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1 | INTRODUCTION

Abstract

The zebra mussel (Dreissena polymorpha) has all traits required to effectively colo-
nize the aquatic environment and consequently reduce the diversity of native bi-
valves. We hypothesized that the zebra mussel chooses lake outlets characterized by
medium current velocity and good food conditions. Here, we analyzed differences
between bivalve abundances in lake outlets with varying environmental conditions
such as the Carlson Index (trophy status), depth, width, current velocity, bed vegeta-
tion coverage, and type of bottom substrate. The results showed that the zebra mus-
sel inhabits outlets that provide food (high trophy outlets) and have a mineral bed and
a medium current velocity (ca. 0.2-0.3 m/s). The following main factors seem to be
favorable for colonizing such outlets: (1) easy access to high amounts of food due to
the increased density of the suspension drifting from the lake and (2) easy transport
of the zebra mussel larvae from the lake to the downstream. The zebra mussel larvae
drifting with the current may colonize the downstream. An increase in lake trophy

may indirectly cause an increase in biological invasions in rivers.
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high tolerance to changes in environmental conditions, high feeding

efficiency, and the ability to create multilayer colonies in small bot-

Invasive species of bivalves have emerged in waters across Europe
and America in recent decades (Benson, 2014; Karatayev et al., 2007;
tabecka & Domagala, 2018; Mills et al., 1996; Sousa et al., 2014).
Among these bivalve species, the zebra mussel (Dreissena polymor-
pha) is considered to be the most invasive and expansive species
(Kobak & Rynska, 2014; Sousa et al., 2011, 2014). The zebra mussel
has all traits required to effectively colonize the environment and
consequently reduce the diversity of native bivalves. These traits
include short life cycle, free-living larval forms that float and drift,

tom areas and to grow on other mussels (Dzierzyniska-Biatonczyk
et al., 2018; Karatayev et al., 2007; Mills et al., 1996; Sousa
et al.,, 2014). The zebra mussel very effectively filters suspended
solids, thus considerably improving water clarity (Collas et al., 2020;
Mills et al., 1993; Pace et al., 1998). However, the species excretes
high amounts of phosphorus into water (Orlova et al., 2004; Sousa
et al., 2014; Wojtal-Frankiewicz & Frankiewicz, 2011; Woijtal-
Frankiewicz et al., 2010). Hence, the presence of the zebra mussel
leads to a significant increase in dissolved inorganic phosphorus in
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freshwater areas and a secondary increase in trophic status (Orlova
et al., 2004). Accessibility to numerous ecological niches and po-
tential habitats, not populated by competitive species, facilitates
colonization opportunities for the zebra mussel. Potential habitats
of the zebra mussel include lake-river ecotones, where this species
is observed in amounts that vary with environmental conditions.
For past several years, researchers have attempted to elucidate
the reasons for colonization of new areas by invasive dreissenids.
Although several studies have explored possibilities for monitor-
ing, limiting the presence of alien dreissenids, or eliminating them
altogether, these issues remain unresolved (Martin et al., 1993;
Mehler et al., 2018; Mills et al., 1993; Molloy et al., 2013; Ricciardi
etal.,, 1995; Simberloff, 2014). Furthermore, these issues are becom-
ing more severe because invasive species such as the zebra mussel
keep emerging in new areas and effectively replacing native species.

