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needed to better understand the biology, ecology, and 
impacts of these aggressive freshwater invaders. Our 
review indicates that much crucial information on the 
quagga mussel is still missing, including key life his-
tory parameters, like spawning cues, fecundity, and 
longevity, particularly for the profundal zone of deep 
lakes.
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Introduction

The dreissenid bivalves Dreissena polymorpha (Pal-
las), the zebra mussel, and D. rostriformis bugensis 
(Andrusov), the quagga mussel, belong to a fam-
ily of sessile mussels originated in the marine envi-
ronment, but later adapted to the brackish and fresh 
waters of the northern hemisphere (Starobogatov & 
Andreeva, 1994; Orlova, 2014). Their life history, 
which includes planktonic larvae and an attached 
adult stage, typical for marine mussels, represents a 
novel ecological type in freshwaters (Johnson & Carl-
ton, 1996; Karatayev et al., 1997, 2007a).

D. polymorpha was found in 1769 in an oxbow 
lake in the lower Yaik River (later re-named as Ural 
River) by Peter Pallas (Pallas, 1771), a German 
zoologist and botanist who worked in Russia from 
1767 to 1810. Pallas described D. polymorpha as 
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Mytilus polymorphus because of its resemblance to 
the marine mussel Mytilus and reported that he found 
it only in the rivers Volga, Ural, and in the Caspian 
Sea (Pallas, 1773). For thousands of years, since the 
last glaciation, the geographic range of D. polymor‑
pha was limited to the Ponto–Caspian basin (Zhadin, 
1946; Mordukhai-Boltovskoi, 1960; Logvinenko & 
Starobogatov, 1968; Kinzelbach, 1992; Staroboga-
tov & Andreeva, 1994; Son, 2007; bij de Vaate et al., 
2014). However, after canals were built to connect 
shipping routes between the Black Sea and Baltic Sea 
basins, D. polymorpha quickly spread across east-
ern and western Europe (reviewed in Zhadin, 1946; 
Kerney & Morton, 1970; Kinzelbach, 1992; bij de 
Vaate et  al., 2014; Karatayev et  al., 2003, 2007b, 
2008; Pollux et  al., 2010). The unusual life cycle 
of D. polymorpha and their fouling of water supply 
systems have brought the attention of numerous sci-
entists and engineers since the late 1700s (reviewed 
in Zhadin, 1946; Clarke, 1952), resulting in hun-
dreds of publications in the nineteenth and twentieth 
centuries (Limanova, 1964, 1978; Schloesser et  al., 
1994). By the 1980s, when zebra mussels finally 
reached North America, over 2000 papers on their 
biology, ecology, spread, and control were published 
in Europe (reviewed in Karatayev et al., 2015a). The 
rapid spread of zebra mussels across North Ameri-
can freshwaters, with their significant ecological 
impacts and damages to industrial installations using 
raw water, triggered another strong spike in their 
study, both in the New and the Old Worlds (Nalepa & 
Schloesser, 1993, 2014; Starobogatov, 1994a; van der 
Velde et  al., 2010a; Schloesser & Schmuckal, 2012; 
Karatayev et al., 2015a). The numbers of publications 
on various aspects of the biology, ecology, impact, 

and control of D. polymorpha are still growing and by 
the end of 2021 exceeded 77% of all papers published 
on dreissenids (Table 1).

Before the second half of the twentieth cen-
tury, in contrast to the zebra mussel, relatively little 
was known about its congener the quagga mussel 
(Karatayev et  al., 2015a). Dreissena r. bugensis was 
first recorded in the Bug Liman (a shallow productive 
estuary) and was described as D. rostriformis (And-
rusov, 1890). Later, Andrusov (1897) redescribed the 
species as D. bugensis (for current taxonomy see Tax-
onomy, Systematics, and Evolution). The native range 
of D. r. bugensis was much smaller than that of D. 
polymorpha and included the Dnieper-Bug Liman, 
the Dnieper River delta, and the lower reaches of the 
South Bug and Ingulets rivers in Ukraine (Zhuravel, 
1965, 1967; Mills et  al., 1996; Orlova et  al., 2005; 
Zhulidov et al., 2010; Karatayev et al., 2007b, 2011a; 
Orlova, 2014). Dreissena r. bugensis started spread-
ing beyond its range only in the middle of the twen-
tieth century (reviewed in Zhulidov et  al., 2004, 
2010; Karatayev et al., 2007b, 2011a, 2015a; van der 
Velde et al., 2010b). Its initial spread was slow, but it 
increased dramatically since the 1980s in both east-
ern and western Europe, as well as in North America 
(Zhulidov et al., 2004, 2010; Karatayev et al., 2007b, 
2011a, 2015a; bij de Vaate et al., 2014; van der Velde 
et al., 2010b; Orlova, 2014; Benson, 2014), fostering 
intensive research in the Old and the New Worlds and 
resulting in a large number of publications in the last 
three decades (Table 1).

Both D. polymorpha and D. r. bugensis are among 
the most notorious freshwater invaders with tremen-
dous ecological and economic impacts (Karatayev 
et  al., 1997, 2002, 2007a, 2007b, 2015b; Beekey 

Table 1  Total and yearly average number of papers on Dreissena spp. and proportion and number (in parentheses) of publications 
on D. r. bugensis 

*229 papers include both Dreissena species. **SCOPUS search performed in December 2021 using “Dreissena” or “zebra mussel” 
or “quagga mussel” in the abstract, title, or keywords

Period Total number of 
papers

Papers/year % (and number) of papers 
on
D. r. bugensis

Source

1771–1963 1180 6 2 (15) Limanova (1964)
1964–1978 740 39 8 (60) Limanova (1978)
1964–1993 885 30 6 (53) Schloesser et al. (1994)
1989–2011 1502 66 13 (200) Schloesser & Schmuckal (2012)
2012–2021 1034 103 33 (344*) Our data (SCOPUS)**
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et al., 2004; Higgins & Vander Zanden, 2010; Kelley 
et al., 2010; Burlakova et al., 2012). Both species are 
considered ecosystem engineers that attach to the sub-
strate with byssal threads and form three-dimensional 
reef-like structures altering the benthic environments 
colonized (reviewed in Karatayev et al., 2002, 2007a; 
Vanderploeg et al., 2002; Gutierrez et al., 2003; Zhu 
et al., 2006; Sousa et al., 2009) (Fig. 1).

Dreissenids also affect the planktonic community, 
trophic relationships, and nutrient cycling via their 
feeding and filtering activities (reviewed in Karatayev 
et  al., 1997, 2002, 2007a, 2007b, 2015b; Beekey 
et al., 2004; Higgins & Vander Zanden, 2010; Kelley 
et  al., 2010). Their economic impacts are estimated 
in hundreds of millions of dollars in damage and 
increased operating expenses in raw water-dependent 
infrastructures (O’Neill, 1996, 1997, 2008).

Although these two Dreissena species have similar 
life histories, they are not identical and have differ-
ent histories of spread, different tolerances to envi-
ronmental parameters, and different distributions 
within waterbodies, resulting in different ecosys-
tem impacts (Nalepa et  al., 2010; Karatayev et  al., 
2011a, 2015a, 2021a; Benson, 2014). The goal of this 
paper is to summarize current knowledge on various 
aspects of their biology, ecology, spread, and impacts, 

emphasizing similarities and differences between 
these species, as well as to identify the most signifi-
cant areas where further research is necessary.

Research efforts: an overview of the literature

The section that follows is based on a search of the 
SCOPUS database performed in December 2021 
using words “Dreissena” or “zebra mussel” or 
“quagga mussel” in the abstract, title, or keywords, 
yielding 2,853 publications (after eliminating dupli-
cates and non-applicable titles). It should be stressed 
that the coverage of the earlier literature in SCO-
PUS is very sketchy; thus, most of the publications 
retrieved dated from 1980 to 2021 and only 19 from 
1951 to1979 (compare with Table 1). All the publi-
cations were separated into eight major categories: 
(1) taxonomy, systematics, and evolution (phylogeny, 
phylogeography, genetic diversity); (2) general biol-
ogy (including anatomy and morphology, physiol-
ogy, life history traits, symbionts, parasites, and eco-
toxicology); (3) ecology (ecological traits and habitat 
requirements); (4) dispersal (past and future disper-
sal, vectors and pathways); (5) impacts (studies that 
assess negative ecological and/or economic impacts 
on ecosystems or native communities/species, includ-
ing competition, transfer of contaminants up the food 
chain, and others, see below); (6) ecosystem functions 
and services (including positive impacts on ecosys-
tems/communities, such as water purification, reduc-
tion in phytoplankton, nutrient cycles (e.g., phospho-
rus reduction), food for other animals, positive effects 
on the native benthos consumed by fish and birds, 
macrophytes, etc., biomonitoring, bioremediation, 
various uses, mussel farming, etc.); (7) management 
(risk analysis, early detection, prevention, control, 
management, eradication, etc.); and (8) other studies 
that did not fit into the above categories. Publications 
were separated based on our interpretation of the 
results provided by authors. Documents often cov-
ered more than one subject but were tallied only once 
and assigned to the most relevant category. As eco-
system functions (i.e., “dynamic processes that deter-
mine the amount, forms, distribution, fluxes, import, 
and export of energy and various materials,” Strayer, 
2012) are much more encompassing than ecosystem 
services (i.e., those that directly or indirectly con-
tribute to human well-being), papers dealing with 

Fig. 1  Dreissenid aggregations on the bottom of Lake Erie, 
July 2019



 Hydrobiologia

1 3
Vol:. (1234567890)

ecosystem functions resulting in predominantly nega-
tive ecological impact were included in the impact 
category, while publications dealing with predomi-
nantly positive ecological impacts were included in 
the ecosystem functions and services category.

The largest number of publications has been 
focused on ecosystem functions and services (34%) 
(Fig.  2). Within this group, 28% of publications 
examined the use of dreissenids as environmental 
bioindicators, 16% reported consumption of dre-
issenids by fishes, birds, and other animals, 14% 
reported reductions in phytoplankton, 9% described 
the positive effect of dreissenids on the benthos, and 
5% and 7%, respectively, were on improvement in 
water clarity and their effects on nutrient cycles. The 
next most intensively studied subjects included gen-
eral biology (19% of all publications), followed by 
ecology (17%), impact and management (9% each), 
dispersal (7%), and taxonomy, systematics, and evo-
lution (2%, Fig. 2). The largest number of papers in 
the impact category were on the effects of dreissenids 
on unionids (32%), impacts on water utilities (10%), 
their negative effects on the deep-water amphipod 
Diporeia (11%), and fishes (8%), and on the transfer 
of contaminants (10%). The total share of all papers 

on toxicology (including studies across different sub-
jects as the use of dreissenids as bioindicators, eco-
toxicology, and accumulation and transfer of con-
taminants to fishes and birds) was 16%. Studies on 
natural enemies (including consumption by birds, 
fishes and other animals, and parasites) comprised 8% 
of all publications.

Taxonomy, systematics, and evolution

According to Turgeon et  al. (1998), Dreissena poly‑
morpha belongs to the phylum Mollusca; class Bival-
via Linnaeus, 1758; subclass Heterodonta Neumayr, 
1884; order Veneroida H. Adams and A. Adams, 
1856; superfamily Dreissenoidea Gray, 1840; fam-
ily Dreissenidae Gray, 1840; and genus Dreissena 
Van Beneden, 1835. This taxonomy is currently 
accepted by the Integrated Taxonomic Information 
System (ITIS, www. itis. gov). Recently, however, the 
superfamily Dreissenoidea was transferred from the 
order Veneroida to the order Cardiida Ferussac, 1822 
(Orlova, 2014; Araujo & de Jong, 2015).

Fig. 2  Thematic classifi-
cation of publications on 
Dreissena spp. (according 
to SCOPUS, search per-
formed in December 2021 
using “Dreissena” or “zebra 
mussel” or “quagga mussel” 
in the abstract, title, or key-
words). Documents often 
covered several subjects but 
were assigned to the most 
relevant category only
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Since the original discovery of D. polymorpha in 
1769 (Pallas, 1771) the systematics and evolution of 
Dreissenidae have been revised multiple times with 
new genera and species being described, split, and 
lumped (reviewed in Andrusov, 1897; Mordukhai-
Boltovskoi, 1960; Logvinenko & Starobogatov, 
1968; Babak, 1983; Rosenberg & Ludyanskiy, 1994; 
Starobogatov, 1994b; van der Velde et  al., 2010b; 
Orlova, 2014; Stepien et al., 2014). Originally, Pallas 
named the new species Mytilus polymorphus based 
on its resemblance to marine mussels Mytilus (family 
Mytilidae), but later Van Beneden (1835) discovered 
that Dreissenidae were different from Mytilidae in the 
anatomy and internal shell morphology and erected 
the genus Dreissena, renaming the species as Dreis‑
sena polymorpha. Gray (1840) placed this family in 
a separate superfamily—Dreissenacea. Gill (1871) 
excluded the Dreissenacea from the order Mytilidae 
and considered them closely related to the Corbicula-
cea and Veneracea (reviewed in van der Velde et al., 
2010b). Subsequently, it was shown that Mytilidae 
and Dreissenidae are unrelated (Yonge & Campbell, 
1968), and the similarities between them are the 
result of convergent evolution (reviewed in van der 
Velde et  al., 2010b). While some authors suggested 
that the Dreissenoidea arose from corbiculoidean 
ancestors (Keen & Casey, 1969; Morton, 1970, 1993, 
1996), others (McMahon, 1991; Starobogatov, 1994b) 
proposed that the three freshwater bivalve families, 
Dreissenidae, Sphaeriidae, and Corbiculidae, repre-
sent independent radiation processes, a notion which 
was later supported by molecular studies (Park & Ó 
Foighil, 2000).

According to Morton (1993), ancestral Dreis-
senidae originated in fresh and brackish waters of 
the Tethys Ocean during the Triassic period. Dreis-
senidae are the only extant representatives of the 
Superfamily Dreissenoidea that arose during the 
Eocene and flourished in the Late Miocene and Pleis-
tocene (Andrusov, 1897; Keen & Casey, 1969; Mor-
ton, 1970, 1993, 1996; Babak, 1983; Nuttall, 1990; 
Starobogatov, 1994b; Geary et  al., 2000; Bilandžija 
et  al., 2013). The origin of the family was recently 
estimated at about 37.4 million years ago (MYA) 
(Bilandžija et al., 2013) and corresponds to the period 
of the formation of the Paratethys Sea and the occur-
rence of the first unequivocal dreissenid fossils (Ben-
ton, 1993; Bilandžija et al., 2013). Based on phyloge-
netic and molecular clock analyses using both nuclear 

and mitochondrial markers, Bilandžija et  al. (2013) 
suggested that the split within Dreissena occurred 
11.6 MYA, when the genus first appeared in the fos-
sil record. Accordingly, the first split between D. 
rostriformis and the other three Dreissena spp. was 
estimated at 12.7 MYA and D. polymorpha branched 
off around 6.9 MYA. The timing of the first split is 
in agreement with the literature data (10 – 15 MYA; 
Stepien et al., 1999, 2001, 2003, but see Gelembiuk 
et  al., 2006). These estimates of the appearance of 
D. polymorpha are more ancient than previously 
reported (Stepien et  al., 2003), but Bilandžija et  al. 
(2013) used newly developed methods that accounted 
for rate variations and assumed uncorrelated rates of 
evolution, thus allowing for more accurate estimates.

Although extant representatives of Dreissena are 
limited in number, their radiation about 10 – 11 MYA 
in giant brackish European lakes gave rise to over 
200 species (albeit mostly subjective) and left mas-
sive fossil deposits (Kinzelbach, 1992; Staroboga-
tov, 1994b). Over 130 species of Dreissenidae were 
described from the ancient Lake Pannon, located in 
central-eastern Europe 12 – 4 MYA, hosting a variety 
of habitats with different salinity levels, and numer-
ous empty niches for colonization by survivors of the 
“Sarmatian Sea” that previously occupied the Panno-
nian basin (Geary et  al., 2000). Most of these Dre‑
issena species went extinct leaving large amounts of 
fossil deposits.

Only three genera of Dreissenidae have survived 
until the present day: Dreissena Van Beneden, 1835, 
Mytilopsis Conrad, 1857, and Congeria Partsch, 
1835 (Nuttall, 1990; Rosenberg & Ludyanskiy, 1994; 
Bilandžija et al., 2013; Stepien et al., 2014). Two spe-
cies of Dreissena became invasive both in Europe and 
in North America: D. polymorpha and D. rostriformis 
bugensis. Although several subspecies of D. poly‑
morpha with the difference tolerance to salinity were 
reported from the Ponto–Caspian basin (see Habitat 
Requirements), only D. polymorpha polymorpha 
invaded Europe and North America.

While the validity of D. polymorpha was never 
questioned, the status of D. r. bugensis changed 
multiple times (Andrusov, 1890, 1897; Mordukhai-
Boltovskoi, 1960; Starobogatov, 1994b; Rosenberg 
& Ludyanskiy, 1994; Stepien et  al., 2014). Dreis‑
sena r. bugensis was first described as D. rostriformis 
by Andrusov (1890) and redescribed as a separate 
species by the same author a few years later as D. 
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bugensis (Andrusov, 1897). Mordukhai-Boltovskoi 
(1960) classified it as a subspecies – D. r. bugensis, 
but Starobogatov (1994b) and Rosenberg & Ludy-
anskiy (1994) subsequently restored its species sta-
tus. Finally, Stepien et  al. (2014) suggested that D. 
r. bugensis is genetically very similar to four extant 
subspecies of D. rostriformis from the Caspian Sea, 
including D. r. grimmi, D. r. distincta, D. r. com‑
pressa, and D. r. pontocaspica. These four subspe-
cies inhabit chiefly the middle and southern parts of 
the Caspian Sea at depths of 20 – 300 m, overlap in 
their distribution and shell morphology (Logvinenko 
& Starobogatov, 1968; Nuttall, 1990; Starobogatov, 
1994b; Starobogatov & Andreeva, 1994), are geneti-
cally very similar, and thus were suggested to be a 
single taxonomic entity (Stepien et al., 2014). Stepien 
et al. (2014) also suggested that D. rostriformis from 
the Caspian Sea is genetically similar to D. r. bugen‑
sis and proposed to synonymize all subspecies of D. 
rostriformis.

Although genetically D. r. bugensis is only slightly 
different from D. rostriformis and thus likely does 
not qualify as a separate species, they occupy dras-
tically different habitats. While all populations of D. 
rostriformis are brackish water organisms inhabiting 
the profundal areas of the Caspian Sea with salinities 
around 5 – 13‰, D. r. bugensis is typically freshwa-
ter and avoids salinities above 3 – 4‰ (Therriault 
et  al., 2004, 2005; Orlova, 2014). Since D. rostri‑
formis spawns at > 5 ‰, whereas D. r. bugensis does 
at < 3‰, they are unlikely to interbreed (Staroboga-
tov, 1994b). Therriault et al. (2004, 2005) noted sub-
tle but consistent genetic differences between D. r. 
bugensis from the Dnieper–Bug basin and D. rostri‑
formis rostriformis (= distincta) from the Caspian Sea 
basin, suggesting that they represent two races: D. r. 
distincta – evolved in brackish water and D. r. bugen‑
sis – evolved in freshwater. It is likely that the diver-
gence of D. r. bugensis from D. rostriformis occurred 
during the late Novoeuxinian period (late Pleisto-
cene, ~ 0.1 – 0.01 MYA), as there are no fossil records 
of D. r. bugensis before this time (reviewed in Orlova, 
2014), although according to Gelembiuk et al. (2006) 
the divergence of D. r. bugensis from D. rostriformis 
occurred about 0.5 MYA. The name D. r. bugensis is 
generally accepted by most scientists, and we suggest 
that this name should be used in future. Additional 
studies are needed, however, to better understand the 
differences between D. r. bugensis and D. rostriformis 

and their taxonomic status. Especially important are 
investigations of the salinity range of the popula-
tions of D. r. bugensis that recently colonized the 
Volga River, including the Volga Delta and freshened 
zones of the Caspian Sea (Orlova et  al., 2004; Zhu-
lidov et al., 2004, 2005; Son, 2007), and the Caspian 
Sea populations of D. rostriformis to confirm if the 
two subspecies are truly isolated by their salinity 
tolerance.

Biology and ecology

Life cycle

Both species of Dreissena have free swimming plank-
tonic veliger larvae and an attached adult stage, a 
life history which is typical for marine mussels, but 
unique for freshwaters. The life history and reproduc-
tive characteristics of D. polymorpha have been stud-
ied much more extensively than those of D. r. bugen‑
sis. In recent decades, however, more data became 
available for the latter, especially due to comprehen-
sive studies in the Laurentian Great Lakes (reviewed 
in Karatayev et  al., 2014a; Karatayev & Burlakova, 
this issue). Although the life cycle of both dreissenids 
is similar, many important traits differ (Tables 2, 3). 

In polymictic lakes, the gonads of D. polymorpha 
are fully developed by spring and spawning occurs in 
summer. Unspawned eggs may be resorbed in win-
ter and then the cycle repeats during the next season 
(reviewed in Lvova & Makarova, 1994). The sizes 
of D. polymorpha eggs range around 40 – 100  µm, 
similar to egg sizes of D. r. bugensis (Table 2; Ack-
erman et  al., 1994; Lvova & Makarova, 1994; Roe 
& MacIsaac, 1997). However, the sperm head of D. 
r. bugensis appears to be larger than that of D. poly‑
morpha. According to Denson and Wang (1994), the 
sperm head of D. polymorpha is shorter, straight, and 
the acrosome is more bulbous and oval, while in the 
D. r. bugensis sperm cells are longer, curved, and the 
acrosome is wide at the point of attachment to the rest 
of the sperm head, but tapers more sharply toward the 
tip.

After the external fertilization of gametes released 
into the water column, a short-lived trochophore larva 
57 – 121 µm in diameter develops (Ackerman et al., 
1994). The trochophore transforms into a veliger 
stage that has a bilateral symmetric D-shape shell 
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that feeds and moves with a ciliated velum (Acker-
man et al., 1994; Lvova et al., 1994b; Verween et al., 
2010). The size of D. polymorpha veliger ranges from 
50 – 110  µm (Lvova et  al., 1994b) to 70 – 160  µm 
(Ackerman et  al., 1994). Subsequently, a velicon-
cha develops that has a more ornamented shell with 
a clam-like profile. This is the last free swimming 
stage of Dreissena larvae, whose average size is 
about 225  µm (range: 120 – 300  µm; Lvova et  al., 
1994b; Ackerman et  al., 1994). The duration of the 
planktonic stage of D. polymorpha lasts 10 – 18 days 
(Hillbricht-Ilkowska & Stanczykowska, 1969; Lvova, 

1980; Sprung, 1989; Borcherding & De Ruyter van 
Steveninck, 1992; Ackerman et  al., 1994), but when 
water temperature decreases in autumn, the growth 
and development of larvae slow down, and the 
duration of the planktonic stage may last for over a 
month (Kirpichenko, 1964; Stanczykowska, 1977; 
Karatayev, 1981; Lvova et  al., 1994b; Pollux et  al., 
2010).

After developing a foot and several other organs, 
including gills in the mantle cavity, the behavior 
of the larvae changes from free swimming to ben-
thic and the shape of the shell becomes similar to 

Table 2  Life history parameters of Dreissena polymorpha and Dreissena rostriformis bugensis 

Parameter D. polymorpha D. r. bugensis

Eggs and larvae
Egg size (µm) 40 – 85 (Nichols, 1993)

40 – 96 (Ackerman et al., 1994)
41–100 (Lvova & Makarova, 1994)

78 ± 3 (Roe & MacIsaac, 1997)

Sperm head size (µm) 7 – 9 (Nichols & Black, 1994)
5.5 (live sperm, Ram et al., 1996)
4.0 ± 0.1 (fixed for electron microscopy, 

Denson & Wang, 1994; Walker et al., 
1996)

9 – 12 (Nichols & Black, 1994)
4.7 ± 0.2 (fixed for electron microscopy, 

Denson & Wang, 1994; Walker et al., 
1996)

Size of the planktonic larvae (µm) 50–300 (Karatayev, 1981; Lvova et al., 
1994a)

56–280 (Ackerman et al., 1994)
60–245 (Lewandowski, 1982a)
60–220 (Bowen et al., 2018)

78 – 356 (Gerstenberger et al., 2011)
60 – 280 (Bowen et al., 2018)

Size of larvae at settlement (µm) 200–250 (Lewandowski & Ejsmont-Kara-
bin, 1983)

223 ± 6 (Karatayev, 1981)
236–249 (Martel et al., 2001)

256 – 284 (Martel et al., 2001)

Duration of planktonic phase (days) 10 (Hillbricht-Ilkowska & Stanczykowska, 
1969; Lvova, 1980)

17 (Borcherding et al., 1992)
18 (Sprung, 1989)

No data found

Adults
Maximum length (mm) 50 (Morton, 1969a) 47 (Our data)
Food spectrum Phytoplankton, detritus, zooplankton, bacte-

rioplankton (Mikheev, 1994; Baker & 
Levinton, 2003; Wong et al., 2003)

Phytoplankton, detritus, zooplankton, bac-
terioplankton (Tang et al., 2014; Denef 
et al., 2017; Lavrentyev et al., 2014; 
Props et al., 2018; Whitten et al 2018; 
Thorp & Casper, 2002)

Time to sexual maturity (months) 3–11 (Lvova & Makarova, 1994); 8–10 
(McMahon & Bogan, 2001)

No data found

Sex ratio (males:females) 1:1 (Lvova, 1980; Delmott & Edds, 2014)
1.16:1 (Lancioni & Gaino, 2006)

0.8:1 (Ianniello, 2013)

Duration of reproductive period (months) 3–5 (Lvova & Makarova, 1994) 3–10 (Nalepa et al., 2010; Wong et al., 
2012)

Fecundity (eggs per reproductive season) 275,000–300,000 (Lvova, 1977); up to 
1,000,000 (Sprung, 1991)

No data found
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that of adult individuals. These pediveliger lar-
vae crawl on the bottom or swim near it. After 
selecting an appropriate surface, the pediveliger 

secretes byssal threads to attach to the sub-
strate, undergoes metamorphosis, and becomes a 

Table 3  Influence of various environmental variables on the growth and longevity of D. polymorpha and D. r. bugensis 

Parameter D. polymorpha D. r. bugensis

Growth rate
Temperature increase Enhances growth at temperatures < 30 °C 

(Kornobis, 1977; Walz 1978b, 1978c; 
Karatayev & Tishchikov, 1979; Lvova, 
1980; Smit et al., 1992, 1993; MacIsaac, 
1994; Jantz, 1996; Karatayev et al., 2006, 
2010, 2011b)

Enhances growth (Karatayev et al., 2011b, 
2018b; Elgin et al., 2022)

Food increase and trophic conditions Enhances growth; growth is faster in 
eutrophic than in oligotrophic waters 
(Walz, 1978a; Dorgelo & Gorter, 1984; 
Smit et al., 1992, 1993; Dorgelo, 1993; 
Sprung, 1992, 1995a; Jantz, 1996; Jantz 
& Neumann, 1998, Schneider et al., 1998; 
Horvath & Lamberti; 1999; Karatayev 
et al., 2006, 2010, 2011b)

Enhances growth (Karatayev et al., 2010, 
2011b, 2018b; Elgin et al., 2022)

Season of the year Maximum growth in spring at the beginning 
of the growing season (Mikheev, 1964; 
Lvova, 1980; Karatayev 1983; Sprung, 
1995a; Jantz, 1996; Burlakova, 1998)

Maximum growth in spring (Wong et al., 
2012)

Location in the water column Growth is faster in the water column than on 
the bottom (Clarke, 1952; Mikheev, 1964; 
Morton 1969a; Kornobis, 1977; Lvova, 
1980; Karatayev, 1983; Sprung, 1995a; 
Jantz, 1996; Burlakova, 1998)

Growth is faster in the water column than on 
the bottom (Malkin et al., 2012; Karatayev 
et al., 2018b)

Currents Moderate currents enhance growth 
(Kachanova, 1963; Mikheev, 1964; bij 
de Vaate, 1991; Smit et al., 1992, 1993; 
Dorgelo, 1993; Burlakova, 1998; reviewed 
in Hasler et al., 2019)

No data found

Depth Growth rates decline with depth (Mikheev, 
1964; Kirpichenko, 1971; Kornobis, 1977; 
Garton & Johnson, 2000)

Growth rates decline with depth (Karatayev 
et al., 2018b; Elgin et al., 2022)

Suspended matter High concentrations inhibit growth (Reeders 
et al., 1989; Noordhuis et al., 1992; Alex-
ander et al., 1994; Summers et al., 1996; 
Madon et al., 1998; Schneider et al., 1998)

No data found

Longevity
Typical longevity (years) 3 – 5 (Lvova, 1980; Jantz & Neumann, 1992; 

Burlakova, 1998; Garton & Johnson, 2000; 
Karatayev et al., 2006, 2014a)

4 – 5 (Mills et al., 1996; Orlova et al., 2004)

Depth No data found Longevity is higher below the thermocline 
(Elgin et al., 2022; Karatayev & Burla-
kova, this issue)

Food Food depletions increases longevity (Lvova 
et al., 1994a)

Food depletion increases longevity (Karatayev 
et al., 2018b)

Temperature Longevity decreases at higher temperatures 
(Lvova et al., 1994a; Karatayev et al., 
2011b)

Longevity decreases at higher temperatures 
(Karatayev et al., 2011b, 2021a)
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postveliger (Kirpichenko, 1964; Ackerman et  al., 
1994; Verween et al., 2010).

Dreissena r. bugensis has a similar larval devel-
opment, but the larvae are generally larger (Gersten-
berger et al., 2011; Bowen et al., 2018) and, accord-
ing to Martel et al. (2001), settle at significantly larger 
sizes than those of D. polymorpha (256 – 284  µm, 
vs. 236 – 249  µm, respectively). Further, the larvae 
of D. r. bugensis were reported to settle at a greater 
size in offshore hypolimnion habitats (314 µm), than 
in nearshore epilimnion ones (262 µm) (Martel et al., 
2001). Laboratory trials also suggest that D. r. bugen‑
sis larvae may remain longer in the plankton than D. 
polymorpha (32 vs. 21 days) (Wright et al., 1996).

Gonad, oocyte development, and spawning are 
different for D. polymorpha from shallow, polymic-
tic waters, as compared with deep, cold profundal 
waters (Walz, 1978a; Bacchetta et al., 2010). In warm 
polymictic habitats, the gonads of D. polymorpha 
are fully developed by spring and spawning occurs 
in late spring (May to June in the northern hemi-
sphere). Temperature is the key factor that triggers 
spawning of zebra mussels in polymictic waters: D. 
polymorpha larvae first appear in the plankton when 
water temperatures reach 12 – 15 °C and continue to 
spawn until the end of summer (August or Septem-
ber) (Karatayev, 1981; Sprung, 1987; Borcherding, 
1991; Lvova et  al., 1994b; Burlakova, 1998; Bac-
chetta et al., 2010; Karatayev et al., 2010, 2014a; Pol-
lux et  al., 2010). According to Borcherding (1991), 
the increase in temperature above the 12 °C threshold 
is necessary for the simultaneous release of male and 
female gametes, and D. polymorpha cannot establish 
viable populations in waterbodies with maximum 
daily temperature below 12 °C throughout the year.

Veliger densities are characterized by 1 – 3 peaks 
in abundance (reviewed in Lvova et al., 1994b; Bur-
lakova, 1998; Karatayev et  al., 2010). Cold springs/
early summers may greatly delay the reproduction of 
D. polymorpha, producing a single, short, and sharp 
peak in larval densities, while in warm years zebra 
mussel larvae may show several small peaks in abun-
dance or one extended peak (Karatayev, 1981, 1983; 
Lvova et  al., 1994b; Burlakova, 1998; Karatayev 
et  al., 2010). Dreissena polymorpha larvae are typi-
cally present in the plankton from May through Sep-
tember/October at densities ranging from 1 to 500 
ind./L, although they occasionally may reach local 
peaks of up to 9000 ind./L in areas with high adult 

densities (Hillbricht-Ilkowska & Stanczykowska, 
1969; Stanczykowska, 1977; Karatayev, 1981, 1983; 
Borcherding & De Ruyter van Steveninck, 1992; 
Kern et  al., 1994; Lvova et  al., 1994b; Mackie & 
Schloesser, 1996; Burlakova, 1998; Karatayev et  al., 
2010; Pollux et al., 2010).

In contrast to warm polymictic areas, very few 
studies were conducted on D. polymorpha in cold, 
profundal regions, and their results are contradictory 
(Walz, 1978a; Bacchetta et  al., 2010). According to 
Bacchetta et  al. (2010), in cold deep (25  m) waters 
of Lake Iseo (Italy) where water temperature never 
reaches 12 °C, mussels have ripe gonads for extended 
periods of time and may spawn smaller numbers of 
eggs over many months. These results contradict 
with the 12 °C threshold for successful reproduction 
(Borcherding, 1991), as well as with earlier assess-
ments by Walz (1978a) that “it is certain that these 
mussels (found at 50  m depth in Lake Constance) 
could not have completed their early developmental 
stages at this depth but must have landed there acci-
dently from their original habitat after the gametes 
have been formed.” Thus, the reproduction dynamics 
of D. polymorpha in cold, deep waters needs further 
research.

In polymictic waterbodies, quagga mussels likely 
spawn at the same time as D. polymorpha and may 
have similar spawning cues, in particular increases in 
temperature. In shallow areas of Lake Erie, both dre-
issenid species were found to initiate spawning when 
the water reached 18 – 20  °C (Claxton & Mackie, 
1998). In contrast, in the profundal zones of deep 
lakes, quagga mussels have been found to spawn at 
colder water temperatures (Roe & MacIsaac, 1997; 
Claxton & Mackie, 1998; Nalepa et  al., 2010; Gly-
shaw et al., 2015; Pothoven & Elgin, 2019). For the 
profundal zone of the eastern basin of Lake Erie at 
55 m depth, Roe and MacIsaac (1997) reported evi-
dence of gonad development and spawning at a tem-
perature of 4.8  °C, in July 1996. In Lake Michigan, 
mature mussels were found in April at 45 m depth at 
temperatures of 2.4–5.9  °C and even at 93  m depth 
at 2.5 to 4.5  °C (Glyshaw et  al., 2015). More work 
is needed to understand the conditions that determine 
spawning in quagga mussels, especially as related to 
water depth.

The dynamics of quagga mussel larvae in the 
plankton differs dramatically from that of zebra 
mussels. For Lake Michigan, Glyshaw et  al. (2015) 
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reported that the density of quagga mussel veligers 
peaked at different times of the year depending on 
water depth: at 15  m in mid-summer and at 45 and 
110 m in December. According to Pothoven and Elgin 
(2019), D. r. bugensis veligers were present at all sites 
monitored in Lake Michigan throughout the sampling 
season (March–December), with peaks of density in 
summer and fall. In several inland lakes in California 
colonized by quagga mussels only, with water tem-
perature always > 12  °C, veligers were present year-
round, but their densities were lowest during winter 
and highest when epilimnetic temperature exceeded 
22 °C (Reid et al., 2010; Gerstenberger et al., 2011). 
Likewise, quagga mussel veligers in the Great Lakes 
were reported to be present in the plankton year-
round (James Watkins, personal communication). 
There also are indications that quagga mussel larvae 
are present year-round in the plankton of deep Euro-
pean lakes (Piet Spaak, personal communication).

Only two studies investigated the fecundity of 
zebra mussels. Lvova (1977, 1980) reported 275,000 
–300,000 eggs per female per season, whereas 
Sprung (1991) estimated that females may pro-
duce up to 1,000,000 eggs and males up to nearly 
10,000,000,000 sperm per season, comprising more 
than 30% of their body weight prior to spawning. No 
data for the fecundity of quagga mussels are available, 
and although their fecundity has been assumed to be 
the same as that of zebra mussels (Keller et al., 2007), 
given the many differences in the biology and ecol-
ogy of these species this assumption is speculative 
and, probably, unwarranted. Because the spread of 
quagga mussels is presently ongoing in both Europe 
and North America, and in deep stratified lakes they 
build up huge populations below the thermocline, it is 
critically important to study their fecundity, as well as 
the impact of environmental variables like tempera-
ture, depth, and food on their reproductive potential.

Growth

The growth and longevity of D. polymorpha were 
studied for over 70 years in Europe and later in North 
America using various methods, including count-
ing annual growth rings, analysis of size-frequency 
distributions, assessing their growth under experi-
mental conditions, and monitoring marked mussels 
in the wild, without removing them from the sub-
strate (reviewed in Lvova et  al., 1994a; Karatayev 

et  al., 2006; Pollux et  al., 2010). All methods have 
their pros and cons. Counting the annual rings that 
are formed on the mussels’ shells during the slow-
growth winter periods was the most commonly used 
method in the past and probably the easiest (reviewed 
in Karatayev et al., 2006). However, this method was 
largely abandoned in the 1990s as it became clear that 
every year multiple “disturbance” rings may form on 
the shells and it is difficult to distinguish the annual 
rings from those formed due to other factors, result-
ing in a substantial overestimation of the mussels’ 
longevity (Morton, l969a; Lvova, 1980; Lvova et al., 
1994a; Jantz, 1996).

Size-frequency distributions have been used in 
multiple studies of zebra mussels’ growth (Morton, 
1969a; Jantz & Neumann, 1992; Martel, 1993, 1995; 
Smit et al., 1993; Dall & Hamburger, 1996; Chase & 
Bailey, 1999; Orlova & Panov, 2004), but this method 
requires that spawning and settlement are synchro-
nized, and each generation forms distinct size (age) 
classes or cohorts (reviewed in Karatayev et  al., 
2006). However, yearly cohorts are often difficult 
to distinguish, as in many waterbodies zebra mus-
sels spawn throughout the entire summer and settled 
young-of-the-year mussels do not form distinct size 
(age) groups (bij de Vaate, 1991; Jantz & Neumann, 
1992; Lvova et  al., 1994a). Nevertheless, when the 
population encompasses few and clearly distinguish-
able age classes, this method can be effective in time 
series analyses of population size distribution curves 
(Burlakova, 1998; Allen et al., 1999).

After the method of counting annual rings was 
largely discontinued, the most common approach 
to study the growth of D. polymorpha has been the 
monitoring of individual, often marked, specimens in 
cages deployed in the field (Lvova, 1980; Smit et al., 
1992, 1993; Sprung, 1992, 1995a; Dorgelo, 1993; 
Dall & Hamburger, 1996; Bitterman et  al., 1994; 
MacIsaac, 1994; Allen et al., 1999; Horvath & Lam-
berti, 1999; Yu & Culver, 1999; Garton & Johnson, 
2000; Karatayev et  al., 2006, 2018b; Beisel et  al., 
2010) or in the laboratory (Walz, 1978a, 1978b; Jantz 
& Neumann, 1992, 1998; Dorgelo, 1993; Neumann 
et  al., 1993; Jantz, 1996; Stoeckmann & Garton, 
1997; Baldwin et al., 2002; Karatayev et al., 2011b). 
However, the use of caged mussels may underestimate 
growth rates as the mesh on the cages may reduce 
water exchange, especially if cages become over-
grown by periphyton (Kachanova, 1963; Karatayev, 
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1983; Stanczykowska & Lewandowski, 1995; Burla-
kova, 1998). For example, in 3–4 year experiments in 
the Uchinskoe Reservoir (Russia), mussels in cages 
not overgrown with periphyton exhibited high growth 
rates and reached high sizes (up to 36  mm, which 
coincides with the maximum size of mussels com-
monly found in the reservoir) (Lvova, 1980). In con-
trast, in Lake Lukomskoe (Belarus), cages made of 
the same material became covered with periphyton, 
resulting in much slower growth rates and noticeably 
smaller maximum sizes even after 10 years of experi-
mentation, suggesting that impaired water exchange 
decreased food availability for the animals (Lvova 
et  al., 1994a). Further, suspension of cages in the 
water column above the benthic layer has been sug-
gested to yield unrealistically high growth rates com-
pared to animals on the bottom, where food resources 
are often depleted due to their filtration by dense mus-
sel beds (Yu & Culver, 1999; Karatayev et al., 2006, 
2018b; Malkin et al., 2012).

Monitoring the growth of tagged mussels under 
natural conditions (i.e., on the bottom, attached to 
rocks) could conceivably provide the most realistic 
estimates of their growth, but this method has been 
used in very few studies (e.g., Stoeckman & Garton, 
1997; Burlakova, 1998). Burlakova (1998) found that 
the growth rate of mussels on stones in the Svisloch 
River (Belarus) was up to 400% greater than that of 
caged mussels at the same sites due to clogging of 
the cages with macrophytes and periphyton. The 
disadvantage of this method is that mussels can dis-
place, form druses, or be consumed by predators, thus 
requiring very large numbers of initially marked indi-
viduals in order to retrieve reasonable high numbers 
in subsequent observations.

Much fewer studies were conducted on the growth 
of D. r. bugensis. Stoeckmann & Garton (1997) used 
marked mussels attached to rocks in the western basin 
of Lake Erie. Caged mussels were used in the western 
(MacIsaac, 1994; Stoeckmann, 2003) and the eastern 
basins of Lake Erie (Karatayev et al., 2018b), in Lake 
Ontario (Malkin et al., 2012; Elgin et al., 2022), in the 
St. Lawrence River (Casper et  al., 2014), and in the 
Meuse River (Marescaux et al., 2015). Growth in lab-
oratory conditions was also assessed in a few studies 
(Baldwin et al., 2002; Karatayev et al., 2011b; Metz 
et al., 2018). The growth of quagga mussels was also 
investigated in Lake Mead, Arizona, which is much 

warmer (winter temperatures always > 12 °C) and was 
colonized by D. r. bugensis only (Wong et al., 2012).

Dreissena spp. growth rates depend on a wide 
array of environmental variables, including tempera-
ture, food, season of the year, depth, water velocity, 
and other factors (Table 3). Many of these variables 
covary (e.g., temperature declines in the fall and so 
does food availability), making it very difficult to 
tease apart their relative importance. All waterbod-
ies where observations on the growth of D. r. bugen‑
sis were conducted (except for the western USA) 
were initially colonized by D. polymorpha and only 
later by D. r. bugensis, and all reported higher rates 
for D. r. bugensis than for D. polymorpha (Baldwin 
et  al., 2002; Stoeckmann, 2003; Karatayev et  al., 
2011b; Casper et  al., 2014; Marescaux et  al., 2015; 
Metz et al., 2018). The only exception is the work of 
MacIsaac (1994), who concluded, after having used 
cages deployed in Lake Erie for 56  days that the 
growth and survival rates of the two species are very 
similar.

One of the most controversial environmental 
drivers of the growth of D. polymorpha is water 
temperature, especially its lowest threshold. Many 
studies based on seasonal observations in temper-
ate regions showed that mussel growth stops in the 
winter and resumes in the spring after water tempera-
tures reach > 10 °C, suggesting that 10 °C is the lower 
temperature threshold for growth (Morton, 1969a, 
1969b; Karatayev, 1983; Mackie, 1991; Jantz & Neu-
mann, 1992). However, other studies suggested that 
mussels still grow at 6  °C (bij de Vaate, 1991), and 
even at 3 °C (Smit et al., 1992). These lower thresh-
olds were supported by occasional reports of D. poly‑
morpha from depths far below the thermocline: 50 m 
in Garda Lake (Franchini, 1978), 55 m in Bodensee 
Lake (Walz, 1973), 80  m in Lake Huron (Nalepa 
et al., 2007), 109 m in Lake Ontario (Watkins et al., 
2007), and 128  m in Lake Michigan (Nalepa et  al., 
2014). The near-bottom temperature at these depths is 
always below 10 °C, but D. polymorpha attained the 
adult stage there, even though the growth rates were 
likely very slow.

In the Great Lakes, observations of D. polymorpha 
at such depths are very unusual and could potentially 
be a result of misidentifications with D. r. bugensis 
(Karatayev & Burlakova, this issue). In an experiment 
conducted in Lake Constance, D. polymorpha were 
kept in two treatments with water pumped constantly 
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from 1 to 60 m for two years (Walz, 1978b). In one 
treatment mussels were exposed to the natural seston 
concentrations and temperature regimes (5–20 °C) of 
surface water, while in the other mussels were kept 
at the conditions of profundal waters (4.5–5.5 °C and 
low food concentrations). Over the two years of the 
experiment, the length of D. polymorpha remained 
constant in the deep-water treatment, while the dry 
weight, protein, and carbon content of the soft body 
decreased exponentially (Walz, 1978b). This experi-
ment suggests that the low food and temperature con-
ditions of the profundal waters are unsuitable for D. 
polymorpha. Similar studies were conducted with D. 
polymorpha and D. r. bugensis kept in flow-through 
tanks for over 9 months using Lake Erie surface water 
at two temperatures: ambient temperature (that mim-
icked the littoral environment, range 4–25  °C) and 
chilled water (range 5–8  °C) to mimic the hypolim-
nion conditions (Karatayev et al., 2011b). While nei-
ther species grew during the winter at either treatment 
when cold water coincided with low food supply, dur-
ing the growing season both species showed signifi-
cant growth rates in both treatments, suggesting that 
the lack of food, rather than low temperatures, curtail 
the growth of both dreissenid species during the win-
ter (Karatayev et  al., 2011b). In these experiments, 
the growth rate of D. r. bugensis was significantly 
higher than that of D. polymorpha, which agrees with 
the fact that D. r. bugensis grows well in the cold pro-
fundal zones of the Great Lakes, where near-bottom 
temperatures are always below 6 °C. It is likely that 
D. r. bugensis has a lower temperature threshold than 
D. polymorpha, but the question whether tempera-
ture, food, or a combination of both usually (albeit 
with exceptions) limit the range of D. polymorpha to 
the well-mixed areas and prevent the establishment of 
sizable populations in the cold profundal zone, is still 
open.

Increased water temperature enhances the growth 
rate of D. polymorpha and D. r. bugensis in a wide 
range of temperatures (Table  3). In this respect, 
data from cooling water reservoirs for thermal and 
nuclear power plants are particularly interesting. 
The growth rates of D. polymorpha exposed to dif-
ferent temperature regimes, but with otherwise very 
similar environmental conditions allowed for direct 
estimates of the effects of temperature on the mus-
sels (Yaroshenko & Naberezhnyi, 1971; Skalskaya, 
1976a, 1976b; Elagina et  al., 1978; Karatayev & 

Tishchikov, 1979; Karatayev, 1983; Kornobis, 1977; 
Karatayev et al., 2006). In all cases D. polymorpha 
grew faster in the areas heated by the power plant 
outflow, than in those unaffected by it. However, 
when temperatures exceeded 30  °C, the growth 
rate of D. polymorpha declined and at tempera-
tures > 32 °C, most mussels died (Karatayev, 1983; 
Protasov et al., 1983; Vladimirov, 1983; Sinitsina & 
Protasov, 1993; Lyakhnovich et al., 1994). Because 
the upper temperature survival limit of D. r. bugen‑
sis is lower than that of D. polymorpha, it is likely 
that the upper temperature threshold for D. r. bugen‑
sis growth is also lower.

As reviewed above, food availability is another 
important factor that governs the growth of Dreissena 
spp. (Table 3). In eutrophic lakes, the growth rates of 
D. polymorpha are higher than in meso-oligotrophic 
lakes, most probably due to the higher chlorophyll 
content and better food conditions (Dorgelo, 1993; 
Burlakova, 1998; Jants & Neumann, 1998). Accord-
ing to Sprung (1995a), a positive correlation between 
D. polymorpha shell growth and seston concentration 
(i.e., availability of particulate organic matter) occurs 
when seston concentrations stay below those at which 
the intestine is filled to capacity when the animal fil-
ters at a maximum rate (Sprung, 1995b).

There are strong seasonal variations in the growth 
of Dreissena spp. (Table  3). In temperate regions, 
the maximum growth rates of both D. polymorpha 
and D. r. bugensis usually occur early in the grow-
ing season and coincide with peaks in phytoplankton 
abundance (Walz, 1978a; Smit et  al., 1992; Lvova 
et  al., 1994a; Burlakova, 1998; Garton & Johnson, 
2000; Karatayev et al., 2006; Malkin et al., 2012). In 
mid-summer growth rates often decline, most likely 
due to spawning (Lvova, 1977; 1980; Allen et  al., 
1999), lower food concentrations (Walz, 1978a; Mal-
kin et  al., 2012), or blooms of unpalatable or toxic 
algae that hamper filter feeding (Stanczykowska & 
Lewandowski, 1995; Boegehold et al., 2019). Strong 
summer food depletion in the profundal zone of the 
Great Lakes slows down the growth of D. r. bugen‑
sis (Karatayev et al., 2018b). In these areas, mussels 
grow faster during periods of active vertical water 
mixing, when surface waters with the high phyto-
plankton concentrations reach the bottom. In contrast, 
in the southern edge of dreissenid distribution, mid-
summer growth is inhibited by high water tempera-
ture (Mihuc et al., 1999; Allen et al., 1999).
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The growth of Dreissena spp. may also depend on 
the time since mussel invasion. Recent studies con-
ducted in Lake Erie suggest that early in the inva-
sion, when food resources in the profundal zone were 
abundant, D. r. bugensis grew fast (Karatayev et  al., 
2018b; Karatayev & Burlakova, this issue). How-
ever, as mussel populations increased, they reduce the 
amount of food (particulate organic matter, including 
chlorophyll and plankton in general) available lake 
wide, resulting in much slower growth rates later in 
the invasion (reviewed in Karatayev et al., 1997; Hig-
gins & Vander Zanden, 2010; Pothoven & Fahnen-
stiel, 2014; Rowe et al., 2015).

Longevity

Reported longevity of D. polymorpha ranges from 3 
to 19  years, but maximum sizes are roughly similar 
(30–36  mm). This wide range of reported longevity 
may be due to natural variation but may also reflect 
biased assumptions in the method used (reviewed in 
Karatayev et al., 2006; Pollux et al., 2010). The two 
earliest life span estimates, reported in 1952, had a 
ninefold difference: Karpevich (1952) estimated the 
longevity at 18 years by counting the annual growth 
rings on the shells, while Clarke (1952), using size-
frequency distributions, concluded that the animals 
typically live about three years. Later, Lvova (1980), 
based on observations of caged D. polymorpha, sug-
gested that mussels may reach their maximum size 
in 4 years. These data are in line with several other 
reports from warm polymictic environments (Jantz & 
Neumann, 1992; Burlakova, 1998; Garton & John-
son, 2000), suggesting that the typical longevity of D. 
polymorpha is around 3 – 5 years (Table 3; reviewed 
in Lvova et al., 1994a; Karatayev et al., 2006, 2014a) 
depending on the water temperature, with shorter 
lifespan in warmer lakes (reviewed in Stanczykowska, 
1977; Pollux et al., 2010). However, it is also known 
that if food is limited, mussels may live longer. The 
estimated longevity of D. polymorpha kept in cages 
in Lake Lukomskoe (Belarus) heavily overgrown with 
periphyton was about 10 years (Lvova et al., 1994a). 
Finally, we lack data on D. polymorpha longevity 
in the profundal zone of stratified lakes where their 
growth is limited by both low temperatures and low 
food concentrations.

In warm polymictic waterbodies, the longevity 
of D. r. bugensis is similar to that of D. polymorpha 

(Table  3). However, as in D. polymorpha, longevity 
may increase substantially in areas with low temper-
ature and limited food resources. In addition, in the 
profundal zone of deep stratified lakes, the longevity 
of D. r. bugensis may depend on the time since ini-
tial colonization and may increase substantially later 
in the invasion due to the depletion of food resources 
(see above). Based on growth increments of caged 
mussels and size-frequency distributions, it was esti-
mated that 30-mm-long individuals of D. r. bugensis 
from the profundal zone of eastern Lake Erie could 
be 15 or even 30 years old (Karatayev et al., 2018b; 
Karatayev & Burlakova, this issue). Similar results 
were also reported by Elgin et al. (2022) for the pro-
fundal zone of Lake Ontario.

Population dynamics

The fact that in many invasive species there often 
is a lag time between the first introduction and the 
development of a large population has been observed 
in many investigations. This lag is variable, ranging 
from less than a year to decades and probably depends 
on many intrinsic, species specific, and environmental 
variables (Kiritani & Yamamura, 2003; Simberloff & 
Gibbons, 2004; Daehler, 2009). In order to estimate 
this lag time, the date of the first introduction needs 
to be known. However, for many aquatic invaders that 
were introduced unintentionally, including Dreissena 
spp., these data are scare and therefore most assess-
ments often rely on the date of the first record (which 
may or may not coincide with the actual introduction 
time; reviewed in Burlakova et  al., 2006; Karatayev 
et al., 2011a).

Population explosions early in the invasion were 
documented frequently for both Dreissena spe-
cies (Sebestyen, 1937; Lyakhov & Mikheev, 1964; 
Karatayev, 1983; Hebert et  al., 1991; Dermott & 
Munawar, 1993; Marsden et al., 1993; Nalepa et al., 
1995, 1996, 2003; Griffiths et  al., 1991; Burlakova 
et  al., 2006; Karatayev et  al., 2011a, 2015a, 2021a; 
Hetherington et al., 2019; Strayer et al., 1996, 2019). 
The lag time between first detection and peak popu-
lation size are much shorter for zebra (2.5 ± 0.2 SE 
years), than for quagga mussels (12.2 ± 1.5 SE years) 
(Karatayev et  al., 2011a, 2015a; Ginn et  al., 2018). 
Lake morphometry has been shown to largely gov-
ern the population dynamics of quagga mussels 
(Karatayev et  al., 2021a, 2021b, 2022). In shallow 
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polymictic lakes where quagga mussels grow fast 
and are short lived, the average time required to reach 
the population maximum is 6 – 19 years, whereas in 
the deep areas of stratified lakes (e.g., the Laurentian 
Great Lakes) where quagga mussels grow slowly and 
live longer (Elgin et al., 2022), their population den-
sities are still increasing even 30  years after initial 
invasion (Nalepa et al., 2010, 2020; Karatayev et al., 
2021a, 2022; Karatayev & Burlakova, this issue).

Later in the invasion the population size of dreis-
senids can fluctuate widely, from maintaining rela-
tively stable levels for substantial periods of time, to 
declining strongly or even disappearing altogether if 
the environment becomes unsuitable (Kinzelbach, 
1992; Ramcharan et  al., 1992; Stanczykowska & 
Lewandowski, 1993; Burlakova et  al., 2006; Strayer 
& Malcom, 2006; Noordhuis et  al., 2016; Strayer 
et  al., 2019). The environmental factors that con-
trol zebra mussel populations cover a wide array of 
conditions, including substrate and food limitation, 
eutrophication, pollution, oxygen depletion, competi-
tion, and predation (Stanczykowska & Lewandowski, 
1993; Kinzelbach, 1992; Karatayev et al., 1997, 2002, 
2003, 2011a; Molloy et  al., 1997; Noordhuis et  al., 
2016; Wawrzyniak-Wydrowska et al., 2019; Rudstam 
& Gandino, 2020). It is likely that the environmental 
variables that govern the population dynamics of D. r. 
bugensis are similar to those listed above. Long-term 
systematic surveys of zebra and especially quagga 
mussel population dynamics, however, are rare, and 
findings are often inconclusive due to heterogeneous 
methodologies and/or system-specific environmental 
conditions (Strayer et al., 2019, but also see Hether-
ington et al., 2019). More lake-wide long-term stud-
ies are needed to understand the multiannual dynam-
ics of these mussels under different environmental 
conditions.

Interspecific competition

Multiple studies conducted in inland waterbodies in 
Europe and in North America have shown that the 
introduction of quagga mussels into lakes and res-
ervoirs previously colonized by zebra mussels often 
causes dramatic declines of zebra mussel populations 
(Orlova et  al., 2004, 2005; Noordhuis et  al., 2016; 
Balogh et  al., 2018; Karatayev et  al., 2011a, 2015a; 
Heiler et al., 2013; bij de Vaate et al., 2014; Hether-
ington et al., 2019; Strayer et al., 2019). The outcome 

of this competition, however, varies from almost 
complete extirpation of zebra mussels to the co-exist-
ence of both species and sometimes even reversals to 
a predominance of D. polymorpha (Strayer & Mal-
com, 2006; Zhulidov et  al., 2010; Karatayev et  al., 
2011a, 2021c; Strayer et al., 2019; Rudstam & Gan-
dino, 2020). The results largely depend on lake mor-
phometry, prevalent substrate types, food availability, 
predation, etc. (Karatayev et  al., 1997, 2002, 2011a, 
2021a; Hunter & Simons, 2004; Hecky et  al., 2004; 
Patterson et  al., 2005; Burlakova et  al., 2006; bij de 
Vaate et al., 2014; Rudstam & Gandino, 2020; Jack-
son et al., 2020).

In shallow polymictic lakes, quagga mussels 
become dominant 4 – 12 years after coexisting with 
previously established zebra mussels, but despite 
their dominance, even after 30  years they do not 
appear to fully replace zebra mussels (Orlova et  al., 
2004; Noordhuis et  al., 2016; Balogh et  al., 2018; 
Hetherington et  al., 2019; Karatayev et  al., 2014b, 
2021a, 2021c).

Even in waterbodies initially dominated by quagga 
mussels, species-selective predation may favor zebra 
mussels, resulting in their population increase and 
occasional dominance (Zhulidov et  al., 2006, 2010; 
Rudstam & Gandino, 2020). Quagga mussels are 
more vulnerable to predation because their shells 
are thinner, their attachment strength is lower, their 
aggregation behavior is weaker, and they are less 
prone to seek refuge (Mackie, 1991; Dermott & 
Munawar, 1993; Claxton & Mackie, 1998; Kobak & 
Kakareko, 2009; Peyer et al., 2009, 2010; Naddafi & 
Rudstam, 2013; Balogh et  al., 2019; Czarnoleski & 
Müller, 2014). After large hypoxia-induced (or other 
factors) mortality events of mixed populations, zebra 
mussels can recolonize the site much faster due to 
their larger presence in inflowing rivers (Karatayev 
et al., 2021c).

All these factors affect the population dynam-
ics of both species, and their combined densities in 
polymictic lakes may increase (Noordhuis et  al., 
2016; Hetherington et al., 2019; Wegner et al., 2019; 
Karatayev et  al., 2021a), remain stable (Karatayev 
et al., 2021a), or decline (Rudstam & Gandino, 2020; 
Karatayev et al., 2021a) compared to when the water-
body was colonized by zebra mussels alone.

In contrast, in large deep stratified lakes, quagga 
mussels become dominant faster, attain much 
higher densities, and drive zebra mussels to virtual 
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extirpation (Nalepa et  al., 2009a, 2010; Madenjian 
et  al., 2015; Karatayev et  al., 2021a; Karatayev & 
Burlakova, this issue).

Habitat requirements

Salinity

While several subspecies of D. polymorpha exist (or 
existed) in the Ponto–Caspian basin, only D. poly‑
morpha polymorpha invaded waterbodies in Europe 
and North America. In their native range, the north-
ern part of the Caspian Sea (Karpevich, 1964; Shkor-
batov et al., 1994) and the Taganrog Gulf of the Azov 
Sea (Karpevich, 1955; Kruglova, 1957; Shkorbatov 
et  al., 1994), D. p. polymorpha thrives in the least 
saline areas, from freshwater and to up to 5‰. In the 
Hudson River, D. p. polymorpha successfully set-
tles and survives at salinities between 5‰ and 6‰ 
but is absent from areas where salinity ranges from 
6 to 9‰ (Walton, 1996). It is likely that different 
populations of D. p. polymorpha may have different 
upper salinity limits (reviewed in Shkorbatov et  al., 
1994; Karatayev et al., 1998). The tolerance to salin-
ity of D. p. polymorpha from various regions of the 
Volga River decreases with increasing distance from 
the Caspian Sea, likely due to genetic differences 
(Antonov & Shkorbatov, 1983; Shkorbatov, 1986; 
Shkorbatov & Antonov, 1986; Shkorbatov et  al., 
1994). However, conclusive long-term experiments to 
determine if these local differences are due to accli-
mation or genetic adaptations are yet to be conducted 
(Karatayev et al., 1998). Overall, field observations in 
Europe and North America suggest that D. p. poly‑
morpha can establish stable populations at salinities 
below 6‰ (Table 2). Higher salinity tolerance limits 
(up to 12 ‰) were suggested for D. p. polymorpha 
(Strayer & Smith, 1993; Pollux et al., 2010), but these 
values are likely based on the data from the Aral and 
Caspian seas subspecies of Dreissena with the higher 
than D. p. polymorpha salinity tolerances.

Three subspecies of D. polymorpha (D. p. and‑
rusovi, D. p. aralensis, and D. p. obtusicarinata) are 
native to the Ponto–Caspian basin and have a higher 
salinity tolerance, none of them have ever spread 
outside of their native range (reviewed in Staroboga-
tov & Andreeva, 1994; Karatayev et al., 1998). D. p. 
andrusovi, commonly found in the Northern Caspian 
Sea (Malinovskaja et  al., 1998), is a brackish water 

mussel whose optimal salinity is 3–10‰, but it can 
survive between 2 and 14‰ and even tolerate up to 
20‰ for short periods (Lyakhnovich et  al., 1994; 
Shkorbatov et al., 1994; Karatayev et al., 1998). The 
two other subspecies, D. p. aralensis and D. p. obtu‑
sicarinata, that dominated the benthic communities 
of the Aral Sea in the 1950s (Zenkevich, 1963; Mor-
dukhai-Boltovskoi, 1972; Yablonskaya et  al., 1973; 
Starobogatov & Andreeva, 1994), tolerated salinities 
up to 17.6 – 18.4‰ (Khusainova, 1958; Lyakhnovich 
et al., 1994). The intensive irrigation-related diversion 
of water from the Amu Darya and Syr Darya rivers, 
which feed the Aral Sea, caused a dramatic decrease 
in the volume and increase in the salinity of the sea, 
likely triggering the extirpation of both subspecies 
from the sea in 1970 (reviewed in Karatayev et  al., 
1998; Micklin et al., 2020). While D. p. obtusecari‑
nata  likely became extinct, D. p. aralensis remained 
in the Syr Darya River and the lakes connected with it 
and recently has been successfully reintroduced in the 
freshened zones of the Aral Sea (reviewed in Aladin 
et al., 2019).

Data on the upper salinity tolerance of D. r. bugen‑
sis are scarce. In the Dnieper–Bug Liman, D. r. 
bugensis was recorded in areas with salinities up to 
3.5‰ (Grigoryev, 1965). Similar limits were reported 
by Orlova (2014) and Mills et  al. (1996) (Table  2). 
Thus, D. polymorpha is likely more salinity tolerant 
than D. r. bugensis, allowing it to invade more estua-
rine-type habitats.

We should mention that the above-reported salin-
ity limits for both D. polymorpha and D. r. bugensis 
are for the chronic exposure. Both species can tolerate 
higher salinity for a short period (Shkorbatov et  al. 
1994; Ellis & MacIsaac, 2009). Thus, in experiments 
with D. polymorpha from the Volga River exposed 
to the gradual increase in salinity, first mussels start 
dying at 7–10‰, but some mussels’ survived expo-
sure to 15‰ for up to 20 days. In contrast, all mussels 
exposed to abrupt salinity increase to 9‰ died within 
12 days (Shkorbatov et al., 1994). According to Ellis 
& MacIsaac (2009), both dreissenid species exhibit 
little mortality after the exposure for 5 h to 30‰ and 
few individuals survived for 48 h.

Temperature

The lower temperature limit for D. polymorpha 
is > 0  °C as zebra mussels cannot survive freezing 
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(Luferov, 1965). Dreissena r. bugensis probably has 
a similar lower temperature threshold (reviewed in 
Karatayev et  al., 1998, 2007b, 2014a), although we 
are not aware of studies addressing this question 
(Garton et  al., 2014). The exposure of D. polymor‑
pha and D. r. bugensis to average daily temperatures 
from −  3.6 to −  7.2  °C for five days during a low-
water event in the River Nederrijn, the Netherlands, 
resulted in the mortality of all mussels of both spe-
cies (Leuven et al., 2014), suggesting that neither of 
these dreissenids can tolerate freezing. In laboratory 
experiments, however, two out of 16 zebra mussels 
survived temperatures ~ -3 °C for about 3 h (Paukstis 
et al., 1996), suggesting that at least a small percent-
age of the mussels can survive short-term freezing.

Laboratory studies suggest that the upper tempera-
ture limit for D. polymorpha ranges between 28 and 
32 °C and depends on the climatic zone from which 
mussels were collected, acclimation time, and experi-
mental design (reviewed in Shkorbatov et  al., 1994; 
Aldridge et  al., 1995; McMahon, 1996; Karatayev 
et al., 1998; Garton et al., 2014). The upper tempera-
ture limit observed in the field (rather than in labora-
tory conditions) is probably a better predictor of the 
geographic limits for the spread of D. polymorpha 
(reviewed in Karatayev et al., 1998). Multiple studies 
conducted in Europe in cooling reservoirs for thermal 
and nuclear power stations indicate that adult D. poly‑
morpha can survive at temperatures up to 32–33 °C, 
depending on the exposure time (Table 4; Karatayev, 
1983; Vladimirov, 1983; Lyakhnovich et  al., 1994; 
Karatayev et  al., 1998, 2007b). Similarly, in North 
America, zebra mussels have been shown to have 
upper thermal limits of around 31–32.5 °C (Aldridge 
et al., 1995; Allen et al., 1999; Garton et al., 2014). 
On the other hand, some studies suggest that D. 
polymorpha larvae appear to be less tolerant of high 
temperature than the adults. The upper temperature 
limit for larvae from the Dnieper–Krivoi–Rog Canal 
(Ukraine) is 30 °C (Shevtsova, 1968a) and 29 °C in 
the Konin Lakes (Poland) (Lewandowski & Ejsmont-
Karabin, 1983). In general terms, D. r. bugensis 
appears to be less tolerant of high temperatures than 
D. polymorpha (Table 4).

Dissolved oxygen

While both dreissenid species are sensitive to the lack 
of oxygen, the zebra mussel is less tolerant to low 

oxygen than the quagga mussel (Table  4; reviewed 
in Shkorbatov et  al., 1994; Karatayev et  al., 1998, 
2007b, 2015a; McMahon & Bogan, 2001). Shkor-
batov et  al. (1994) found that after 4  days of expo-
sure to anoxic conditions at 20 °C, all zebra mussels 
died, while all quagga mussels survived. Birger et al. 
(1975) also showed that zebra mussels require higher 
oxygen concentrations than quagga mussels for sur-
vival. The higher tolerance of quagga than zebra 
mussels to lower oxygen conditions is perhaps one 
reason why quagga mussels can inhabit finer sedi-
ments and the profundal regions of lakes where zebra 
mussels are rarely found. Low oxygen, however, often 
prevents both dreissenid species from establishing 
stable populations in stratified lakes that experience 
periodic bottom hypoxia. For example, in the central 
basin of Lake Erie at depths > 20  m where bottom 
hypoxia routinely develops by the end of the grow-
ing season, only young-of-the-year mussels are found 
in small numbers, indicating that hypoxia eliminated 
the adult mussels settled during the previous season 
and restricted recruitment and survival of young-of-
the-year Dreissena (Karatayev et al., 2018a, 2021d). 
Therefore, monitoring the distribution of Dreissena 
can be an effective tool for mapping the extent and 
frequency of hypoxia in freshwaters.

pH and calcium concentrations

Numerous studies established that pH and calcium 
are the most important chemical parameters that 
limit the establishment of sustainable D. polymorpha 
populations (Sprung, 1987; Ramcharan et  al., 1992; 
Burlakova, 1998; Kraft et al., 2002; Drake & Bossen-
broek, 2009; Hallstan et  al., 2010; Karatayev et  al., 
2015c). Using data from 553 of the 1072 glacial lakes 
in the Republic of Belarus examined for the presence 
of D. polymorpha between 1971 and 1996, Burlakova 
(1998) found that of the 30 limnological parameters 
tested, the best predictors were pH (> 7.47) and cal-
cium (> 24.7  mg/L, Burlakova, 1998; Karatayev 
et al., 2003, 2015c). Of the 80 Belarusian lakes free 
of D. polymorpha in 1996 and re-examined in 1997 
– 2008, D. polymorpha had successfully invaded an 
additional 31 lakes previously classified as suitable, 
and none of the lakes previously classified as unsuit-
able were invaded (Karatayev et  al., 2015c). The 31 
lakes invaded in 1997–2008 confirmed the thresh-
old successful invasion pH (7.47), which is similar 
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to other estimates reported elsewhere (Table  4). On 
the other hand, calcium concentration limiting values 
yielded slightly lower values (23.1 mg/L) (Karatayev 
et  al., 2015c). Lower calcium concentration limits 
(8–15 mg/L) have been reported for the St. Lawrence 
River (Jones & Ricciardi, 2005; Mellina & Rasmus-
sen, 1994), but these lower values may reflect the 
limits for the survival of adult mussels, rather than 
the establishment of locally sustainable populations 
(Karatayev et  al., 2015c). Sprung (1987) found that 
calcium concentrations of 24 mg/L are needed for the 
successful development of zebra mussel embryos and 
larvae. In lakes, population development is typically 
dependent upon local larval development and recruit-
ment. In rivers, on the other hand, local populations 
may be supported by larvae produced upstream, 
where local colonization represents sink populations 
(Karatayev & Burlakova, 1995a; Horvath et al., 1996; 
Allen & Ramcharan, 2001; Schneider et  al., 2003; 
Stoeckel et al., 2004; Karatayev et al., 2015c).

There are no published data on pH or calcium lim-
its for quagga mussels (reviewed in Karatayev et al., 
2007b, 2015c). The only exception is the report by 
Kirkendall et  al. (2021), suggesting that, in Lake 
Huron, a threshold calcium concentration of around 
22 mg/L is necessary for veligers to survive to larger 
sizes and produce juvenile benthic recruits. This 
threshold is similar to one found by Sprung (1987) 
for D. polymorpha veligers. Both in Europe and in 
North America, D. polymorpha have colonized many 
more waterbodies than have quagga mussels. With 
few exceptions, almost all habitats had already been 
colonized by zebra mussels when quagga mussels 
invaded, suggesting that the pH limits for both spe-
cies of Dreissena largely overlap.

Waterbody types

Dreissenids can be found in a wide range of water-
bodies; however, most work has been focused on fac-
tors affecting their presence and abundance in lakes 
and reservoirs (reviewed in Karatayev et  al., 1998), 
and far more studies were performed on D. polymor‑
pha than on D. r. bugensis (Karatayev et al., 2015a). 
Strayer (1991) suggested that small warm lakes are 
more suitable for D. polymorpha than deep and cold 
lakes. It was long noted that the waterbody’s trophic 
status affects the probability of colonization by D. 
polymorpha (Deksbakh, 1935; Lyakhnovich et  al., Ta
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1994; Karatayev & Burlakova, 1995a, b; Karatayev 
et  al., 2003). D. polymorpha is most often found in 
mesotrophic lakes, less often in oligotrophic and 
meso-oligotrophic lakes, least often in eutrophic 
lakes, and almost never in dystrophic lakes with low 
pH and calcium concentration (reviewed in Karatayev 
et al., 1998, 2003). In rivers, D. polymorpha is most 
limited by the suitable substrates for attachment, 
mobile bottom sediments, and high concentrations of 
suspended matter, especially during periodic flood-
ing events (reviewed in Karatayev et al., 1998, 2010). 
Unidirectional water flow in rivers hinders local 
recruitment as larvae are swept downstream (Horvath 
et  al., 1996; Allen & Ramcharan, 2001; Schneider 
et al., 2003; Stoeckel et al., 2004). Therefore, in rivers 
D. polymorpha seldom attain high densities, with the 
exception of outflow areas in the vicinity of invaded 
lakes or reservoirs which provide a source of larvae 
and juveniles (Lyakhnovich et  al., 1994; Karatayev 
& Burlakova, 1995a; Horvath et  al., 1996; Allen & 
Ramcharan, 2001; Schneider et  al., 2003; Stoeckel 
et al., 2004). D. polymorpha can also form high den-
sities in the lower courses of rivers and deltas due 
to reduced water flow and sediment remobilization 
(Kuchina, 1964; Grigoriev, 1965; Kharchenko & 
Shevtsova, 1983; Lyakhnovich et  al., 1994). Finally, 
in canals dreissenids densities are much higher than 
in lakes and reservoirs owing to a constant unidirec-
tional water current that consistently deliver food 
and oxygen and are higher than in rivers due to much 
stable bottom sediments and lower concentration of 
suspended inorganic matter (Lvova, 1977; Kornobis, 
1977; Kharchenko & Shevtsova, 1983; Karatayev 
et al., 1998, 2010).

Distribution within waterbodies

Lake size and morphometry determine how deep 
zebra and quagga mussels can spread, the depth 
range where they thrive best, and their overall popu-
lation sizes. In shallow polymictic lakes the distribu-
tion of D. polymorpha is driven by the availability of 
hard substrate for attachment and wave activity, and 
if appropriate substrates are available, mussels may 
colonize the whole bottom (Karatayev et  al., 1998, 
2021a; Nalepa et al., 1995, 1996; Hunter & Simons, 
2004). In the littoral zone of small polymictic lakes, 
D. polymorpha usually attains maximum population 
densities between 1 and 6  m deep (Stanczykowska, 

1977; Lyakhnovich et  al., 1994; Karatayev et  al., 
1998; Burlakova et al., 2006; Goedkoop et al., 2011). 
D. polymorpha very rarely colonizes soft unconsoli-
dated sediments, attaining highest densities on natural 
and artificial hard substrates, including rocks, shells, 
silty sand, and the submerged portions of macro-
phytes (Mordukhai-Boltovskoi, 1960; Lewandowski, 
1982b; Draulans & Wouters, 1988; Lyakhnovich 
et  al., 1994; Karatayev & Burlakova, 1995a, Nalepa 
et  al., 1995; Burlakova et  al., 2006; Hetherington 
et al., 2019). D. polymorpha can be extremely abun-
dant on the submerged parts of aquatic vegetation, 
but here their populations are usually represented by 
young mussels because adults do not survive after 
macrophyte stems die back (Lewandowski, 1982b; 
Lyakhnovich et al., 1994; Burlakova et al., 2006). To 
our knowledge, the largest density of zebra mussels 
ever reported (9,169,000 ind./m2) was found on semi-
submerged macrophytes in the South Bug Liman 
(Grigoriev, 1965). High densities of D. polymorpha 
may also be found in newly constructed reservoirs 
where the bottom is covered with a thin layer of silt, 
but as reservoirs age and silt builds up, zebra mus-
sel densities decline (reviewed in Lyakhnovich et al., 
1994; Karatayev et al., 1998).

In the shallowest areas of large, stratified lakes, 
strong wave activity inhibits the settlement of D. 
polymorpha, but their deeper thermocline allows 
oxygenated water and food to reach deeper bottom 
areas thus permitting mussels to spread down to 
50 m with maximum densities at 18 m (Lake Garda, 
Italy, Franchini, 1978) and even down to 55 m with 
maximum densities at 5–15  m (Lake Constance, 
Germany-Switzerland-Austria, Walz, 1973). So 
far, the deepest occurrence of D. polymorpha was 
recorded in the Laurentian Great Lakes: in Lake 
Huron down to 80 m, peaking at 20–30 m (Nalepa 
et al., 2007), in Lake Ontario down to 109 m, peak-
ing at 18–38 m (Watkins et al., 2007), and in Lake 
Michigan down to 128  m (Nalepa et  al., 2014), 
peaking at 27–46  m (Fleischer et  al., 2001). Over-
all, however, the bulk of D. polymorpha populations 
in the deep Great Lakes is always limited to a rela-
tively narrow band in the nearshore zone with > 99% 
of lake-wide populations occurring at < 50 m depths 
in Lake Michigan and at < 30  m in lakes Ontario 
and Huron (Karatayev et  al., 2021a; Karatayev 
& Burlakova, this issue). Likewise, in Lake Con-
stance, maximum densities of newly settled juvenile 
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mussels occur at 4 m depth, with deeper areas (15 m 
and 30 m) showing only isolated settlement clusters 
(Wacker & Von Elert, 2003). Thus, zebra mussels 
are largely limited to the well-mixed littoral zone 
and, even if suitable substrates are available, never 
form high densities below the thermocline due to 
the low temperatures for growth, scarce food, and, 
occasionally, low oxygen concentrations (Grim, 
1971; Walz, 1973, 1978a, 1978b; Karatayev et  al., 
1998, 2015a, 2021a; Burlakova et al., 2006; Goed-
koop et al., 2011; Hetherington et al., 2019).

Similar to zebra mussels, in areas exposed to 
currents and wave action in shallow polymictic 
lakes quagga mussels require hard substrate for 
attachment (Nalepa et  al., 2010; Burlakova et  al., 
2012). Therefore, in the littoral zone both species 
have extremely patchy distributions and may form 
large, isolated multilayer druses separated by bare 
sediment with few or no mussels (Karatayev et al., 
1983, 1997; Nalepa et  al., 2010; Burlakova et  al., 
2012). Nevertheless, even in polymictic lakes and 
well-mixed littoral areas of deep lakes, the distri-
bution of both species is not identical, with D. r. 
bugensis forming higher densities on soft sediments 
and zebra mussels dominating in most shallow areas 
exposed to strong wave activity and stronger cur-
rents, as well as on macrophytes (Diggins et  al., 
2004; Karatayev et  al., 2013, 2021a; Hetherington 
et al., 2019).

A dramatic difference between the distribu-
tion patterns of both dreissenid species was found 
in the deep Great Lakes. In the profundal zone of 
lakes Ontario, Michigan, and Huron, quagga mus-
sels colonize the entire bottom spreading down to 
the maximum depths (> 200  m), with peak densi-
ties at 30 – 100 m and attaining populations densi-
ties exceeding those of D. polymorpha by an order 
of magnitude (Watkins et  al., 2007; French et  al., 
2009; Nalepa et  al., 2010, 2014, 2020; Karatayev 
et  al., 2021a, 2021b, 2022). The ability of D. r. 
bugensis to colonize the profundal zone of deep 
lakes and reservoirs suggests that quagga mussels 
inherited some features from the ancestral D. ros‑
triformis which inhabited colder, oligotrophic, pro-
fundal waters in ancient large lakes, and currently 
occupies depths from 30 to 300 m in the profundal 
zone of the Caspian Sea (reviewed in Orlova et al., 
2005).

Dispersal

Major pathways

The spread of exotic dreissenids has not been a con-
tinuous process, but rather punctuated by periods of 
intense activity associated with major geographic 
expansions (Karatayev et  al., 2007b). Most of these 
“jumps” were associated with changes in the tempo 
of human activities that provided previously unavail-
able means of spread, such as the construction of 
shipping canals for trade, building of reservoirs for 
water storage and power production, political bound-
ary changes and changes in political systems which 
affected the position or permeability of national 
borders, changes in the mode and volume of inter-
national trade, and recent industrial practices and 
environmental regulations (Karatayev et  al., 2007b). 
In spite of similar life history traits, the two dreiss-
enid species have very different invasion histories 
and exhibit different rates of spread on both global 
(country or a major region within a country in Europe 
and states and provinces in North America) and local 
(waterbodies including lakes, reservoirs, ponds, and 
quarries) scales (Zhadin, 1946; Kerney & Morton, 
1970; Kinzelbach, 1992; Starobogatov & Andreeva, 
1994; Karatayev et al., 2007b, 2011a, 2014a; Pollux 
et  al., 2010; Bidwell, 2010; Benson, 2014; Benson 
et  al., 2021a, b). Once established in a new system, 
dreissenid larvae can spread downstream and between 
hydrologically connected waterbodies over consider-
able distances with the aid of currents (Horvath et al., 
1996; Johnson & Padilla, 1996; Jantz & Nauman, 
1998; Kraft et al., 2002; Schneider et al., 2003). Other 
natural vectors of spread suggested in the literature, 
like waterfowl, amphibians, crayfishes, and turtles do 
not seem to play a significant role in their dispersal 
(Carlton, 1993; Johnson & Carlton, 1996; Karatayev 
et al., 2003; Pollux et al., 2010). Although both spe-
cies can utilize the same vectors of spread, D. poly‑
morpha can attach more strongly to substrates (Peyer 
et al., 2009, 2010; Collas et al., 2018), which favors a 
much more efficient dispersion pathway for the adult 
stage, even overland, between isolated waterbodies. 
Limited data suggest that the larvae of D. r. bugensis 
have a longer planktonic stage (Wright et al., 1996), 
which presumably may allow them to disperse with 
currents over longer distances than D. polymorpha.
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Dreissena polymorpha

Since the last glaciation and until the eighteenth cen-
tury, the geographic range of D. polymorpha was 
limited to the river basins of the Black, Azov, and 
Caspian seas, isolated and semi-isolated relic estua-
rine reservoirs along coasts, and in areas of these 
seas influenced by freshwater in Russia, Bulgaria, 
Hungary, Romania, Moldova, Ukraine, Kazakhstan, 
and Turkey (Zhadin, 1946; Mordukhai-Boltovskoi, 
1960; Kinzelbach, 1992; Starobogatov & Andreeva, 
1994; Son, 2007; Arslan et  al., 2018; Fig.  3). It is 
also likely that the native range of D. polymorpha 
included Northern Iran, Turkmenistan, and Uzbeki-
stan (Starobogatov, 1994c; Starobogatov & Andreeva, 
1994; Andreeva & Andreev, 2003). We should 

also emphasize that, although the Aral Sea basin is 
included in the native range, D. polymorpha in this 
area is represented by the endemic subspecies D. 
p. obtusecarinata and D. p. aralensis (see Habitat 
Requirements: Salinity).

However, as the demand for Russian firewood and 
other goods grew considerably in western Europe, 
three navigation canals connecting the Black Sea 
and Baltic Sea basins were built in western Russia 
(now Belarus). These canals connected the Dnieper 
and Zapadnyi Bug rivers (early 1800s), the Dnie-
per and Neman rivers (1784), and the Dnieper and 
Zapadnaya Dvina rivers (1805) (Karatayev et  al., 
2008). After the start of regular commercial ship traf-
fic, D. polymorpha spread quickly throughout east-
ern and western Europe (Zhadin, 1946; Deksbakh, 

Fig. 3  Distribution of Dreissena polymorpha in Eurasia. The 
presumed native range (the lower reaches of river basins of 
Black, Azov, and Caspian seas, as well as waters of these seas 
influenced by freshwater) is denoted with red hatching (the full 
extent of the rivers inhabited is not shown). Years indicate first 
records, followed by letters denoting the corresponding coun-
tries, as identified by their internet domain names. Countries 
where the mussel is almost certainly present, but we did not 
find records in the literature (mostly in its presumed native 
range), are also included. AL Albania, AM Armenia, AT Aus-
tria, AZ Azerbaijan, BA Bosnia and Herzegovina, BE Belgium, 

BG Bulgaria, BY Belarus, CH Switzerland, CZ Czech Repub-
lic, DE Germany, DK Denmark, EE Estonia, ES Spain, FR 
France, GE Georgia, GR Greece, HR Croatia, HU Hungary, 
IE Ireland, IR Iran, IT Italy, LT Lithuania, LU Luxembourg, 
MK Macedonia, NL Netherlands, PL Poland, PT Portugal, 
RO Romania, RS Serbia, RU Russian Federation, SE Sweden, 
SI Slovenia, SK Slovakia, TM Turkmenistan, TR Turkey, UA 
Ukraine, UK United Kingdom, UZ Uzbekistan. Green—coun-
tries where the species is present; faded green—the species is 
almost certainly present, but we did not find records in the lit-
erature; white—no records of the species
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1935; Mordukhai-Boltovskoi, 1960; Staroboga-
tov & Andreeva, 1994; Karatayev et  al., 2007b, 
2008, 2011a; Pollux et  al., 2010; Bidwell, 2010; bij 
de Vaate et  al., 2014; Orlova, 2014; Fig.  3). Dur-
ing the nineteenth century (1800 to 1867), D. poly‑
morpha spread across Europe at an exponential rate 
(Figs.  3, 4; Karatayev et  al., 2011a). By the begin-
ning of the 1870s, most of the countries in Europe 
with extensive trade and habitats suitable for coloni-
zation were invaded; thus, further range expansion 
essentially slowed down, and over the next 90 years 
(1871 – 1961), D. polymorpha colonized only three 

additional regions of Europe (Fig. 4, reviewed in Kin-
zelbach, 1992; Karatayev et  al., 2007b, 2011a) and 
expanded its range in Turkey after 1936 (Aksu et al., 
2017).

However, because shipping was the major vec-
tor of spread in the nineteenth century by mussels 
attached to boat hulls or to timber transported by 
ships (Zhadin, 1946; Kerney & Morton, 1970; Kin-
zelbach, 1992), mostly countries with intense ship 
traffic were colonized during that century. As a result, 
D. polymorpha was not recorded in Ireland until 
1993 (Minchin, 2000) and was only found in Spain 

Fig. 4  Timeline of the 
spread of D. polymor‑
pha and D. r. bugensis in 
Europe and North America. 
Circles: first records in 
Europe (countries or 
geographical provinces 
within large countries); 
squares: first records in the 
USA, Canadian provinces, 
and Mexico; triangles: first 
records in both Europe and 
North America in the same 
year
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in 2001 (bij de Vaate et  al., 2002) (Fig.  3). In addi-
tion, increased pollution associated with the Indus-
trial Revolution, especially in rivers and ports, further 
prevented the spread of D. polymorpha (Kinzelbach, 
1992; Karatayev et  al., 2007b, 2011a; bij de Vaate 
et al., 2014).

Globalization of the economy, recreational activi-
ties, construction of new canals, and water quality 
improvement provided new means for spread and 
triggered the second exponential spread of zebra mus-
sels both in Europe and in North America, which 
was significantly faster than the spread in the nine-
teenth century (Karatayev et al., 2011a; bij de Vaate 
et  al., 2014) (Fig.  4). In the 1960s D. polymorpha 
was recorded in isolated high alpine lakes where 
they were transported attached to recreational boats 
trailered overland, leading to colonization of lakes 
Geneva, Zurich, and Constance in Switzerland (Kin-
zelbach, 1992; Pollux et al., 2010). According to Pol-
lux et al. (2010), the movement of watercraft to and 
from high alpine lakes resulted in the colonization of 
Italy (1969), Yugoslavia (1970s), and Spain (2001; 
Araujo et al., 2010). The import of second-hand lei-
sure boats was responsible for the colonization of 
Ireland (Pollux et al., 2003). In 2019, D. polymorpha 
was first found in Portugal (Catita et  al., 2020). By 
2019 virtually all European countries were colonized 
by this invader (Fig. 3). Finally in 2021, D. polymor‑
pha was found for the first time in the Pyshma River 
in the West Siberian Plain (Babushkin et  al., 2022). 
By 2021 zebra mussels were present in 31 European 
countries and 10 additional geographical provinces 
within large countries, including their native area 
(Fig.  3, 4). In addition, the distribution range of D. 
polymorpha increased in Turkey (Aksu et  al., 2017) 
and, possibly, in a few other Asian countries adjacent 
to the Ponto–Caspian basin.

Increases in the wheat trade between North 
America and the former Soviet Union facilitated 
the introduction of D. polymorpha and D. r. bugen‑
sis into North America in the 1980s by ballast water 
discharges into the Great Lakes (Hebert et al., 1989; 
Mills et  al., 1993; Karatayev et  al., 2007b; Carlton, 
2008). The Soviet Union suffered poor wheat harvests 
in the late 1970s and became dependent upon foreign 
sources of grain, resulting in the dramatic increase 
in wheat shipments to the Soviet Union (Karatayev 
et  al., 2007b). As for many (or most) invasions by 
aquatic species, globalization of trade became the 

primary driver of the spread of these two mussels 
(reviewed in Ruiz & Carlton, 2003b). Within the 
USA, D. polymorpha initially spread across regions 
at an exponential rate and then slowed with the sat-
uration of nearby regions after 1993 (reviewed in 
Karatayev et al., 2011a). Less than 40 years after its 
first sighting in North America, D. polymorpha was 
present in 31 states and 3 Canadian provinces (Fig. 5, 
6; Benson et al., 2021a).

Spread at the local scale. Although the spread of 
D. polymorpha to waterbodies connected through 
shipping canals was rapid, subsequent dispersion 
to isolated waterbodies was slower and was con-
strained by various factors, including political bor-
ders, economic systems (socialism vs. capitalism), 
and recreational and commercial activities (Karatayev 
et  al., 2003, 2007b). The establishment of a social-
ist political system in eastern Europe restricted trade 
with western Europe and led to the development of 
very different socio-economic regimes, which in 
turn resulted in different vectors responsible for the 
spread of D. polymorpha in these two parts of Europe 
(Karatayev et al., 2007b, 2010). For example, what is 
now Belarus was from 1922 to 1939 part of the USSR 
and Poland; here, from the early 1800s to the mid-
1950s, the rate of spread of D. polymorpha was very 
low, averaging approximately 4 lakes every 50 years 
(Karatayev et al., 2010). After these borders changed 
and the Second World War ended, between 1960 and 
2000 the rate of spread increased dramatically to an 
average of 2 lakes per year (Karatayev et al., 2010).

The transport mechanisms and vectors responsi-
ble for the spread of D. polymorpha to isolated lakes 
and lake systems were different in eastern and west-
ern Europe largely due to contrasting economies and 
social structures. In western Europe, leisure boat traf-
fic was the major vector of spread to isolated lakes 
(Kinzelbach, 1992; De Ventura et  al., 2016), while 
in the Soviet Union it was commercial fishing subsi-
dized by the government (Deksbakh, 1935; Karatayev 
et al., 2003, 2010). When the Soviet Union dissolved, 
commercial fisheries subsidies were discontinued, 
resulting in sharp declines in commercial fishing 
activity (Karatayev et  al., 1999, 2010). However, 
subsequently recreational activities increased and 
became responsible for the spread of D. polymorpha 
(Karatayev et  al., 2010). Recreational boats are the 
primary vector for the spread of dreissenids among 
regions and waterbodies in the USA as well (Padilla 
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et al., 1996; Buchan & Padilla, 1999; Johnson et al., 
2001; Bossenbroek et al., 2007).

Dreissena rostriformis bugensis

Although data on the native range of D. r. bugensis 
are controversial (Mills et al., 1996; Son, 2007; Zhu-
lidov et  al., 2010), currently their native distribu-
tion is believed to include the whole Dnieper–Bug 
Liman system (a large coastal lake connected to the 
Black Sea estuary), the Dnieper River delta, and the 
lower reaches of the South Bug and Ingulets Rivers 

(Zhulidov et al., 2010). During the middle twentieth 
century when ship traffic between areas inhabited 
by D. r. bugensis and other regions of eastern and 
western Europe was intensive, D. r. bugensis did not 
follow the dispersion pattern of D. polymorpha and 
remained restricted to its native range until the 1940s. 
In 1941 D. r. bugensis was introduced into the Dnie-
provskoe Reservoir on boats evacuated from ports of 
the Dnieper–Bug Liman system during the Second 
World War. With the construction of new reservoirs 
on the Dnieper River in the 1950s and 1960s and 
canals for commercial shipping and irrigation, D. r. 

Fig. 5  Timeline of the 
spread of Dreissena 
polymorpha and D. r. 
bugensis in North America 
at regional (the USA and 
Mexican states and Cana-
dian provinces, upper panel) 
and local (lentic waterbod-
ies, lower panel) scales 
(based on data from Benson 
et al., 2021a, b)
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bugensis began spreading throughout eastern and 
western Europe (Zhuravel, 1965, 1967; Mills et  al., 
1996; Orlova et  al., 2005; Zhulidov et  al., 2010; 
Karatayev et  al., 2007b, 2011a; Orlova, 2014). Dur-
ing the first 40 years of invasion (1940s – 1980s) the 
rate of spread of D. r. bugensis was low (reviewed 
in Orlova et al., 2005) (Fig. 4, 7). It dispersed north-
ward, upstream along the Dnieper River reservoirs, 
southward along irrigation canals on the Crimean 
Peninsula (Kharchenko, 1995; Mills et  al., 1996; 
Son, 2007), and eastward to the lower Don River sys-
tem, where it was first recorded in 1980 (Zhulidov 
et al., 2004; Son, 2007). In 1981, D. r. bugensis was 
reported in the Volga River basin (Zhulidov et  al., 

2004; Son, 2007) and by 2001, the species was pre-
sent in a 3000-km stretch of the river from Rybinsk 
Reservoir in the north to the Caspian Sea Delta in 
the south (Antonov & Kozlovsky, 2001; Orlova & 
Shcherbina, 2001; Orlova et al., 2004; Orlova, 2014; 
Zhulidov et al., 2004, 2005; Son, 2007). In 1988, D. r. 
bugensis was found in the Dniester River in Ukraine 
(Shevtsova, 2000) and in 1992, in Moldova (Son, 
2007).

Starting from the 1990s, the rate of spread of D. r. 
bugensis increased greatly (Figs. 4, 7). In 2003, adult 
mussels were found in the Moscow River within the 
city of Moscow (Lvova, 2004). In the first decades of 
the twenty-first century, D. r. bugensis was present in 
the Danube River in Romania (2004, Micu & Telem-
bici, 2004), Bulgaria (2006, Hubenov & Trichkova, 
2007), and Serbia (2010, Rakovic et  al., 2013). In 
2008 it was found in Lake Balaton, Hungary (Balogh 
et al., 2018).

In 2006, the first record of this species for western 
Europe was in Hollandsch Diep (The Netherlands), in 
the Rhine delta (Molloy et al., 2007). The introduction 
likely occurred via the Main–Danube Canal, a south-
ern corridor for movement of non-indigenous aquatic 
species between western and eastern Europe (bij de 
Vaate et al., 2002; Müller et al., 2002). This introduc-
tion in the Rhine River was most likely a result of a 
jump dispersal, either via ballast water transport of 
larvae from the Black Sea or North American port 
into the Port of Rotterdam or Hollandsch Diep or via 
the transport of adult mussels attached to inland ship 
hulls (van der Velde & Platvoet, 2007; bij de Vaate, 
2010; Heiler et al., 2013; bij de Vaate et al., 2014).

Regardless of the vectors and the origins of the 
introductions into western Europe, D. r. bugensis 
spread quickly into other western European countries, 
including Germany (2007), Belgium and Austria 
(2009), France (2011), the UK (2014), and Switzer-
land (2014) (Van der Velde & Platvoet, 2007; Sablon 
et  al., 2010; Heiler et  al., 2013; Marescaux et  al., 
2012; Aldridge et al., 2014). In 2021, D. r. bugensis 
was also found in Ireland (Mainnín, 2021). By 2021, 
D. r. bugensis was present in 16 European countries 
and 4 additional geographical provinces within large 
countries (Fig. 4, 7).

D. r. bugensis expanded geographically in North 
America at a much slower rate than D. polymorpha 
during the first 8  years of invasion (1989 – 1996) 
(reviewed in Karatayev et  al., 2011a), and this rate 

Fig. 6  First records of Dreissena polymorpha and D. r. bugen‑
sis in Canadian, the USA, and Mexican states and provinces 
(data from Benson et al., 2021a, b)
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did not change in the next decades. In 2006, D. r. 
bugensis jump-spread to the western USA likely on 
trailered long-distance boats and are now found in 5 
western states from Colorado to California (Benson 
et  al., 2021b). Overall, by 2021 D. r. bugensis was 
recorded in 17 states and 2 provinces of three coun-
tries in North America (Canada, Mexico, and the 
USA) (Fig. 5; Benson et al., 2021b).

Factors affecting the rate of spread

The rate of spread of D. polymorpha depends upon 
the spatial resolution of the scale used and is much 
slower at a local (i.e., isolated lakes or lake systems), 
than on a global scale (e.g., countries) (Karatayev 
et al., 2011a). In the last two centuries, D. polymor‑
pha colonized virtually all European countries, but 
at the local scale their spread in Europe is still far 
from complete. For example, only 16.8% of the 553 

Belarusian lakes studied had been colonized in 1996, 
after 200  years of continuous expansion (Karatayev 
et al., 2003). In North America, D. polymorpha had 
largely exhausted its potential for further spread at the 
global scale by 2021 as the majority of suitable states 
and provinces had already been invaded. However, 
their spread on the local scale is much slower: for 
example, in the state of Wisconsin, after > 30  years 
only 168 (1.1%) of the > 15,000 lakes were invaded 
by 2021 (Benson et al., 2021a).

Nevertheless, the rate of spread was shown to be 
much faster for the zebra than for the quagga mus-
sel at virtually all spatial scales (Orlova et al., 2005; 
Karatayev et al., 2011a, 2015a). Although both spe-
cies of Dreissena were introduced into North Amer-
ica at about the same time (Mills et  al., 1993; van 
der Velde & Platvoet, 2007; Carlton, 2008; Mat-
thews et  al., 2014), by 2021 D. polymorpha had 
colonized 1.7-fold more the USA states than D. r. 

Fig. 7  Distribution of Dreissena rostriformis bugensis in Eur-
asia. The presumed native range (Dnieper–Bug Liman, Dnie-
per River delta, and the lower reaches of the South Bug and 
Ingulets rivers in Ukraine) is denoted with red hatching (the 
full extent of the rivers inhabited is not shown). Years indi-
cate first records, followed by letters denoting the correspond-
ing countries, as identified by their internet domain names. AT 

Austria; BE Belgium; BG Bulgaria; CZ Czech Republic; DE 
Germany; FR France; IE Ireland; MD Moldova; NL Nether-
lands; PL Poland; RO Romania; RS Serbia; RU Russian Feder-
ation; SI Slovenia; UA Ukraine; UK United Kingdom. Green—
countries where the species is present; white—no records of 
the species
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bugensis (31 vs. 17) and > 17 times (1230 vs. 71, 
respectively) more waterbodies (Fig.  5; Benson 
et  al., 2021a, b). Initially, D. polymorpha spread 
exponentially in the USA, invading 20 states dur-
ing the first 8 years (1986 – 1993; 2.5 states/year), 
but in the following 27  years (1994 to 2021), the 
rate of spread slowed down, and only 11 additional 
states (0.41 states/year) were colonized. In contrast, 
during the first 8  years of invasion (1989 – 1996) 
D. r. bugensis expanded geographically at a much 
slower rate than D. polymorpha, and this rate did 
not change in 1997 – 2021 (0.63 vs. 0.50 states/
year, respectively).

Although over the last 3 – 4 decades D. r. bugen‑
sis exhibited a relatively high rate of spread in both 
Europe and in North America, the timings of the 
geographic expansion of the two dreissenids differ 
widely, and the reasons for this difference are prob-
ably multiple. Adults of D. polymorpha were trans-
ported attached to boat hulls and rafts or to their cargo 
(e.g., timber) within the continent, attached to boat 
hulls of marine vessels or timber transported over-
seas by ships between ports (Zhadin, 1946; Kerney 
& Morton, 1970; Kinzelbach, 1992), and attached to 
recreational boats in North America (Johnson & Carl-
ton, 1996; Johnson & Padilla, 1996; Johnson et  al., 
2001, 2006; Padilla et  al., 1996; Karatayev et  al., 
2013). Because of its higher attachment capabilities, 
D. polymorpha is much more efficient in colonizing 
substrates suspended in the water column (e.g., mac-
rophytes, navigation buoys, and boat hulls) than D. r. 
bugensis (Conn & Conn, 2007; Diggins et al., 2004; 
Karatayev et  al., 2013) and due to their flattened 
ventral shell surface and their higher rate of byssal 
thread production, D. polymorpha are more resilient 
to accidental dislodgment than D. r. bugensis (Clax-
ton et al., 1998; Dermott & Munawar, 1993; Mackie, 
1991; Peyer et  al., 2009, 2010; Collas et  al., 2018). 
This ability is critical for the overland dispersal via 
macrophytes entangled in boats, trailers, and fishing 
gear or the direct attachment to these structures (pri-
marily responsible for the short distance spread by 
the recreational boats). Although quagga mussels rep-
resent ~ 99% of the dreissenids of Lake Ontario and 
the eastern basin of Lake Erie, zebra mussels were 
more abundant on boat hulls and significantly larger 
than quagga mussels, making these waterbodies a sig-
nificant source for zebra mussels spread, despite their 
comparatively low densities (Karatayev et al., 2013).

In addition, in the nineteenth century D. polymor‑
pha also colonized the shallow areas of rivers and 
canals (Karatayev et al., 2011a), habitats not favora-
ble for D. r. bugensis which prefer still-water areas 
of deep lakes and reservoirs (Orlova et  al., 2005; 
Karatayev et al., 2021a). Many large, deep reservoirs 
constructed in the second half of the twentieth cen-
tury became the steppingstones for D. r. bugensis 
(Orlova et al., 2005; Karatayev et al., 2007b, 2011a), 
where they can thrive due to their higher tolerance 
to siltation, low oxygen conditions, and low tem-
peratures (Zhuravel, 1967; Pligin, 1979; Antonov 
& Kozlovsky, 2001; Orlova & Shcherbina, 2001). 
As a matter of fact, in the Laurentian Great Lakes 
(except Lake Superior where low calcium concentra-
tions likely prevent population establishment, Van-
derploeg et al., 2002) D. r. bugensis inhabits chiefly 
the cold, deep areas (Patterson et al., 2005; Watkins 
et  al., 2007; Nalepa et  al. 2009a, 2010, 2014, 2020; 
Karatayev et  al., 2015a, 2021a, 2022). Over the last 
decades new vectors of spread, such as ballast water, 
facilitated the spread of the mussels’ planktonic lar-
vae, while the increased rates of commercial and rec-
reational boat traffic in general, including overland 
movement of pleasure boats, facilitated the spread of 
both species (Ricciardi & MacIsaac, 2000; Karatayev 
et al., 2007b; van der Velde & Platvoet, 2007; van der 
Velde et al., 2010b; bij de Vaate et al., 2014; Heiler 
et al., 2013).

Impacts and effects

Ecological impacts

Both Dreissena species are sessile suspension feed-
ers that attach to the substrate with byssal threads and 
form three-dimensional reef-like structures altering 
the benthic environment (local impacts). They also 
affect the planktonic community, trophic relation-
ships, and nutrient cycling via their feeding activity 
(system-wide impacts) (Karatayev et al., 1997, 2002, 
2007a, 2007b, 2015b; Beekey et  al., 2004; Higgins 
& Vander Zanden, 2010; Kelley et  al., 2010; Burla-
kova et al., 2012). Historically, most of the informa-
tion on their ecological impacts was based on the 
zebra mussel (reviewed in Karatayev et  al., 1994a, 
1997, 2007a, 2015a) or on dreissenids in general, as 
these two species are often considered to have very 
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similar ecological impacts and are therefore treated 
jointly (Karatayev et  al., 2007b; Ward & Ricciardi, 
2007; Higgins & Vander Zanden, 2010; Kelley et al., 
2010; Kissman et al., 2010). As a result, data on the 
impacts of quagga mussels only are comparatively 
few and virtually no data are available for lakes col-
onized solely by quagga mussels (Karatayev et  al., 
2007a, 2015a, 2015b; Fahnenstiel et al., 2010; Barbi-
ero et al., 2018). Most of the studies were performed 
in polymictic lakes, although the lake type was often 
not reported. Of 2,853 publications on dreissenids in 
SCOPUS (see Research Efforts), more publications 
(25%) described positive ecosystem services (e.g., 
provision of food, water purification, changes in nutri-
ent cycle, and positive effects on benthos and macro-
phytes, not including bioindication services described 
below in Uses) compared to studies describing 
negative ecological impact (9%). In this chapter we 
describe dreissenid ecosystem functions resulting in 
both positive and negative ecological impacts.

Local impacts

The local impacts of dreissenids on benthic com-
munities are associated with their role as ecosystem 
engineers (reviewed in Karatayev et al., 2002, 2007a; 
Vanderploeg et al., 2002; Gutierrez et al., 2003; Zhu 
et al., 2006; Sousa et al., 2009), as they can physically 
change bottom substrates creating new three-dimen-
sional structures that provide refuge from predation 
and other stressors (waves, currents, desiccation) for 
benthic organisms that would otherwise be absent 
from this environment (Karatayev & Lyakhnovich, 
1990; Karatayev et  al., 1994a, 1997, 2002, 2007a, 
2007b; Gutierrez et  al., 2003; Nalepa et  al., 2003; 
Beekey et  al., 2004; Burlakova et  al., 2012; Rennie 
& Evans, 2012). Multiple studies conducted in the 
littoral zone showed that dreissenids have positive 
effects on most native epifaunal invertebrates, includ-
ing amphipods, isopods, leeches, turbellarians, and 
hydrozoans, as well as some oligochaetes and chi-
ronomids, which take advantage of both the structural 
complexity and the food resources provided by the 
zebra mussels and associated organisms (Karatayev 
et al., 1983, 1994a, 1997, 2002, 2007a, 2007b; Mayer 
et  al., 2002; Gutierrez et  al., 2003; Beekey et  al., 
2004; Ward & Ricciardi, 2007; Higgins & Vander 
Zanden, 2010; Ozersky et al., 2011; Burlakova et al., 
2012). The overall density and biomass of native 

invertebrates are always higher in Dreissena beds as 
compared with nearby bare sediments (reviewed in 
Karatayev et al., 1983, 1997, 2002, 2007b; Burlakova 
et  al., 2012), resulting in significant increases in the 
abundance of native invertebrates in the littoral zone 
(reviewed in Karatayev et  al., 1997, 2002; Ward & 
Ricciardi, 2007; Higgins & Vander Zanden, 2010).

These data were largely obtained from research 
conducted on zebra mussels in polymictic lakes or the 
littoral zone of large, stratified lakes (Karatayev et al., 
2015a). Less information is available for quagga 
mussels, especially from the profundal zone of deep 
stratified lakes. In general, in the soft sediments of 
the Great Lakes profundal zone quagga mussels do 
not create large multilayered beds, often covering 
the entire bottom in a single layer where animals 
are spaced apart by the length of their siphons (at 30 
– 90 m) or form small clusters that float on the sur-
face of soft silt (at > 90 m) areas (Dermott & Kerec, 
1997; Karatayev et  al., 2021b; Karatayev & Burla-
kova, this issue). In addition, most profundal zone 
benthic invertebrates are less mobile (Merritt et  al., 
1984), and there are almost no epifaunal species that 
could take advantage from the dreissenid aggrega-
tions. Native filter feeders such as sphaeriids and the 
deep-water detritivorous amphipods Diporeia sp. are 
negatively affected by dreissenids due to the trophic 
competition in this food-limited deep area, especially 
during summer stratification (Dermott, 2001; Lozano 
et  al., 2001; Dermott & Geminiuc, 2003; Watkins 
et al., 2007; Nalepa et al., 2006, 2009a, b, 2014; Bur-
lakova et  al., 2018; Bayba et  al., 2022). However, 
with the recent proliferation of quagga mussels in the 
deep areas of lakes Michigan and Huron, the density 
and biomass of Oligochaeta were found to increase 
in dreissenid aggregations across all depth gradi-
ents, and the depth-related decline in native benthos 
density and biomass has decreased with increasing 
quagga mussel populations (Bayba et al., 2022).

System‑wide impacts: D. polymorpha

The system-wide effects of zebra mussels are associ-
ated with their role as suspension feeders. Suspension 
feeding not only affects planktonic communities, it 
also transfers materials from the water column to the 
benthos, enhancing the coupling between the plank-
tonic and the benthic components of the ecosystem, 
which can trigger a suite of changes that increase the 
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relative importance of the benthic community – a 
process referred to as “benthification” (Mayer et  al., 
2014) resulting in the redistribution of invertebrate 
biomass and secondary production from the pelagic 
to the benthic environment (reviewed in Karatayev 
et  al., 1997, 2002). Before zebra mussel invasion 
in Lake Lukomskoe (Belarus), the lake-wide aver-
age zooplankton wet biomass (7.6 g/m2) was almost 
20-fold higher than that of the zoobenthos (0.4  g/
m2), allowing planktonic filterers to filter the volume 
equivalent of that of the lake in 5 days, much faster 
than benthic filter feeders (15 years). Shortly after the 
invasion, the benthic biomass increased over 77-fold 
(mostly due to Dreissena), zooplankton abundance 
declined 30-fold, and the time required for the zoo-
plankton to filter the equivalent of the volume of the 
lake increased to 17  days, while the filtering capac-
ity of benthic invertebrates had increased 320 times, 
allowing to filter the volume of the lake in 17  days 
(Karatayev & Burlakova, 1992, 1995b; Karatayev 
et al., 1997).

The introduction of zebra mussels is associated 
with an increase in water transparency and a reduc-
tion in the concentration of seston, phosphorous, chlo-
rophyll, and phytoplankton (reviewed in Karatayev 
et al., 1994a, 1997, 2002, 2021d; Ibelings et al., 2007; 
Kelly et al., 2010; Higgins & Vander Zanden, 2010; 
Goedkoop et al., 2011; Mayer et al., 2014; Noordhuis 
et  al., 2016). Improved water transparency increases 
macrophyte coverage and biomass as macrophytes 
grow deeper in the lake (reviewed in Karatayev 
et al., 1997, 2002, 2021d; Higgins & Vander Zanden, 
2010; Zhu et  al., 2006; Ibelings et  al., 2007; Mayer 
et  al., 2014; Noordhuis et  al., 2016; Wegner et  al., 
2019). Macrophytes may hinder water mixture 
which, together with their nutrient consumption, may 
decrease allochthonous nutrient availability for the 
phytoplankton. Increased light penetration also stim-
ulates the growth of periphyton and benthic algae. 
These changes often trigger a shift from a turbid to 
a clear water state (Ibelings et  al., 2007; Karatayev 
et  al., 2014c; Mayer et  al., 2014; Noordhuis et  al., 
2016). This ability of dreissenids to reduce phyto-
plankton biomass and increase water clarity was sug-
gested by European scientists as a tool for using the 
mussels as biofilters in order to decrease the effects 
of anthropogenic eutrophication in lakes (Karatayev, 
1983; Reeders et  al., 1989, 1993; Reeders & bij 
de Vaate, 1990; Karatayev et  al., 2010; Noordhuis 

et al., 1992, 2016; Stybel et al., 2009; Dionisio Pires 
et  al., 2010; Goedkoop et  al., 2011; McLaughlan & 
Aldridge, 2013; Reynolds & Aldridge, 2021). The 
decline in phytoplankton may also trigger declines in 
zooplankton but impacts on the zoobenthos are more 
heterogeneous (reviewed in Karatayev et  al., 1997, 
2002, 2021d; Mayer et  al., 2002; Zhu et  al., 2006; 
Kelly et al., 2010; Higgins & Vander Zanden, 2010; 
Kissman et al., 2010; see Local Impacts).

The magnitude and extent of system-wide effects 
depend on many factors, including mussel density 
and distribution in the waterbody, water mixing rates, 
retention time, lake morphology, and time since the 
initial invasion (Karatayev et  al., 1997, 2002; Reed-
Andersen et  al., 2000; Kelly et  al., 2010). Because 
zebra mussels are usually restricted to the littoral 
zone, their impacts may be significantly greater in 
shallow polymictic lakes than in deep dimictic lakes 
(Karatayev et  al., 2014b, 2021a). In addition, the 
impacts of zebra mussels are time dependent and are 
the strongest early in the invasion when population 
levels are high and climbing (Karatayev et al., 1997, 
2021d), a pattern observed for many invasive species 
(Strayer et al., 2006; Bradley et al., 2019).

Recently, long-term studies of six polymictic 
European and North American lakes showed that the 
most noticeable ecosystemic changes occur within 5 
– 10 years of the invasion (Karatayev et al., 2021d). 
After 10 – 15 years, the trends in almost all ecosystem 
parameters affected by zebra mussels get stabilized or 
even reversed, suggesting at least a partial recovery to 
the original conditions. This could be due to a decline 
in zebra mussel biomass after their initial increase 
and/or due to the adaptation of native species to the 
altered environment. Substantial mussel declines or 
their extirpation could trigger a reverse trend in the 
ecosystem and a regime shift from clear back to tur-
bid waters (Mitrakhovich et  al., 2008; Karatayev 
et al., 2021d). In Lake Lukomskoe, a tenfold decline 
in zebra mussel biomass 30  years after their peak, 
most likely driven by the increase in nutrient loads 
and oxygen depletion caused by a fish hatchery, was 
followed by the almost complete return of the lake to 
pre-invasion conditions, including the decline in Sec-
chi depth, macrophyte coverage, non-mussel benthic 
biomass, and increases in phytoplankton and zoo-
plankton biomass (Karatayev et al., 2021d).

Fewer data are available on the impacts of zebra 
mussels in stratified lakes (but see Kissman et  al., 
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2010; Jimenez et  al., 2011; Halfman, 2016). The 
establishment of zebra mussels in Seneca Lake 
(New York) in 1992 led to a 4.5 m increase in Sec-
chi depth and a decline in chlorophyll concentrations 
in the water column. After their populations crashed 
in 1998, the release of nutrients previously seques-
tered by the mussels back to the water column led to a 
decline in Secchi disk depths and an increase in chlo-
rophyll back to pre-1992 levels (Halfman, 2016). In 
25 thermally stratified lakes in Michigan colonized by 
dreissenids (authors did not report if lakes were colo-
nized by both or one species), chlorophyll a concen-
tration, phytoplankton, microzooplankton, and mac-
rozooplankton biomass became significantly lower, 
while water clarity increased significantly compared 
to 25 uninvaded lakes (Kissman et  al., 2010). No 
substantial changes were observed in lakes Michigan 
and Huron in the 1990s when they were colonized by 
zebra mussels alone (Fahnenstiel et al., 2010; Kerfoot 
et  al., 2010; Mida et al., 2010; Pothoven & Fahnen-
stiel, 2014; Barbiero et  al., 2018; Pothoven & Van-
derploeg, 2020; Karatayev & Burlakova, this issue), 
suggesting that mussel populations limited to the 
nearshore areas were not sufficient to produce lake-
wide impacts. However, zebra mussel-related impacts 
were evident in shallow embayments of the Great 
Lakes, like Saginaw Bay of Lake Huron (Fahnenstiel 
et  al., 1995; Johengen et  al., 1995; Skubinna et  al., 
1995; Vanderploeg et al., 2010).

System‑wide impacts: D. r. bugensis

Virtually all studies on the impacts of quagga mus-
sels are from lakes initially invaded by zebra mussels 
and only later by quagga mussels (but see Reynolds 
& Aldridge, 2021), making it very hard to tease apart 
the impacts of the two species. Since they both are 
suspension feeders, they have similar effects on the 
waterbodies invaded, suggesting that the magnitude 
of their impacts should be directly related to their bio-
mass, and the impacts should be additive (Noordhuis 
et al., 2016). However, the ability of quagga mussels 
to survive and grow at lower food and temperature 
regimes than zebra mussels (Diggins, 2001; Baldwin 
et al., 2002; Stoeckmann, 2003; Nalepa et al., 2010) 
allow them to consume phytoplankton, reduce chloro-
phyll concentration, and increase Secchi depths more 
effectively than zebra mussels, both earlier and later 
in the growing season, resulting in stronger ecosystem 

impact per unit of mussel biomass, as was observed 
in Oneida Lake (Karatayev et al., 2021d). A common 
scenario of zebra and subsequently quagga mussel, 
invasions involve strong ecosystem responses during 
the first 5–10 years, some ecosystem recovery to pre-
invasion conditions in the next 5–10 years and finally 
the disruption and reversal of the recovery after the 
introduction of quagga mussels, which amplifies the 
initial zebra-related impacts (Karatayev et al., 2021d).

The polymictic lakes Wolderwijd, Veluwe, and 
Eem (The Netherlands) initially harbored zebra mus-
sels, which were extirpated in the late 1960s–early 
1970s due to the increase in nutrient loadings, caus-
ing a shift from clear to turbid water states, along 
with sharp declines in macrophytes and Secchi depth 
and increase in planktonic chlorophyll (Ibelings et al., 
2007). Reductions in phosphorous loads and removal 
of benthivorous fishes initiated a shift toward a clear 
water state, further enhanced by the deliberate re-
introduction of zebra mussels in 1996, causing an 
increase in Secchi depth, macrophyte coverage, and 
declines in phosphorous concentrations and chlo-
rophyll, including blue-green algae (Ibelings et  al., 
2007; Noordhuis et  al., 2016). These effects were 
further amplified by the unintentional introduction of 
quagga mussels in 2009 (Noordhuis et al., 2016).

The impact of both dreissenid species on cyano-
bacteria is still controversial (reviewed in Kelly et al., 
2010; