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Dreissena polymorpha and D. rostriformis bugensis are freshwater Ponto-Caspian
bivalve species, at present widely distributed in Europe and North America. In the
Szczecin Lagoon (a southern Baltic coastal lagoon), the quagga was recorded for the
first time in 2014 and found to co-occur with the zebra mussel, a long-time resident
of the Lagoon. As the two species are suspected of being competitors where they
co-occur, their population dynamics was followed at a site the new immigrant was
discovered (station ZS6, northern part of the Lagoon) by collecting monthly samples
in 2015-2017. The abundance and biomass of the two congeners showed wide
fluctuations, significant differences being recorded between months within a year and
between years. The abundance and biomass proportions between the two congeners
changed from an initial domination of the newcomer quagga until mid-2015 to a
persistent domination of the zebra mussel throughout the remainder of the study period.
Both the abundance and biomass of the two dreissenids showed a number of significant
associations with environmental variables, notably with salinity, chlorophyll a content,
and temperature. The co-occurrence of the two dreissenids in the Lagoon is discussed
in the context of their invasion stage; it is concluded that while the quagga seems to
have achieved the “outbreak” stage, the zebra mussel, an “accommodated” invader
present prior to the quagga immigration, reverted to that stage.

Keywords: non-indigenous species, zebra mussel, quagga, lagoon, Baltic Sea

INTRODUCTION

Co-occurrence of congeneric species, observed in many ecosystems, is of interest for both
theoretical and practical reasons (Gotelli, 2000; Sfenthourakis et al., 2005; Veech, 2014). It is
generally assumed that co-occurrence may lead to co-existence (HilleRisLambers et al., 2012) as
a result of competitive interactions, whereby the sympatric occurrence of the two congeners is
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possible on account of their resource partitioning (Walter, 1991)
both in space (spatial separation, e.g., Pigot and Tobias, 2013; the
use of different food resources, e.g., Labropoulou and Eleftheriou,
1997) and in time (different timing of reproduction; e.g., Dettman
etal., 2003). Co-existence of congeners is of a special importance
when a non-indigenous species (a “newcomer”) appears in
an area already occupied by a congener with an established
population (the “resident”). The increasing rate of species
migrations and biological invasions worldwide (Lockwood et al,,
2007; Nentwig, 2008; Rilov and Crooks, 2009) present an
opportunity to follow the course of events associated with
immigration of one species to an area already colonized by a
congener. Such an opportunity presented itself in 2014 when the
quagga (Dreissena rostriformis bugensis Andrusov, 1897) was first
recorded in the Szczecin Lagoon, a coastal water body at the
southern Baltic Sea coast, which already supported a population
of a congener, the zebra mussel [D. polymorpha (Pallas, 1771)]
(Wozniczka et al., 2016).

The two dreissenids are freshwater Ponto-Caspian bivalves of
a considerable invasive potential (Nalepa and Schloesser, 1993;
Karatayev et al, 1997, 2014a; Nalepa and Schloesser, 2014),
which have colonized European and North American waters
(Zhulidov et al., 2004, 2010; Karatayev et al., 2014a, 2015). The
zebra mussel expansion in Europe began at the turn of the 18th
century (Thienemann, 1950), much earlier than the onset of the
D. rostriformis bugensis spread in the 1940s (e.g., Orlova et al.,
2004; Popa and Popa, 2006; Molloy et al., 2007; Bij de Vaate,
2010; Stanczykowska et al., 2010; Zhulidov et al., 2010; Heiler
et al., 2013; Matthews et al., 2014). In the Szczecin Lagoon,
D. polymorpha has been present since the time regular biological
observations in the area began in the 19th century. Despite its
non-indigenous species status (Olenin et al., 2017), the zebra
mussel has become a permanent and abundant component of
the Lagoon’s biota (Wolnomiejski and Witek, 2013). When the
quagga was first recorded in the Lagoon, it was already abundant
and co-occurring with D. polymorpha (Wozniczka et al., 2016).

Numerous literature data from Europe and North America
demonstrate that the sudden appearance of D. rostriformis
bugensis, like previously that of D. polymorpha, can lead to
ecosystem alteration and changes in indigenous communities
(Karatayev et al.,, 1997; Ricciardi and Maclsaac, 2000; Nalepa
et al., 2010). Both in North America and in its native area,
it took D. rostriformis bugensis a relatively short time (5-
10 years) to displace D. polymorpha (e.g., Mills et al., 1996;
Orlova et al., 2004; Ricciardi and Whoriskey, 2004; Karatayev
et al., 2015). The zebra mussel’s replacement by D. rostriformis
bugensis in the Great Lakes was explained by invoking a number
of possible mechanisms. One involves genetic adaptations of
D. rostriformis bugensis to colonize new areas, which makes it
possible for the species to migrate from deeper cooler waters
to shallow areas (Mills et al., 1996; Karatayev et al.,, 2015). It
has also been suggested that reproduction of D. rostriformis
bugensis begins at temperatures lower than those needed by
D. polymorpha, that is earlier in the season, which facilitates
the former species’ success in the “race” to colonize suitable
areas (Roe and Maclsaac, 1997; Claxton and Mackie, 1998). Still
other hypotheses refer to differences between the two species

in their filtration rates, feeding and energy efficiency. According
to Diggins (2001), the filtration rate of D. rostriformis bugensis
is higher than that of D. polymorpha, which is advantageous
for the former, particularly under limited food resources. In
addition, the energy efficiency of D. rostriformis bugensis is higher
than that of D. polymorpha, resulting in a higher growth rate
at a high food supply (Baldwin et al., 2002; Stoeckmann, 2003).
Is it then likely that the zebra mussel, an “old” immigrant
and the resident in the Szczecin Lagoon, might be replaced by
D. rostriformis bugensis?

