temperature and disappears from plankton
only when the water temperature drops below 10◦C
(Mordukhai-Boltovskoi and Rivier, 1971). In the Southern
Caspian Sea, this species lived in areas with surface
salinity up to 12 PSU (Bagheri et al., 2014). In terms of
salinity, C. pengoi is highly tolerant and can live in wide
range of salinity from completely fresh to brackish water
(Mordukhai-Boltovskoi and Rivier, 1971).

A consensus of the data from the present study
(Supplementary Table 1) and the literature indicates that
Cercopagis is most often found at salinities of 0.3–6 PSU and
temperatures of 4–24◦C in the Baltic (Krylov et al., 1999;
Ojaveer et al., 2004; Litvinchuk and Telesh, 2006; Bielecka
et al., 2014; Rowe et al., 2016; Helenius et al., 2017; Naumenko,
2018). For instance, studies conducted in 2008–2009 in the
coastal zone of the southwestern part of Finland showed
that this species was found at stations with high salinity
(∼6 PSU) (Helenius et al., 2017). In our study C. pengoi
also preferred stations with higher salinity (Tables 3, 4).
The highest abundance and biomass were observed in the
lower parts of the Neva Estuary. Its biomass was significantly
lower in the relatively shallow near shore habitats with
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FIGURE 5 | PCA plot of carnivorous Cladocera biomass vectors. Abbreviations of zooplankton species are given in Supplementary Table 2.

low salinity (Table 3 and Figure 3). Water salinity in the
Laurentian Great Lakes in which this species is now abundant
is <0.5 PSU (Casties et al., 2016). As was previously shown,
the composition and concentrations of ions in lake waters
may form a barrier against further spread of C. pengoi to

TABLE 5 | Pearson correlation coefficients between biomasses of C. pengoi and
Bythotrephes spp. and environmental variables.

CP BtB BtC

CP 1.00 ns ns

Sec ns ns ns

Chl −0.43 0.40 0.30

A ns ns ns

SM ns ns ns

SOM ns ns ns

R −0.34 ns ns

H 0.34 −0.32 ns

He 0.51 ns ns

T −0.30 0.32 ns

Sal 0.49 −0.50 −0.27

CP, C. pengoi; BtB, B. brevimanus; BtC, B. cederstroemii; ns, not significant.
Abbreviations of environmental variables are the same as in Table 3.

freshwater habitats of the Finnish Lake District, in which
the concentration of major ions significantly lower than in
the Laurentian Great Lakes (Lahdes and Karjala, 2007). In
the Neva River waters, the concentrations of ions are very
similar with Finnish lakes and several times lower than in the
Laurentian Great Lakes (Lahdes and Karjala, 2007), so the
composition and low concentrations of ions may be one of the
reasons for the absence of C. pengoi in upper part the Neva
Estuary – Neva Bay.

Earlier studies of seasonal changes in the abundance and
biomass of C. pengoi in the Neva Estuary showed that this
crustacean reached its maximum development in early August
and remained in plankton until October, when the water
temperature did not exceed 8◦C (Krylov et al., 1999). Studies of
the influence of environmental factors on the C. pengoi in the
Gulf of Bothnia showed that this species was more abundant
at higher temperatures (temperature range 12–16 ◦C) (Rowe
et al., 2016). Studies conducted in the Gulf of Gdańsk also
showed that the biomass of C. pengoi increased with increasing
temperature from 4 up to 24◦C (Bielecka et al., 2014). In
shallow Vistula Lagoon of the Baltic Sea, this species appeared
in plankton in May–June with warming water up to 15 ◦C.
However, when in August the water temperature increased
above 20◦C, it disappeared from plankton (Naumenko, 2018).
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We have a similar result in the Neva Estuary, where the
biomass of Cercopagis significant negatively correlated with
water temperature (Table 5). This is consistent with previous
investigations in the open part of the Gulf of Finland and
in the Gulf of Riga, where also the density of C. pengoi
negatively correlated with water temperature (Ojaveer et al.,
2004; Litvinchuk and Telesh, 2006). According to Sopanen (2008)
temperature influence on hatching of Cercopagis resting eggs. The
best hatching success was observed at bottom water temperatures
between 5 and 13◦C. The hatching success was the lowest
at 3◦C and no hatching was detected at 18◦C. This may be
another reason for the absence of this species in the shallow
parts of the Neva Estuary including Neva Bay, where the water
temperature near the bottom in summer is usually above 18◦C
(Golubkov and Golubkov, 2020).

In the Neva Estuary, negative correlation of C. pengoi biomass
with water temperature can also be caused by the indirect
influence of this factor. With an increase in water temperature,
the depth of the He decreased, but with a decrease in the water
temperature due to rainy and windy weather, the stratification
of waters also decreased, and He became deeper owing to active
mixing of the upper water layer. Under the conditions of a deeper
He the biomass of C. pengoi in the Neva Estuary was higher
(Tables 4, 5), but the mechanism of this relationship requires
additional investigation.

Another reason why the biomass of C. pengoi higher in
the deep seaward parts of the Neva Estuary is that the water
is more transparent there. We obtained a reliable positive
relationship between the biomass of this crustacean and the water
transparency and negative relationship with Chl concentration
(Table 4). This may be explained by the fact that this predator
sees worse in turbid eutrophic waters than, for example,
the other planktonic predators Bythotrephes spp., because its
compound eye is smaller (Armenio et al., 2017). This structure
of the eyes prevents him from hunting in turbid waters.
Experimental studies have shown that under all equal conditions,
the level of predation of C. pengoi was higher in light flasks
compared to dark ones (Pichlová-Ptáčniková and Vanderploeg,
2009). This explanation is also supported by the fact that its
biomass in the Neva Estuary is mainly concentrated in the
upper 10-m water layer (Krylov et al., 1999), where there
is enough light to see its preys. Perhaps, in the Baltic Sea,
C. pengoi requires higher water transparency and water column
depth (to avoid predators) that can only be found at higher
salinities (>0.5 PSU) compared to, for example, the Laurentian
Great Lakes.

The Biomass of Cercopagis pengoi and
Abundance of Its Preys
An important factor determining the density of a predator
is the biomass of its prey. There are some papers discussing
which species the C. pengoi feeds on (Benoît et al., 2002;
Telesh and Ojaveer, 2002; Laxson et al., 2003; Lehtiniemi and
Gorokhova, 2008; Pichlová-Ptáčniková and Vanderploeg, 2009).
For example, it was shown that the appearance of C. pengoi
in the zooplankton might be the cause of the reduction in

the population of E. affinis in the Gulf of Finland, because
laboratory studies have shown that C. pengoi actively consumes
E. affinis (Lehtiniemi and Gorokhova, 2008). But when the
biomass of C. pengoi increases significantly, it switches to other
zooplankton species. For example, it has been experimentally
shown that C. pengoi can feed on veligers of Dreissena,
unlike others zooplankton species (Pichlová-Ptáčniková and
Vanderploeg, 2009). However, although C. pengoi may consume
Dreissena veligers, it is unlikely that it can seriously affect
the biomass of Dreissena, since veligers are present in the
plankton from late June up to late October (Orlova et al.,
2006), while C. pengoi gives a fairly short development outbreak
(Pichlová-Ptáčniková and Vanderploeg, 2009).

It was shown that C. pengoi may feed nauplii and rotifers
(Laxson et al., 2003; Lehtiniemi and Lindén, 2006; Makarewicz
and Lewis, 2015). We found a positive relationship between
C. pengoi and brackish-water rotifers K. cochlearis baltica and
K. quadrata platei (Table 4). It is difficult to say whether
they are its food objects, because these rotifers are covered
with a lorica, or these species prefer brackish part the estuary
with similar environmental conditions (Table 4). Positive
relationship between C. pengoi and freshwater K. cochlearis
was found in Estonian part of the Gulf of Finland (Põllumäe
and Kotta, 2007). The authors noted that this could be the
result of feeding C. pengoi with a different species that eats
K. cochlearis. However, although in the Neva Estuary, C. pengoi
and freshwater K. cochlearis was found at the same stations,
but their biomasses were higher in different environmental
conditions. Hence, the reason was that these species prefer
different parts of the estuary with different environmental
conditions, rather than food interactions between them. In
the freshwater part of the estuary, K. cochlearis prevailed,
and as salinity increased, the proportion of brackish-water
subspecies K. cochlearis baltica increased together with the
growth of the Cercopagis biomass. In this case, apparently, the
main role played by environmental factors and competition
between two closely related species without the participation of
C. pengoi.

In the Neva Estuary, C. pengoi was also significantly
positively correlated with rotifers Synchaeta sp. We also found
significant positive correlation between biomasses of C. pengoi
and D. cucullata (Table 4). Different species of non-predatory
Cladocera are also among the common preys of C. pengoi (e.g.,
Benoît et al., 2002; Laxson et al., 2003; Põllumäe and Kotta, 2007;
Pichlová-Ptáčniková and Vanderploeg, 2009).

Many authors note that the predatory C. pengoi can
efficiently consume small and medium-sized zooplankton and
affect the abundance of its prey, Calanoida copepodites, small
and medium-sized cladocerans, and non-loricated rotifers (e.g.,
Benoît et al., 2002; Telesh and Ojaveer, 2002; Põllumäe and Kotta,
2007; Lehtiniemi and Gorokhova, 2008; Pichlová-Ptáčniková and
Vanderploeg, 2009; Makarewicz and Lewis, 2015). However, in
the Neva Estuary, we did not obtain significant correlations
between biomasses of these species and the biomass of Cercopagis.
The reason, apparently, was the high flow of water in the estuary.
As a result, the middle and lower parts of the estuary, where the
biomass of Cercopagis was high, receive additional numbers of its
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prey from the upper part of the estuary, where this species was
absent. Consequently, the peculiarities of the estuary ecosystem,
which consisted of a high level of immigration processes, may be
the reason for the absence of significant correlations between the
biomass of C. pengoi and the biomass of its prey.

We have obtained statistically significant positive relationship
between C. pengoi and predatory E. anonyx and E. nordmanni
(Table 4 and Figure 5); moreover, these species prefer similar
environmental conditions in the Neva Estuary (Table 4). While
E. nordmanni is a native species in the Baltic Sea, E. anonyx
is an invader from the Ponto-Caspian region, which was firstly
found in the Neva Estuary in the early 2000s (Litvinchuk, 2005).
Similar strong positive relationship was found between these
species in the western part of the Gulf of Finland (Põllumäe and
Kotta, 2007). Perhaps the same environmental conditions were
favorable for all these species.

Effects of Zooplankton Predators on the
Biomass of Cercopagis pengoi
It was noted that C. pengoi is antagonist with Bythotrephes spp.
in their native habitats and, depending on the environmental
conditions, either one or the other take advantage (Mordukhai-
Boltovskoi and Rivier, 1971). A statistical analysis of our data
showed that the biomass of Bythotrephes spp. in contrast to
C. pengoi was higher in those parts of the estuary, where the
waters were less saline (Table 5). Moreover, B. brevimanus
and B. cederstroemii, as well as their hybrids (Litvinchuk and
Litvinchuk, 2016), are common zooplankton predators in the
freshwater part of the Neva Estuary, Neva Bay, where Cercopagis
was never found. Similar antagonistic relationships of these
predators in the Neva Estuary were shown earlier, as in the
summer of 2004–2005, the biomass of C. pengoi was higher
at the stations, where B. brevimanus and B. cederstroemii
were few (Orlova et al., 2006). In addition, studies in Lake
Michigan have shown that similar in size B. longimanus can
feed on C. pengoi, the biomass of the latter species fell with
an increase in the biomass of the first one (Witt and Cáceres,
2004; Cavaletto et al., 2010). Moreover, laboratory feeding
experiments showed that larger B. longimanus consumed smaller
C. pengoi as good as Daphnia (Ptáčníková et al., 2015). Therefore,
B. brevimanus and B. cederstroemii may prey on C. pengoi,
and we can suggest that press of the predatory Bythotrephes
spp. may be an additional reason for the low abundance of
Cercopagis in the slightly salted parts of the estuary. However,
taking into account the insignificance of direct correlations
between the biomasses of these species we may supposed that
their antagonism is more due to the different environmental
conditions they prefer than to the direct interactions of
these species.

Krylov et al. (1999) indicated that the long-term presence
of C. pengoi in the zooplankton community in the Neva
Estuary could be caused by the disappearance of local predators
Bythotrephes spp. and L. kindtii in the fall, which can compete
with the Cercopagis for food. In our work, we did not get
a statistically significant relationship between the biomass of
L. kindtii and the biomass of C. pengoi.

CONCLUSION

This research generally supports the hypothesis that if
environmental variables are appropriate for an exotic species,
then that species is likely to successfully invade, regardless of the
native species already present. The analysis of our data showed
that in the Neva Estuary the biomass of Cercopagis pengoi was
higher in waters with higher salinity, deeper depth of upper
warm water layer, low temperature, high transparency, and
lower proportion of chlorophyll in suspended particulate organic
matter. There were also some positive correlations between the
biomass of C. pengoi and the biomass of its potential preys.
However, we did not obtain significant negative correlations
between the biomass of Cercopagis and the biomasses of its
preys that can be explained by the high level of zooplankton
immigration from the upper parts of the estuary, where the
biomass Cercopagis was low. We did not also find direct
significant negative correlation between C. pengoi and larger
zooplankton predators Leptodora kindtii and Bythotrephes
spp. The antagonism between Cercopagis and Bythotrephes is
probably related to the different environmental conditions these
species prefer than to the direct interactions of these species.
Nevertheless, to clarify this issue, further experimental studies on
the feeding of these species are needed.
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