Lotic waters encourage passive drifting and spread of the zebra
mussel larvae. However, such waters frequently supply less food
than stagnant waters, which are the preferred habitat of the zebra
mussel. Hence, a lake-river ecotone zone is a place that meets both
criteria for a good habitat for this species. In small lake-river eco-
tones present in lake outlets, trophic conditions and physicochem-
ical characteristics are the same or similar to those of lake waters,
whereas the hydrological conditions are the same as those in streams
or small rivers (Czerniawski & Domagata, 2013; Hieber et al., 2002;
Wotton, 1995). Massive concentration of food (suspended solids) in
the narrow bed of the outlet and easy access to food drifting from
the lake make lake-river ecotones a good habitat for bivalves such
as the zebra mussel or other filter feeders (Czerniawski et al., 2016;
Richardson & Mackay, 1991). Furthermore, good nutritional condi-
tions of lakes (high trophy status) may contribute to a high abundance
of the zebra mussel in the outlets because invasive and expansive
species such as the zebra mussel can tolerate significant changes in
the trophic status (Bates et al., 2013; Leuven et al., 2009; Ricciardi
et al., 1995; Zerebecki & Sorte, 2011). This further contributes to an
increase in the concentration of the zebra mussel in downstreams
of the outlets. Free-flowing veligers of the zebra mussel, which are
components of zooplankton community, drift downstream, and if
they encounter good conditions, they colonize the downstream, thus
reducing biodiversity and changing the status of trophic conditions.
Given the constantly progressing anthropogenic eutrophication of
lakes, this serious issue needs to be addressed.

Few studies have investigated the dispersal of larval and adult
zebra mussels in streams or lake outlets. Horvath and Lamberti
(1997) considered that the upstream lake provides a mechanism
such as drifting macrophytes by which the attached adult zebra
mussels can invade outlet streams. Horvath et al. (1999) concluded
that zebra mussel communities cause an increase in the abundance
of macroinvertebrates in lake outlets, which is probably related to
the increased complexity of hard substrata provided by zebra mus-
sels. Gray (2005) reported that small lake outlet streams contribute
significant numbers of the dispersed veligers of zebra mussels to
larger rivers. Horvath et al. (1996), Miller and Haynes (1997), and

Horvath and Lamberti (1999) examined the role of streams in the
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spatial dispersion of zebra mussels in running water systems. None
of these studies, however, examined the influence of environmen-
tal conditions on the colonization of lake outlets by zebra mussels
and did not determine the influence of trophic conditions of lakes on
zebra mussel occurrence in their outlets, which is important because
of the constant and increasing threat to lakes from humans.

The primary goal of any species is to maintain its population.
The species must find a habitat with constant access to food and
conditions that allow them to reproduce, develop, and colonize the
area. We hypothesized that the zebra mussel chooses lake outlets
characterized by relatively high current velocity and good trophic
conditions and prefers to inhabit outlets of highly eutrophicated
lakes. We believe that studying the presence of other bivalves in
the outlets would not provide insightful findings. Thus, we consid-
ered the Sphaeriidae and Unionidae species as a reference point for
the presence and abundance of the zebra mussel. By knowing what
structures the zebra mussel forms in lake outlets and what factors
shape those structures, we can better understand how to control
the spread of this invasive species in rivers.

2 | MATERIALS AND METHODS

The study was performed in the catchment area of the Drawa River
(GPS: 53°20'25" N; 15°46'30" E - the middle Drawa), which is a
190-km-long quaternary tributary of the Odra River (Figure 1). The
Drawa River is situated in the Pomeranian Lake District, NW, Poland.
Springs of the Drawa River lie at an altitude of 150 m a. s. I. The
mean slope of the riverbed is 0.59 m/km, and the catchment area
of the Drawa River is 3,198 km?. Samples of bivalves were collected
from 55 lake outlets in July 2016. An area of approximately 50 m?
was selected for the study, starting from the shoreline of the lake
downstream. Samples of macrozoobenthos were collected at the
point where the water current changed from the cumulative to the
rectilinear. The samples were collected using a Surber Sampler (sam-
pling surface 0.0625 m?) by disturbing the bottom at four places:
Two places were located at the middle of the outlet and one at each
shore. The abundance of the organisms was counted per square
meter. Subsamples were put together and treated as one sample.
We decided to use a Surber sampler because of the small size of
Sphaeriidae clams. To avoid “double zeros,” an entire 50-m section of
the outlet was checked for the absence of zebra mussel.

We analyzed differences in bivalve abundances in lake outlets
with varying environmental conditions such as the Carlson Index
(trophy status), depth, width, current velocity, bed vegetation cover-
age, and type of bottom substrate (Table S1). We divided the outlet
sections according to the value ranges of the above parameters, as
shown in Table 1.

At each site, we determined water velocity, width, and depth with
an electromagnetic water flow sensor (OTT Hydromet, Germany).
We also visually estimated total vegetation cover of bed for each
one-meter stream-long plot (across the width of the stream). Then,

we estimated the average percentage coverage for 50-m outlet
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FIGURE 1 Map of the sampling sites in
Drawa River catchment
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section. We also examined a 50-m transect at each site for macro-
phytes. We measured water transparency with a Secchi disk in each
lake from which the watercourses flowed. Lake trophic status was
expressed in terms of the Carlson Index, TSl = 10 (6-log, SD),
where SD is the maximum depth in meters at which the Secchi disk
was visible. The higher the Carlson Index, the higher is the trophy
status of a lake. The environmental variables and their ranges are
shown in Table S1. We visually determined the total percentage of
the dominant bed substrate from a Surber sampler square, before
mollusks were sampled (particulate organic matter [POM], sand,
gravel, stones, unified result). We specified the substrate mix if the
bed was covered rather evenly by two substrates.

One-way Kruskal-Wallis test (p < .05) was used to verify sig-
nificant differences between bivalve abundances in lake outlets
with varying conditions such as the Carlson Index (trophy status),

depth, width, current velocity, bed vegetation coverage, and type

of bottom substrate. To determine significant differences in the
abundances of bivalves between different lake outlet sections, we
performed post hoc multiple comparisons of mean ranks for all
groups with Bonferroni correction (p < .05). Cluster analysis based
on Euclidean distance was performed to identify groups of outlets
with similar bottom substrate types in the context of bivalve abun-
dance. Principal components analysis (PCA) was used to show sim-
ilarity between outlets with regard to the absence and presence of
zebra mussels in environmental conditions such as the Carlson Index
(trophy status), depth, width, current velocity, and bed vegetation
coverage (used together). The PCAs were performed using package
“stats” in R software (R Core Team, 2020). We used t test (p < .05)
to verify significant differences between outlets with regard to the
absence and presence of zebra mussels in environmental conditions
such as the Carlson Index (trophy status), depth, width, current ve-

locity, and bed vegetation coverage (used separately). Spearman's
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TABLE 1 Mean values +5SD of
abundance of bivalves in outlets
characterized by: Trophy—high, medium,
and low values of Carlson Index; Depth—
low, medium, and high values of depth;
Width—very small, small, medium, large,

Trophy

Medium trophy

. 46-54

and very large values of bed width; ( )
Current—very low, low, medium, and high Low trophy (37-44)
values of current velocity; Vegetation Depth

coverage—low medium, high, and very
high values of percentage vegetation
coverage; Bottom—different bottom type

Low (0.1-0.15 m)

(in parentheses are frequency percentage High (0.4-1.2 m)
values at sites) Width
Very small
(0.15-0.70 m)
Small (1.0-1.6 m)

Medium (2.5-5 m)
Large (6-10 m)

Very large (11-22 m)

Current

Very low
(<0.08 m/s)

Low (0.1-0.2 m/s)

Medium
(0.22-0.39 m/s)

High (0.5-0.6 m/s)
Vegetation coverage
Low (0%-20%)

Medium (30%-40%)

High (50%-60%)

Very high
(70%-100%)

Bottom

POM/sand

Sand/stones
Sand/gravel
Sand

High trophy (55-65)

Medium (0.2-0.3 m)
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n Dreissenidae Sphaeriidae Unionidae
27 363+ 1,020a 188 + 259 a 7+18a
21 17 +50a 421 + 692 a 4+9a
7 - 48 + 37 a -
19 2+9b 196 + 300 b 1+1b
25 153 + 676 bc 390 +641b 8+20b
11 573+1,210¢c 69 +51b 7+9b
12 - 215+ 332d 1+1d
13 6+15d 466 + 650d 1+4d
15 252 +858d 315 + 566 d 12 + 24d
9 673 +1,318d 43 +40d 5+10d
6 43 +£55d 82 +54d 4+5d
19 2+9f 264 + 364 f 1+1f
16 1+2f 204 + 200 f 4+7f
17 595+ 1,230 ¢g 343 +745f 11+ 23f
3 - 48 + 68 f 3+4f
29 226 +794 hr 340 + 611 hr 2+4hr
6 19 + 19 hr 96 + 103 hr 6+12hr
9 389 + 1,084 hr 176 + 177 hr 18 + 30 hr
11 - 203 + 339 hr -
30 123 + 631 (10) 291 +499i(93) 6+19i
(23)
3 61 + 86 j(100) 74 + 76 (100) 3+5i(67)
12 520 + 1,224 (75) 73 + 104 (100) 5+9i(41)
10 5+ 13ij(22) 442 + 719 (84) 2 +5i(10)

Note: Different letters in column indicate significant differences between abundance of individuals

(p <.05).

correlation (p < .05) was used to determine the influence of inde-
pendent environmental variables of the outlets on the abundance of
bivalves and to define the most important variables affecting bivalve
communities in lake outlets. Additionally, the canonical correspon-
dence analysis (CCA) was used to determine the influence of envi-
ronmental factors on the abundance of bivalves. The analyses were
performed using Vegan 2.5-7 software (Oksanen et al., 2020).

We studied the Sphaeriidae and Unionidae species to verify
whether these species respond to the same environmental condi-
tions as the zebra mussel. The zebra mussel is the only mollusk out
of the three discussed species that develops into free-living larvae,
and this consequently may affect the differences in the abundance

of the studied bivalve groups in various lake outlets. To keep the

transparency in the tables, for Dreissenidae, we used the family level
instead of species name. Every individual of the Dreissenidae family
belongs to D. polymorpha.

3 | RESULTS
3.1 | Bivalve abundance and frequency, and
environmental conditions

The zebra mussel and the Sphaeriidae and Unionidae species
were present in 31%, 100%, and 25% of the outlets, respectively
(Table S1). Abundance of the zebra mussel and the Sphaeriidae and
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Unionidae species ranged from O to 3,884 ind/m?, 4 to 2,416 ind/m?,
and 0 to 96 ind/m?, respectively.

The Carlson Index ranged from 37 to 65, indicating the lowest and
highest trophy status of lakes (Table S1). Depth of the outlets ranged
from 0.1 to 1.2 m and the width from 0.15 to 22 m. Current velocity
ranged from 0.02 to 0.6 m/s. Vegetation covered from 0% to 100%
of the bed in the outlet section. We observed 30 outlet sections with
beds composed of POM-sand substrate, 3 with sand-stone substrate,
12 with sand-gravel substrate, and 10 with sand substrate.

PCA based on all environmental conditions together (without type
of bottom substrate) showed differences between sites with and with-
out the presence of zebra mussel (Figure 2). More clearer differences
showed results of t test (Table 2). Sites with the presence of zebra
mussel showed significantly higher value of the Carlson Index and all
hydrological factors and significantly lower amount of surface covered

by macrophytes than sites without zebra mussel (p < .05) (Table 2).

3.2 | Abundance of bivalves in various lake outlets

There were no significant differences in the abundances of bivalve

groups between lakes with different trophies (the Carlson Index

PCA-plot from environmental factors

3- 1
1
1
1
1
1
1
2- :
1
1
« /!
o
e © !
1
1= ... e 1
®
)
L ad :6
1
—_ 1
-4 1
~ 1
S o—-f-—jS .
o
E
o
_’]_
_2-
-3- 1

0.0

j 25
Dim1 (51.9%)

50

values). However, zebra mussel and the Unionidae were absent in
the outlets of low trophy lakes. The density of zebra mussel was
considerably higher in the outlets of high trophy lakes than in the
medium one (Table 1).

The abundance of the zebra mussel was significantly lower in
shallow outlets than in profound ones (p < .05) (Table 1). A similar
but nonsignificant difference was observed between shallow outlets
and those of medium depth (p > .05). No significant differences in
the abundances of other bivalves were observed between outlets
with different depths (p > .05).

According to bed width in the outlet, no significant differences
were observed between various sites (p > .05). However, the abun-
dance of the zebra mussel differed clearly between sites with small
and large width of beds (p < .05) (Table 1). The zebra mussel was
absent in outlets with a bed width <0.7 m.

Moreover, the abundances of the zebra mussel differed signifi-
cantly among outlets with different current velocities (Table 1). In
outlets with current velocity ranging from 0.22 to 0.39 m/s (con-
sidered by the authors as “average”), the zebra mussel achieved
significantly higher abundances than that in outlets with low and ex-
ceptionally low current velocity (p < .05). Moreover, the zebra mus-

sel was absent in 3 outlets with current velocity higher than 0.5 m/s.

|§I Absence
Q' Presence

FIGURE 2 PCA grouping sites with
the presence and absence of zebra mussel
based on environmental conditions
(without type of bed substrate)
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TABLE 2 Mean values of environmental conditions and result of t test about significant differences in environmental condition values of
outlets between sites with the absence and presence of zebra mussel (p < .05)

Sites with the absence of zebra

Sites with the presence of zebra

Environmental conditions musseln =38 musseln =17 t p
Carlson Index 52.0+76 57.3+59 -2.5 .014
Depth (m) 0.2+0.2 0.4+0.3 -3.7 .000
Width (m) 3.2+4.2 75+ 6.4 -2.9 .005
Current velocity (m/s) 01+01 0.3+0.1 -3.7 <.001
Discharge (m%/s) 0.3+0.6 1.3+19 -3.1 .003
Vegetation coverage (%) 40.1 +32.6 17.1 + 18.5 2.7 .009
FIGURE 3 Thedendrogram (cluster Dreisseidae
analysis) grouping bottom type of lake
outlets based on the abundance of silt/sand
individuals of Dreissenidae, Sphaeriidae, sand _|
and Unionidae sand/stones
sand/gravel
0 1000 2000 3000 4000 5000
Sphaeridae
silt/sand ]
sandp—— |
sand/stones ——————
sand/gravel I
0 100 200 300 400 500 600
Unionidae
silt/sand ]
sand/stones S
sand
sand/gravel
2 4 6 8 10 12 14 16 18 20

According to the percentage of vegetation coverage in the out-
lets, no significant differences were observed in the abundances of
any bivalves (p > .05) (Table 1). However, the zebra mussel and the
Unionidae species were absent from samples collected in outlets
with remarkably high vegetation coverage.

The zebra mussel achieved significantly higher abundances in
outlets with a sand-gravel bed than in outlets with a POM-sand bed
(p < .05) (Table 1). The abundances of the Sphaeriidae and Unionidae
species did not differ across outlets with different types of bed sub-
strate (p > .05).

For the zebra mussel, cluster analysis showed similarities be-
tween sand and sand-stone beds (Figure 3). For the Sphaeriidae
species, cluster analysis showed no clear similarities between the
types of bed, but with regard to the abundance of the Unionidae
species, most similarities were observed between POM-sand and
sand-stone beds (Figure 3).

Euclidean distances

3.3 | The relationship between abundance and
environmental conditions

Spearman's correlation analysis showed that all hydrological condi-
tions of the outlets were significantly positively correlated with the
abundance of the zebra mussel (p < .05) (Table 3). Significant posi-
tive correlation was observed between the abundances of the zebra
mussel and the Unionidae species (r = 0.28, p < .05).

Both CCA axes explained 56% of the total variability in bivalve
abundance (Figure 4). The first axis explained the majority of the
variability. Zebra mussel abundance was positively associated with
the depth and current velocity values. This relationship was also
strong for the Carlson Index and bed width. All these variables cor-
related negatively with the abundance of the Sphaeriidae species.
Zebra mussel abundance was negatively associated with the vege-

tation coverage. The Unionidae species were positively associated
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with similar variables (except for current velocity) such as the zebra
mussel, but to a much smaller extent. The hydrological variables
in particular justify remote distances between the three groups of

bivalves.

4 | DISCUSSION
4.1 | Trophy status

The zebra mussel prefers to inhabit mesotrophic and moderately
eutrophic lakes where it reaches higher densities than in eutrophic
or highly eutrophicated lakes (Dorgelo, 1993; Mills et al., 1996;
Stanczykowska & Lewandowski, 1992). This conclusion is not sup-
ported by our study results. Our study revealed that the zebra mus-
sel occurred in higher abundance and at a higher number of sites in

outlets of moderately eutrophicated or even highly eutrophicated

TABLE 3 Significant Spearman correlations between abundance
of bivalves (Dreissenidae, Sphaeriidae, Unionidae) (ind/m?) and
environmental conditions of lake outlets

lakes, that is, lakes with high or the highest values of the Carlson
Index. This could be explained by the large amount of food for the
zebra mussel, such as live organic matter, minor algae, and minor
rotifers, present in these lakes (Wacker & Elert, 2003; Winkel &
Davids, 1982; Wong & Levinton, 2005) or by the availability of the
large amount of food that results in less competition and therefore
higher number of mussels. Dorgelo (1993) observed bigger individu-
als of the zebra mussel in eutrophic lakes; however, their densities
were higher in mesotrophic lakes. This shows that the zebra mussel
achieves larger size of individuals (higher mass) in eutrophic lakes
than in mesotrophic lakes; however, it cannot obtain higher densi-
ties in eutrophic lakes. A mineral substrate of bed and concentration
of suspension in a small water volume in a narrow lake outlet make
a good place to attach to hard substrate and rich food place that
can be settled by filtrators in both eutrophic and mesotrophic lake
outlets. In most cases, there is more food in lakes than in small rivers
or streams, and this explains why the zebra mussel colonizes outlets
where the entire water volume is rich in organic matter transported
by the water drift (Pace et al., 1998).

4.2 | Current velocity and depth

The zebra mussel inhabited outlets of eutrophicated lakes with a me-
dium current velocity that flushes out organic matter from the lake
into the outlet. Turbulently flowing water in lakes ensures a better
food supply, which results in higher growth rates of zebra mussel

individuals (Dorgelo, 1993). Studies on plankton drifting from lakes

FIGURE 4 CCA ordination diagram
of bivalve group abundance along with
environmental factors: Dre, Dreissenidae;

Uni, Unionidae; Sph, Sphaeriidae; Wi,
width of the bed; De, depth of the outlet;

Environmental factors Dreissenidae Unionidae
Carlson Index 0.30 -
Depth 0.53 0.38
Width 0.45 0.33
Current velocity 0.48 -
Vegetation coverage -0.29 -
w ¥
& -
20
8 -
v _]
- 6
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Ve, current velocity; Vg, vegetation
coverage; Cl, Carlson Index. Eigenvalues:
CCA1=0.5653, CCA2 =0.0061
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confirm that low current velocity and low turbulence limit the trans-
port of organic matter from lakes to their outlets (Czerniawski &
Domagata, 2013; Czerniawski & Pilecka-Rapacz, 2011). Furthermore,
the majority of zooplankton individuals resist current velocity lower
than 0.1 m/s (Czerniawski & Stugocki, 2017). We also observed that
the zebra mussel was not present in outlets with current velocity
greater than 0.4 m/s. Therefore, too high current velocity hinders
colonization of even highly eutrophicated outlets with a sand-gravel
bed. On the one hand, high current velocity may prevent veligers
from attaching to the bottom surface and cause the organic matter
to drift more rapidly, thus hindering the zebra mussel's water filtra-
tion abilities. On the other hand, in our study, we found only 3 out-
lets with current velocity higher than 0.4 m/s, which is insufficient to
explain whether current velocity higher than 0.4 m/s hinders filtra-
tion and attachment to the bottom surface. Large river habitats with
coarse substrate and near-bottom flow of 0.6-0.80 m/s or below
1.2 m/s are found to be most often occupied by the zebra mussel
(Mehler et al., 2018; Sanz-Ronda et al., 2014). However, habitats of
large rivers are much different environmentally than those of small
stream outlets of lakes, and therefore, comparing them with each
other is not reasonable. We believe that this issue should be given
appropriate attention and resolved in future studies. Invertebrates
use water current to move downstream and colonize these areas
(Allan & Castillo, 2007; Hayes et al., 2007; Lancaster et al., 1996).
During such passive migration, organisms use water's gravitational
energy and a bare minimum of their own energy to migrate long dis-
tances. Lake outlets also favor the passive transport of the zebra
mussel larvae and their colonization of the downstream. Veligers
spawned from lake populations are thought to be an important
means of spread of zebra mussels into outflowing rivers (Horvath &
Lamberti, 1997). This is possible due to the free-living larval forms
that may drift with the current from the outlet into the downstream
and colonize favorable niches (Mills et al., 1996; Stanczykowska &
Lewandowski, 1992). In contrast to the zebra mussel, larvae of other
bivalves are not free-living but are parasitic or develop in the paren-
tal embryo area in gills (Blazek & Gelnar, 2006; Taeubert et al., 2014).
Because of its specific behavior, the zebra mussel inhabits lake out-
lets that provide food and migratory opportunities. Due to their
free-living nature and small size, the zebra mussel larvae may drift
freely throughout the river volume like other planktonic organisms
(Lazareva et al., 2016; Mills et al., 1995). Studies on zooplankton
drift from lake outlets showed that zooplankton can drift passively
up to several kilometers downstream (Basu & Pick, 1997; Pourriot
etal., 1997). This ecotone is a perfect habitat for the invasive and ex-
pansive species such as the zebra mussel. However, high turbulence
in streams can cause mortality of veligers and reduce the possibility
of their dispersion (Horvath & Lamberti, 1999; Rehman et al., 2003).
Naturally, an appropriate depth of the outlet section (>0.1 m) allows
species survival, while current velocity also plays an essential role.
Bowers and Szalay (2004) recorded low amount of the Unionidae
species and very few colonies of the zebra mussel in shallow lake
areas (10-35 cm), which indicates that water level fluctuations lim-
ited their distribution.
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4.3 | Types of bottom substrate

The zebramussel cannotattach to the bottom of highly eutrophicated
lakes because the bed is mainly organic and covered with POM (fine
and coarse POM) (Dorgelo, 1993; Mills et al., 1996; Stanczykowska
& Lewandowski, 1992). However, in the outlets of these lakes with
an adequately fast current, the POM is flushed out from the bed,
thus exposing mineral forms such as stones and gravel, to which the
zebra mussel can attach itself (Bodamer & Ostrofsky, 2010; Mills
et al., 1993; Patterson et al., 2005). In our present study, we identi-
fied only one site with a POM-sand bed where the amount of the
zebra mussel was remarkably high (over 3,400 ind/m?). However,
the zebra mussel may have attached to itself or to the remains of a
weir that were present at the site. Additionally, the outlet was sig-
nificantly covered with vegetation, to which the zebra mussel could
have attached itself as well. This is, however, a more complex issue
that is discussed in the next paragraph. We also expected that zebra
mussel would prefer rocks and stones over the sand. In other stud-
ies, they were found on stones that were exposed out of the sand.
However in our case, we do not observed that. Furthermore current
velocities were too low to expose big stones and rocks. A positive
and significant correlation between the abundances of the zebra
mussel and the Unionidae species may suggest that the zebra mus-
sel uses Unionidae as a hard substrate. However, we did not find any
zebra mussel individuals attached to Unionidae.

4.4 | Vegetation coverage

In the majority of the studied outlets, aquatic vegetation did not
favor the colonization of the outlets by the zebra mussel. Dense veg-
etation may inhibit the current flow, thus limiting drifting of organic
matter to the outlet. Secondly, in such cases, vegetation densely cov-
ering the bottom and plants growing from the bottom to the surface
of the water may trap the drifting food (Mouton et al., 2019; Schulz
et al., 2003). However, in one site, the abundance of bivalves was
high, even though 50% of the bottom was covered by macrophytes.
The only factor that differentiated this site from the other ones was
the current velocity exceeding 0.2 m/s. The most likely explanation
is that the aquatic vegetation did not inhibit the current flow nor
limited the amount of organic matter drifting from the lake into the
outlet. The zebra mussel sometimes attaches itself to aquatic plants;
however, it does so when no hard substrate is available (Bodamer &
Ostrofsky, 2010; Stanczykowska & Lewandowski, 1992).

Increased anthropogenic activity, habitat loss and degradation,
introduction of invasive species, environmental pollution, diseases,
and global climatic changes have led to an increase in the amount
and density of invasive alien species (Cieplok & Spyra, 2020; Crooks
et al,, 2011; Jones & McDermott, 2018). This is a well-known issue.
By constant lake exploitation and pollution, humans contribute to
an uncontrollable rapid growth of the trophy and an increase in
the trophic status (Bertahas et al., 2006; Szyper & Gotdyn, 2002).

The results of our present study demonstrate why human activity
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is unfavorable for lakes and may lead to an increase in the nutri-
ent concentration and in the density of the zebra mussel in outlets
and further downstream. High amounts of phosphorus excreted
by the zebra mussel additionally boost the increase in eutrophica-
tion (Wojtal-Frankiewicz & Frankiewicz, 2011; Wojtal-Frankiewicz
et al., 2010). Limiting the sources of inorganic and organic nutrients
therefore seems to be necessary for several reasons. Firstly, it would
inhibit the eutrophication processes, and secondly, it would reduce
the colonization of outlets in high trophy lakes by alien and invasive
dreissenids. Furthermore, the regulation and straightening of outlet
beds increase the current velocity and decrease the ecological status
(Baczyk et al., 2018; Stepien et al., 2019), which may also favor the
colonization of outlets by the zebra mussel. In this case, the most
optimal solution is to promote renaturalization of outlet beds and
create meanders as well as riffle sequences that reduce or diversify
current velocity (Palmer et al., 2010; Wohl et al., 2015).

The results of the present study suggest that the zebra mussel
was absent at certain sites probably because it had not reached those
areas yet. However, the fact that all the studied sites were located
in close proximity and in one small catchment area rules out such an
assumption. Thus, neither the lack of connections nor long distances
limit the ability of the zebra mussel to spread to other sites. Moreover,
the zebra mussel was observed in the Drawa catchment 40 years ago
(Jasnowski & Jasnowska, 1982). Even in the areas where the zebra
mussel was not present, we observed a few empty or pounded shells
of this species. Therefore, the inability to disperse does not explain
the absence of the zebra mussel from the outlets. It is more likely that
their absence is caused by environmental conditions in the outlets,
because all sites with bed having majority of POM in substrate and
with high current velocity showed the absence of zebra mussels.
Hence, to analyze the correlation between the number of mussels and
environmental variables, we evaluated all sites together, including the

presence of zebra mussels and without them.

5 | CONCLUSION

The zebra mussel was observed more frequently and in greater
amounts in bigger outlets and was absent in small outlets. The zebra
mussel does not colonize small outlets with low current velocity. This
species is more likely to colonize bigger outlets of highly eutrophi-
cated lakes; however, it prefers outlets with medium current velocity
(>0.2 m/s). Lake outlets are beneficial for the zebra mussel in two
ways—firstly, by providing food sources, and secondly, by facilitating
effective colonization of rivers. Therefore, it can be concluded that
lake-river ecotones are hatcheries of the zebra mussel and play a
strategic role in the colonization of the downstream sections of riv-
ers. The results of the present study demonstrate that an increase in
lake trophy may indirectly cause an increase in biological invasions

in rivers.
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