To assess (and possibly predict) effects of species, particularly
immigrants, upon communities and ecosystems, the functional
approach is regarded as especially valuable at present (Flynn
et al, 2011; Karatayev et al, 2015). Functionally, the two
congeners are considered interchangeable in terms of their
community or ecosystem effects (Keller et al, 2007; Ward
and Ricciardi, 2007; Higgins and Vander Zanden, 2010; Kelley
et al., 2010; Karatayev et al, 2015). They are fairly similar
in their life traits (e.g., a high reproductive potential, free-
swimming planktonic larvae, sessile mode of life effected by
byssus attachment to the substrate, efficient filtration) (Karatayev
et al., 2015). Consequently, they are successful colonizers and
invaders, and may reach a dominant status in a newly settled
area. On the one hand, they are perceived as representing the
most invasive freshwater species in the northern hemisphere
(Nalepa and Schloesser, 1993, 2014; Karatayev et al., 2014a,
2015). On the other, the dreissenid presence in water bodies
is ecologically important as the bivalves, on account of their
mode of life and suspension feeding, contribute significantly
to the functioning of aquatic ecosystems (e.g., Fréchette and
Bourget, 1985; Stanczykowska and Planter, 1985; Smit et al,
1993; Stewart et al., 1998; Daunys et al., 2006; Radziejewska
et al, 2009; Nalepa and Schloesser, 2014; Karatayev et al.,
2015). Both dreissenids are the so-called ecosystem engineers
as, at a mass occurrence, their aggregations form complex
three-dimensional structures consisting of both live individuals
and empty shells, generating microhabitats and enhancing
biodiversity of the associated sessile and motile benthos
(Karatayev et al., 2002; Vanderploeg et al., 2002; Gutierrez et al.,
2003; Hecky et al., 2004; Zaiko et al., 2009). The bivalves’ filter-
feeding reduces the eutrophication symptoms by eliminating
suspended particulates from the water column, whereas their
feces and pseudofaeces deposited on the bottom supply organic
matter to the sediment and boost microbial processes in it
(Izvekova and Lvova-Katchanova, 1972; Stewart et al., 1998,
1999; Bially and MaclIsaac, 2000; Ward and Ricciardi, 2007;
Stanczykowska et al., 2010).

Although the two species are similar, they are by no means
identical. To understand their ecology and effects on ecosystems
they live or have appeared in, it is necessary to obtain insights
into their distribution and population dynamics (Karatayev et al.,
2015). Therefore, as an initial step toward exploring effects
of the new immigrant on its resident congener and on the
recipient ecosystem in general, this study focused on following
the dynamics of the two dreissenid populations in the Lagoon in
terms of their abundance and biomass from the time point when
the new immigrant was first recorded in the Lagoon.
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MATERIALS AND METHODS
Area of Study

The Szczecin Lagoon (Figure 1), one of the three southern
Baltic Sea lagoons, is a major part of the Odra River estuarine
system (Wolnomiejski and Witek, 2013). It is divided into two
sub-basins, the Kleines Haff in the west (in Germany) and the
Wielki Zalew (“Great Lagoon”) in the east (in Poland). From the
south, the Lagoon is fed by the Odra River; in the north, it is
connected — via three straits (the Peene, Swina and Dziwna) —
with the Pomeranian Bay in the Baltic Sea. The Lagoon is a
brackish transitional water body the hydrography of which is
shaped by the interplay of riverine runoft from the Odra and
periodic intrusions of the seawater from the Pomeranian Bay. As
a result, the Lagoon’s salinity changes in time and space (in the
south-north direction) from PSU 0.3 to 4.5 (Radziejewska and
Schernewski, 2008). With its mean depth of 3.8 m, the Lagoon
is a shallow water body; the maximum natural depth is 8.5 m,
whereas the artificially dredged navigation channel leading to the
port of Szczecin is 10.5 m deep (Radziejewska and Schernewski,
2008). The central part of the Wielki Zalew is surrounded by a
belt of sandy shallows (1-1.5 m depth) which extend from the
shores into the Lagoon; steep slopes of the shallows descend to
the muddy areas of the central basin (Wolnomiejski and Witek,
2013). Both the shallows and their slopes have been known to
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FIGURE 1 | Area of study and location of sampling station in the Szczecin
Lagoon.

support dense aggregations of D. polymorpha (Wiktor, 1969;
Wolnomiejski and Witek, 2013) and - as it turned out in 2014 -
also mixed aggregations of D. polymorpha and D. rostriformis
bugensis (Wozniczka et al., 2016).

The Szczecin Lagoon has been for years subjected to a heavy
anthropogenic pressure, with all the consequences, including
pronounced eutrophication (Radziejewska and Schernewski,
2008). It is also used as a busy shipping area, with navigation lanes
leading to the large Baltic Sea ports of Swinoujécie and Szczecin.
The estuarine system of the Lagoon is also connected - via the
Odra and a network of canals — with the European waterways,
including the catchments of the Vistula and Elbe, and indirectly
with those of the Rhein and Danube. The location of the Lagoon
and the busy ship’s traffic has resulted in a fairly high contribution
of non-indigenous species to the Lagoon’s biota (Gruszka, 1999;
Wawrzyniak-Wydrowska and Gruszka, 2005; Radziejewska and
Schernewski, 2008; Wolnomiejski and Witek, 2013), the estuary
itself constituting potentially a source area for further spread of
those species in the Baltic Sea catchment (Gruszka, 1999).

Following the first record of D. rostriformis bugensis in
November 2014, the two dreissenids were sampled monthly
(March to November or December) in 2015, 2016, and 2017 at
station ZS6 in the northern part of the Lagoon (Figure 1). Due
to water level changes in the Lagoon, the station depth varied
between 3 and 4.5 m.

Sampling

The bivalves were sampled with a 625 cm? Van Veen grab, three
samples being collected at each site on each sampling occasion.
The three samples were sieved individually on an 0.5 mm
mesh size sieve and the sieving residue was fixed with buffered
10% formalin. The samples were then sorted, the bivalves were
identified and counted, and subsequently dried for 12 h at 105°C
and weighed to determine the dry-weight based biomass.

Synoptically with dreissenid sampling, environmental
variables of the water column (temperature, salinity, pH,
dissolved oxygen content, chlorophyll a content) and the
sediment (silt/clay and organic matter content) were determined;
these measurements are summarized in Table 1.

The near-bottom (0.5 m above the bottom) water temperature,
salinity, pH, dissolved oxygen content, and chlorophyll a content
(a measure of the quantity of biogenic suspended particulates
and a proxy of phytoplankton biomass) were measured with an
ENDECO YSI 6600 device equipped with appropriate sensors.
To characterize the sediment, the silt/clay fraction (a MALVERN
300 laser grain size analyser, 0.3-200 pum) and the organic matter
content (loss on ignition at 550°C; Bale and Kenny, 2005) in
a sediment sample collected separately with the Van Veen grab
were determined.

Statistical Treatment

The near-bottom water characteristics (temperature, salinity, pH,
chlorophyll a content, dissolved oxygen content) were processed
with the Principal Components Analysis (PCA) to identify those
variables which accounted for most of the variation in the data
set. The PCA was run, on log-transformed and normalized values,
using the Statistica v. 12 software (Statistica, Poland).
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TABLE 1 | Sampling dates and characteristics of the near-bottom water layer (temperature, salinity, pH, chlorophyll a content, dissolved oxygen content) and sediment
(organic matter and silt/clay contents) at the Szczecin Lagoon station ZS6 sampled in 2014-2017.

Near-bottom water

Sediment

Date Temp. Salinity pH Chlorophyll a 0, Organic matter Silt/clay (% sediment
(°C) (PSU) (ng dm~3) (mg (% sediment dry dry weight)
dm~3) weight)
November 20, 2014 8.1 2.1 8.1 5.0 9.9 13.7 49.5
July 07, 20156 22.5 1.8 8.8 7.9 111 18.8 48.1
August 11, 2015 20.6 2.2 8.7 5.6 8.9 15.4 51.3
September 14, 2015 16.2 2.9 7.7 74 10.5 4.0 44.7
October 20, 2015 9.2 3.2 8.2 7.3 10.8 0.5 42.4
November 26, 2015 5.3 3.2 8.7 4.9 1.8 12.6 39.3
March 05, 2016 3.1 2.3 7.7 6.2 14.0 5.0 43.6
April 12, 2016 9.2 1.5 7.6 54.4 14.4 17.5 48.6
May 19, 2016 13.8 1.1 8.3 19.9 1.3 10.6 46.3
June 15, 2016 18.2 1.7 8.0 4.4 9.2 23.2 60.5
July 16, 2016 18.3 2.8 7.7 5.7 9.0 17.5 48.4
August 23, 2016 18.5 2.0 8.0 6.1 7.9 15.7 53.2
September 30, 2016 15.2 2.1 7.8 2.5 8.7 4.4 431
October 24, 2016 7.8 2.2 7.7 2.8 10.7 10.5 43.7
November 21, 2016 3.8 2.5 8.0 3.3 12.2 14.8 59.8
December 18, 2016 1.6 2.8 7.5 3.5 13.1 19.2 49.7
March 09, 2017 2.7 15 8.1 13.6 13.7 21.0 50.4
April 04, 2017 8.4 1.0 9.0 28.3 16.2 22.7 51.0
May 03, 2017 8.2 1.3 8.3 17.4 12.6 20.9 48.5
June 19, 2017 16.7 1.4 8.5 12.4 10.5 21.0 443
July 27, 2017 171 2.0 8.4 4.8 9.2 20.1 47.8
August 28, 2017 16.9 1.4 8.3 4.5 9.8 15.0 49.4
September 26, 2017 12.7 1.3 8.1 4.6 11.1 20.0 62.3
October 24, 2017 10.0 1.3 9.0 3.7 10.2 22.3 59.1
November 29, 2017 2.4 1.4 8.3 3.7 13.5 6.2 45.5
December 28, 2017 15 1.0 8.2 3.0 13.6 19.3 56.9

Differences in the two dreissenids’ population metrics of
interest for this study (abundance and biomass) were assessed
using the three-level nested ANOVA for uneven groups. The
first level (group effect) involved the abundance or biomass of
a species, and the null hypothesis tested was that the mean
abundances or biomasses did not differ significantly between
the species. The second level (sub-group effects) tested the null
hypothesis of there being no significant differences in mean
abundance or biomass between the years within species. The
third level (sub-sub-group effects) tested the null hypothesis of
no significant differences in mean abundance or biomass between
months within a year. The analyses were run, using the algorithm
available at http://www.biostathandbook.com/nestedanova.html
(McDonald, 2014) on log(x+1)-transformed abundance and
biomass data.

Relationships between the bivalve abundance or biomass,
as the dependent variables, and the near-bottom water
characteristics mentioned before, as the independent or
explaining variables, were explored using the multiple regression
analysis (Stanisz, 2007). When some of the variables were
co-linear or non-significant, step-wise regression (forward
or backward) was applied. The forward step-wise regression

involves gradual adding, to the list of the explaining variables,
of those variables which affect the dependent variable the
most. The procedure was repeated until the best model
was obtained. The backward step-wise regression involves
gradual removal from the model, consisting of all the potential
variables, of those variables which, at a given step, were the
least important for the dependent variable, until the best
model is obtained (Stanisz, 2007). The regression was run
for t0 (environmental data collected synoptically to bivalve
sampling) and for t—1 (environmental data preceding the
actual abundance or biomass value by a time lag of 1 month).
The analyses were conducted with the Statistica v. 12 software
(Statistica, Poland).

RESULTS

Environment

The near-bottom water temperature (Table 1) in each year varied
seasonally, from 1.5°C in December 2017 to 22.5°C in July 2015.
A between-year comparison showed each season of 2015 to be
warmer than the respective seasons of 2016 and 2017.
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The near-bottom water salinity (Table 1) ranged from PSU
1.0 in April and December 2017 to PSU 3.2 in October and
November 2015. In 2015, salinities were somewhat higher than
in other years. Noteworthy were markedly reduced salinities at
756 in 2016, even in the autumn (PSU 1-1.4) when northerly and
north-westerly winds, usually prevalent at that time, are known to
enhance seawater intrusions into the Lagoon (Meyer and Lampe,
1999; Bangel et al., 2004).

The near-bottom water pH (Table 1) ranged from 7.5 in
December 2016 to a maximum of 9.0 recorded in October 2017.

The near-bottom chlorophyll a content was found to range
from about 2.5 (September 2016) to 54.4 pg dm™3 (April
2016) and varied markedly in time (between months and years)
(Table 1). Regarding the temporal variability (between-months
differences), a similar general pattern was observed in 2016
and 2017 (the measurements in both years were taken from
March until December), with a pronounced peak in spring (April
and May). The chlorophyll a content in April 2016, however,
was almost twice that in April 2017. In addition, much higher
chlorophyll a contents were recorded in individual months of
2015, compared to the respective records in other years.

The near-bottom mean dissolved oxygen contents (Table 1)
varied from 7.9 (August 2016) to 14.4 mg dm™3 (April 2016).
No instances of oxygen deficiency were recorded, although the
contents observed in August 2016 were fairly low, compared to
the oxygen situation at other times.

The sediment showed a very high silt/clay content, from 39.3%
in November 2015 to 62.3% in September 2017 (Table 1), and
contained some admixture of fine sand. The sediment was usually
strongly enriched in organic matter (from 0.5% in October

dependent on sedimentation of organic material from the water
column (Radziejewska et al, in prep.) and hence a distinct
between-month variation. The enrichment was noticeably higher
in 2017 than in the two previous years.

The PCA of the environmental variables (Figure 2) showed
the characteristics of the water column in its near-bottom part
to change primarily in time. The sampling events were grouped
mainly along the principal component 1 (PC1), and a separation
between “warm” (June, July, and September, on the right-hand
side of PC1) and “cold” (April, March, October, and November
on the left) months is fairly distinct in the plot. PC1, which
accounted for 50.4% of the total variation in the data, combined
the near-bottom water temperature and the dissolved oxygen
content. The second principal component (PC2), accounting
for 22.7% of variation in the data, combined salinity, pH and
the chlorophyll a content, and separated the sampling events
temporally as well, with the “warm” months being grouped above
the main axis and the “cold” ones below it.

Dreissenid Abundance
The mean abundance of D. polymorpha at ZS6 was found to range
from 1573.3 &+ 351.39 (September 2015) to 101642.7 £ 9192.73
ind. m~2 (October 2016) (Supplementary Table S1). After a
period of rather low abundances lasting until July 2016, a
boom was observed in August-September, followed by a decline
resulting in abundances being fairly leveled-out, albeit at a
level much higher than that observed prior to August 2016,
throughout 2017.

The mean abundance of D. rostriformis bugensis was
found to range from 31413 + 1719.71 ind. m~2 (July

2015 to 23.2% in June 2016) (Table 1), the enrichment being 2017) to 26869.3 =+ 264491 ind. m~2 (August 2015)
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FIGURE 2 | Environmental variables-based PCA plot for sampling events (months of 2014, 2015, 2016, and 2017) at station ZS6. Letters next to symbols denote
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FIGURE 3 | Changes in mean abundances of D. polymorpha and D. r. bugensis in 2014-2017 at station ZS6; error bars denote standard deviations.

(Supplementary Table S1). Like those of the zebra mussel,
the quagga abundance fluctuated considerably over time
(Figure 3), the fluctuations being particularly dynamic in
2015-2016. The quagga population peaked in August 2015 and
again in May 2016, to decline thereafter down to fairly low levels
maintained throughout 2017.

When analyzed together, the abundances of the two
dreissenids at ZS6 were observed to change out of synchrony
(correlation coefficient r —0.15) (Figure 3), with peak
abundances coinciding (albeit at very different levels) only in
October 2016. Initially (from August 2015 until July 2016), the
quagga was a dominant congener (the abundance ratio of ca. 6:4
in favor of D. rostriformis bugensis), but as of August 2016 the
zebra mussel took over, its abundances being several times higher
than those of the quagga.

Differences in abundance between the two species proved
non-significant (group effect, p > 0.05) (Table 2). On the other
hand, differences in abundance between years in each species
(sub-group effect) proved highly significant (p < 0.01), very
highly significant differences (p < 0.001) being observed between
months in each year (Table 2).

Dreissenid Abundance Versus
Environmental Variables

The regression analysis for dreissenid abundance at t0 and
t—1 (abundance time-lagged by 1 month relative to records
of environmental characteristics) (Table 3) showed significant
associations (p < 0.05; p < 0.001) for D. polymorpha. In
2015, the significant variable was the chlorophyll a content
at t0 (a very high coeflicient of determination, 0.92; model
p < 0.05), no significant associations being found for ¢—1. In

2016, the zebra mussel abundance showed to be significantly
related to temperature; however, the model with one variable
explained as little as 45% of the variation in the abundance.
No significant association was found for t—1. In 2017, the
significant variables explaining 89% (p < 0.001) of the variability
in abundance were the temperature and salinity. The 2017 time-
lagged model included salinity and chlorophyll a which explained
68% (p < 0.05) of the variability in abundance.

The D. rostriformis bugensis abundance at ZS6 showed
significant associations with environmental variables in 2016
only, the significant variables including the near-bottom water
temperature, chlorophyll a and dissolved oxygen contents which,
taken together, explained 72% (p < 0.01) of the variability in
abundance at t0.

Dreissenid Biomass

The mean dry weight biomass of D. polymorpha at ZS6 was found
to range from 123.4 £ 55.30 (April 2016) to 2603.3 4= 504.91 g
m~2 (July 2017) (Figure 4). Like the abundances, the biomass
fluctuated extensively throughout the period of study (Figure 4):
after a biomass peak in October 2015, a steep decline was
observed and a low biomass prevailed until September 2016 when

TABLE 2 | Three-level nested ANOVA (among-species difference as the group
effect) for abundances of D. polymorpha and D. rostriformis bugensis.

Groups and sub-groups F P

Group effect (species) F(1,100) = 3.57 p > 0.05
Subgroup effect (years within species) F(4,100) =5.12 p < 0.01
Sub-subgroup effect (months within year) F(44,100) = 8.28 p < 0.001
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TABLE 3 | Multiple regression analysis for relationships between dreissenid abundances (D.p., D. polymorpha; D.r.b., D. rostriformis bugensis) and environmental
variables (at t0 and t—1) in the near-bottom water layer; significant regression coefficients shown only.

Species/year Temperature Salinity pH

Chlorophyll a 0, R? Model p
D.p.

20150 ns ns ns 0.92* ns 0.84 p < 0.05
2016 t0 0.67* ns ns ns ns 0.45 p < 0.05
2017 t0 1.02* 0.49%** ns ns ns 0.89 p < 0.001
2017 t—1 ns 0.59* ns 0.79* ns 0.68 p <0.05
D.r.b.

2016 t0 1.10* ns ns 0.63* 1.39 0.72 p < 0.01

ns, regression coefficient non-significant; * regression coefficient significant (p < 0.05); *** regression coefficient very highly significant (o < 0.007).
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FIGURE 4 | Changes in mean biomasses of D. polymorpha and D. r. bugensis in 2014—2017 at station ZS6; error bars denote standard deviations.

the biomass started to increase steadily until the summer of 2017
(July-August).

The mean dry weight biomass of D. rostriformis bugensis
was found to range from 345.6 £ 7240 (November 2014) to
4297.8 +1202.20 g m~2 (May 2016) (Figure 4). Like those of the
zebra mussel, the quagga biomass fluctuated during the period of
study (Figure 4), with pronounced peaks in May 2016, October
2016, and June 2017.

The biomasses of the two congeners at ZS6 were observed
to follow different paths of variation, without any synchrony
(correlation coefficient r = —0.09) (Figure 4). The quagga
biomasses were higher (initially very much so) than the biomass
of the zebra mussel until May 2017, when the two congeners -
notwithstanding some differences, particularly in July - showed
fairly similar biomasses.

Like in the case of abundance, between-species changes
in biomass proved non-significant (group effect, p > 0.05)
(Table 4). On the other hand, each species showed very highly
significant biomass differences between years (sub-group effect;

p < 0.001) and between months within a year (sub-subgroup
effect; p < 0.001) (Table 4).

Dreissenid Biomass Versus
Environmental Variables
The regression analysis for dreissenid biomass at t0 and
t—1 (biomass time-lagged by 1 month relative to records
of environmental characteristics) (Table 3) showed no
significant associations between the D. polymorpha biomass
and environmental variables in 2015. In 2016 and 2017, the near-
bottom water temperature, chlorophyll a and dissolved oxygen
contents at t0 were found to account jointly for 70 (p < 0.05) and
89% (p < 0.001) of the biomass variation, respectively.

The D. rostriformis bugensis biomass, like that of
D. polymorpha, showed significant associations with
environmental variables in 2016 and 2017 only. The time-
lagged biomass in 2016 was found to be significantly related to
the dissolved oxygen content (47% of the variability explained),
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TABLE 4 | Three-level nested ANOVA (among-species difference as the group
effect) for biomasses of D. polymorpha and D. rostriformis bugensis.

Groups and sub-groups F P

Group effect (species) F(1,100) = 4.45 p > 0.05
Subgroup effect (years within species) F(4,100) =9.75 p < 0.001
Sub-subgroup effect (months within year) F(44,100) = 6.29 p < 0.001

the near-bottom temperature being a significant variable at t0 in
2017 (57%, p < 0.05).

DISCUSSION

Dreissenid Abundance and Biomass

The abundances and biomasses of both dreissenids were found
to fluctuate extensively. Such wide fluctuations seem to be well
known from dreissenid populations worldwide (Strayer and
Malcom, 2006; Staniczykowska et al., 2010) and are typical of
sessile bivalve populations in general (e.g., Ardisson and Bourget,
1991). In the Szczecin Lagoon, the zebra mussel population
abundances and biomass have been observed to fluctuate since
the time when observations of the population in the Lagoon
began (the early 1950s) (Wiktor, 1962, 1969). In the 1950s—
1960s, the zebra mussel was a very abundant component of the
Szczecin Lagoon biota, the abundances being estimated at more
than 110 thou. ind. m~2% (Wiktor, 1962, 1969). In the 1980s,
the D. polymorpha abundance in the Lagoon was reported to
decline, and the population was even thought to have disappeared
from the area (Piesik, 1992; Mastowski, 1993). The population
decline at that time was associated with increased anthropogenic
pressure, primarily the progressing eutrophication (Piesik, 1992).
However, surveys conducted in 2000-2004 (Wozniczka and
Wolnomiejski, 2005) showed D. polymorpha to be still an
abundant component of the Lagoon’s biota and to occur
primarily on the slopes of shallows (depth range of 2.5-4.5 m)
with average abundances of several thousand ind. m~2. And yet,
the 2005 survey (Wolnomiejski and Wozniczka, 2008) revealed
a distinct (even fourfold) decline in the Lagoon’s zebra mussel
population. The authors quoted ascribed the decline to the
habitat’s trophic capacity being exceeded due to excessive growth
of the population in the preceding years, which resulted in
the food resources being depleted by intensive filtration of the
large population. This “population boom and bust” is fairly
common in various sessile populations (Strayer and Malcom,
2006). Considerable fluctuations in the D. polymorpha abundance
were reported from the Kleines Haff (the eastern part of the
Szczecin Lagoon), too: Fenske et al. (2010) found that, between
1993 and 2007, the zebra mussel abundance and biomass
declined and the area occupied by the bivalves shrank. And
yet, Stanczykowska et al. (2010) regarded the D. polymorpha
population in the Lagoon as “stable,” ie., persistent, the
fluctuations of abundance notwithstanding. Even with large
differences from 1 year to the next, the fluctuations are, in the
opinion of Stanczykowska et al. (2010), typical of eutrophic areas.
The short-term instability, such as observed in the abundances

of D. polymorpha in this study (3 years of observations) could
then be a part of the normal longer-term pattern of variability
in the area.

Changes in abundance and biomass of D. rostriformis bugensis
have been studied much less extensively than those of the zebra
mussel. Nevertheless, a large variability has been reported as
well, ascribed (particularly with regard to the abundance) to an
invasion stage and the depth of the bivalve’s occurrence in a
reservoir (Mills et al., 1996; Zhulidov et al., 2004; Jones and
Ricciardi, 2005; Nalepa et al., 2009, 2010; Wong et al., 2012).

Fluctuations in the abundance of sessile bivalve populations,
including those of dreissenids, have been explained by invoking
effects of internal and/or external drivers. The former involve
primarily recruitment and mortality (e.g., Cockrell et al., 2015;
Polsenaere et al., 2017) and intra-specific competition (e.g.,
Naddafi et al,, 2010; D’Hont et al., 2018) as mechanisms of
population regulation (Krebs, 1995). In the D. polymorpha
population studied here, recruitment might have played a role,
as the abundance peaks coincided with the appearance of
new cohorts, visible as increased numbers of small (<8 mm)
individuals in the population (Wawrzyniak-Wydrowska et al., in
prep.). However, the timing of the new individuals’ appearance
differed between years, as the peaks occurred in different months
(cf. Figure 3).

External drivers include abiotic environmental factors and
biotic pressures. The former, at least the suite of environmental
factors analyzed in this study, did not produce a uniform pattern
of responses: abundance correlated with different parameters
each year, and the biomass was significantly related to the near-
bottom water temperature, chlorophyll a content, and dissolved
oxygen content (cf. Tables 3, 5).

Certain associations inferred from results of the multiple
regression analysis (cf. Tables 3, 5) are amenable to a more
in-depth exploration. For example, in 2015 and 2017, the
zebra mussel abundance produced significant relationships with
chlorophyll a4, a proxy of phytoplankton biomass and the
trophic status of a water body. As shown in a number of
studies (Dorgelo, 1993; Sprung, 1995a,b; Schneider et al., 1998),
the trophic status as well as the quality and density of the
bioseston (which includes the phytoplankton) strongly affects
the growth rate of D. polymorpha, the bivalves growing better
under eutrophic than meso-oligotrophic conditions, and Jantz
and Neumann (1992) reported a highly significant correlation
between the zebra mussel growth rate and the chlorophyll a
content. As suspension feeders, the two dreissenids rely on
ambient phytoplankton for food. In a eutrophic water body
such as the Szczecin Lagoon, the phytoplankton densities are
usually high (Wolnomiejski and Witek, 2013), so the filter
feeders should not experience food limitation. However, the
phytoplankton in the Lagoon frequently features the presence of
cyanobacteria, and cyanobacteria blooms of different intensity
are a regularly observed effect. It may be conceivable that the
presence of cyanobacteria limits the availability of phytoplankton
as food for both dreissenids. Bierman et al. (2005) demonstrated
selective rejection of cyanobacteria from the phytoplankton
food ingested by the zebra mussel, while Fernald et al. (2007)
found high cyanobacterial biomasses to be associated with low
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TABLE 5 | Multiple regression analysis for relationships between dreissenid biomasses (D.p., D. polymorpha; D.r.b., D. rostriformis bugensis) and environmental variables
(at t0 and t—1) in the near-bottom water layer; significant regression coefficients shown only.

Species/year Temperature Salinity pH Chlorophyll a 0, R? Model p
D.p.

2016 t0 1.29* ns ns 0.78* 1.21* 0.70 p <0.05
2017 10 0.52* ns ns 0.79** 0.55* 0.89 p < 0.001
D.r.b.

2016 t—1 ns ns ns ns 1.06* 0.47 p < 0.05
2017 t0 0.77* ns ns ns ns 0.57 p < 0.05

ns, regression coefficient non-significant; * regression coefficient significant (p < 0.05); ** regression coefficient highly significant (p < 0.017).

zebra mussel filtration rate (and hence a weakened feeding
ability). Paradoxically, the presence of the zebra mussel may even
promote cyanobacteria (Nogaro and Steinman, 2013; Gaskill
and Woller-Skar, 2018). As demonstrated by Boegehold et al.
(2018) in a laboratory study, reproduction potential, spawning
and fertilization success of the quagga was greatly reduced in the
presence of cyanobacteria. Although no effects of cyanobacteria
on in situ reproduction of invasive dreissenids have been
identified yet, there is a possibility of reproductive consequences
for wild populations.

Salinity emerged as another environmental factor producing
significant associations with the abundance of D. polymorpha (cf.
Table 3). Although the two species show a low salinity tolerance,
D. polymorpha is somewhat more tolerant (up to above PSU 6)
than D. rostriformis bugensis (<PSU 5) (Karatayev et al., 1998,
2014a; Garton et al., 2014), hence a significant association of the
factor with the zebra mussel abundance.

The near-bottom water temperature was still another
environmental variable that could be associated with
fluctuations in the two species abundances and biomass.
Generally, D. polymorpha has a wider temperature tolerance
than D. rostriformis bugensis, with the upper limit being
reported as 33 and 31°C, respectively, the lower limit being
set at 0°C for both species (McMahon, 1996; Karatayev
et al, 1998, 2014a). The temperature range recorded in
the Lagoon during the period of study (1.5-22.5°C) would
hardly be limiting for either species. The temperature could,
however, affect the timing of the onset of reproduction and
larval settlement (Karatayev et al., 1998, 2014a; Garton et al.,
2014). The associations between the dreissenids abundances
and biomass, produced by the multiple regression, were,
however, weaker than those involving the salinity and
chlorophyll a content.

The dissolved oxygen content in the Szczecin Lagoon does
not seem to be a factor limiting the dreissenid occurrence
in the area, as the near-bottom water was generally well-
oxygenated throughout the period of study (cf. Table 1). The
water column in the Lagoon, a shallow reservoir, is usually well-
mixed, and hypoxia has been occasional only (Wolnomiejski
and Witek, 2013). As the multiple regression analysis identified
dissolved oxygen content to form significant associations with
the dreissenid abundance/biomass in 2016 and 2017, it is possible
that the association was a result of the lower-than-usual oxygen
contents recorded in August 2016 at ZS6 (cf. Table 1).

Among the external biotic pressures affecting the dreissenid
populations, predation by waterfowl and fish (Mortl et al., 2010;
Wong et al., 2013) and parasitic infestations (Molloy et al., 1997;
Karatayev et al., 2000; Mastitsky and Gagarin, 2004; Tyutin, 2005)
have been most frequently referred to. The zebra mussel and
quagga individuals sampled in the Lagoon were found to be
parasite-free (Zbikowska, pers. comm.). On the other hand, the
waterfowl predation could be an important factor affecting the
population size and inducing its fluctuations. The zebra mussel
in the Lagoon is known to be a food resource, particularly in
winter, for the tufted duck (Aythya fuligula), the coot (Fulica
atra) and the greater scaup (Aythya marila) (Piesik, 1974, 1983;
Fenske et al., 2013; Marchowski et al., 2015), all abundant in the
area. The fish predators include the roach (Rutilus rutilus), white
bream (Blicca bjoerkna), vimba (Vimba vimba). and the invasive
round goby (Neogobius melanostomus) (Kublickas, 1959; Fenske
etal., 2013), a species that has already formed a local reproducing
population in the River Odra estuary (Czugata and Wozniczka,
2010). The evidence from other areas (Naddafi and Rudstam,
2014; Foley et al., 2017) indicates, however, that the round goby
predation, preferential with respect to the quagga where the
bivalve’s abundance has exceeded that of the zebra mussel, seems
to affect the population demography (size structure) rather than
the abundance. Other zebra mussel predators in the Lagoon
include the crayfish Orconectes limosus and the Chinese mitten
crab (Eriocheir sinensis) (Fenske et al., 2013). On the other hand,
as reported from the Dutch lakes IJsselmeer and Markermeer,
even where the two congeners co-occur, the quagga is selectively
preyed upon by the wintering tufted duck, scaup, pochard and
goldeneye, and is their main food item in the area (Noordhuis
et al, 2010; Van Eerden and De Leeuw, 2010). However, no
estimates of predation impact on either dreissenid in the Lagoon
are available as yet.

Predation on dreissenid larvae may be another external biotic
driver affecting the population size and inducing fluctuations
in both abundance and biomass. Dreissenid larvae are known
to be ingested by large planktonic copepods (e.g., Liebig and
Vanderploeg, 1995) as well as by the conspecific adult bivalves
(e.g., MacIsaac et al., 1991). The lack of data on this mechanism of
population regulation underscores the importance of long-term
observations on invasive species (Lucy, 2006).

Another line of reasoning with which to seek the
underpinnings of wide fluctuations in the population size
of new immigrants/invaders invokes generalizations concerning
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stages of invasion. Based on 12 years of observations of the zebra
mussel in Ireland, Zaiko et al. (2014) developed a generalized
scheme of invasion progression, whereby the arrival of an invader
is followed by its establishment, expansion, outbreak (with sub-
stages of late expansion, peak abundance, and early decline),
and eventually accommodation; they provided also direct (semi-
quantitative) and indirect (qualitative) characteristics of each
stage. Zaiko et al. (2014), like Strayer and Malcom (2006), stressed
the importance of long-term observations for an appropriate
assessment of invader population fluctuations. Following this
line of reasoning and referring to older data (Wiktor, 1962, 1969;
Piesik, 1992; Mastowski, 1993; Wozniczka and Wolnomiejski,
2005; Wolnomiejski and Wozniczka, 2008), it may be assumed
that D. polymorpha had reached the accommodation phase in
the Lagoon prior to the appearance of D. rostriformis bugensis.
It is likely that immigration of the quagga has perturbed the
zebra mussel accommodation, as abundance fluctuations as well
as certain demographic traits (Wawrzyniak-Wydrowska et al.,
in prep.) and asynchrony between changes in abundance and
biomass point to the population reverting periodically to various
sub-stages of the outbreak. According to the classification of
Zaiko et al. (2014), the stage of the D. rostriformis bugensis
invasion in the Lagoon can be regarded as the outbreak, with
its sub-stages (late expansion, peak abundance, and decline)
detectable throughout the study. It will be interesting to follow
further developments in the status of the two populations in
the lagoon, to find out, inter alia, whether the pattern known
from other areas where longer-term observations have been
made (Zaiko et al., 2014; D’Hont et al., 2018) would be repeated
in the Lagoon.

“New” Versus “Old” Immigrant
For an immigration of a non-indigenous species to be successful
in a new area, that species has to survive there, establish
a population and persist (Olenin et al., 2017). This may be
difficult when the area has already been colonized by a congener.
Species within the same genera are usually similar to each other
in many respects (Brionez-Fourzan, 2014); for example, they
share a trophic level, for which reason competitive exclusion is
expected to take place (Scott, 2009). However, closely related
congeners do co-occur in many systems, which is evidently
the case of the two dreissenids in the Szczecin Lagoon. Since
it was first revealed in the Lagoon in 2014 (Wozniczka et al.,
2016), D. rostriformis bugensis has apparently fulfilled the three
conditions of success spelled out above: the species survived
in the Lagoon, established a population (with sub-populations
sampled in this study), and seems to have persisted. Thus, it
presents an interesting case of co-occurring, at a local scale, with
a congener representing the same trophic level. The emerging
question is whether the two congeners will co-exist in the
Lagoon. As stated by Chesson (2000), the essential criterion
for coexistence is the “invasibility”; this criterion requires that
a species be able to increase in abundance, from a low level,
whereas the other species maintains its typical abundance
(Brionez-Fourzan, 2014).

The 3 years of observations reported here seem to confirm
that the invasibility criterion has been fulfilled, as the quagga

did increase in abundance (cf. Figure 3). After its first record
at ZS6 in November 2014, the abundance ratio of the two
dreissenids was in favor of the zebra mussel (4:6) and remained
so in the first half of 2015 (until July). Subsequently, until
May 2016, the proportion shifted in favor of the quagga,
to change again to a more or less even ratio (June and
July 2016), following which the quagga abundance declined
and the ratio changed again in favor of the zebra mussel
(75-95% of the combined dreissenid abundance). A similar
ratio (85-92%), in favor of the zebra mussel, was maintained
throughout 2017.

Since the onset of observations the quagga was a clear
dominant in terms of biomass, despite a marked decline in its
abundance in the consecutive months of 2015 and 2016. Even
at the peak zebra mussel numerical domination in October
2016 (the D. polymorpha abundance was 7.5 times that of
D. rostriformis bugensis), the quagga biomass was 3.5 times that of
the zebra mussel. In 2017, despite a marked decline in the quagga
abundance, the biomass ratio was more or less even. This effect
was resulted from the quagga population being dominated by
larger (older) bivalves (Wawrzyniak-Wydrowska et al., in prep.).

The changes in population sizes of the two dreissenids are
to some extent consistent with a general pattern of events
following an invasion (see above). The quagga is still at the early
stage of invasion, although probably not at the initial phase,
because — when first recorded (November 2014) - the individuals
found were of a size suggesting they were about 3 years old,
so the immigration must have occurred earlier. Nevertheless,
the early stage of invasion implies a lower adaptability to the
conditions of the Szczecin Lagoon. The differences between the
two species may, on the one hand, reflect internal regulation
mechanisms, and on the other, may be an outcome of
feedbacks resulting from inter-specific competition for space
and food as well as cyclicity in reproductive potential and
settlement success (Strayer and Malcom, 2006; Pace et al., 2010;
D’Hont et al., 2018).

CONCLUSION AND OUTLOOK

In 2014-2017, we followed the dynamics, in terms of abundance
and biomass, of two non-indigenous dreissenids, D. polymorpha
and D. rostriformis bugensis co-occurring at a station in the
Szczecin Lagoon. We managed to observe how the latter clearly
established itself in the area, was co-occurring and possibly
was entering co-existence with the former. We consider it
important to record changes in both populations at the initial
stage of the new immigrant’s establishment, the more so that
D. rostriformis bugensis shows - like in other areas where more
long-term data are available (e.g., D’Hont et al., 2018) - signs of
becoming dominant over the already established D. polymorpha.
It, however, remains to be seen what the two populations are
being driven by in the Szczecin Lagoon.

Considering the “known unknowns” in the co-occurrence of
the two dreissenids in the Lagoon, it seems necessary to continue
observations on changes in their populations and to explore
their respective population structures. Longer-term studies on
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demography of both species will be helpful in shedding light
on interactions between them and in forming predictions
regarding the fate of the two species in the area. It will
be particularly interesting to learn whether the quagga
will be persistently successful in colonizing the Lagoon,
as was the case in other areas it migrated into where, in
a relatively short time of 5-10 vyears, it outcompeted the
zebra mussel (e.g., Mills et al, 1996; Orlova et al., 2004;
Ricciardi and Whoriskey, 2004; Karatayev et al, 2015),
although the latter may still persist and feature prominently
in the Lagoon’s ecosystem, as it has done in. e.g., Lake Erie
(cf. Karatayev et al.,, 2014b).
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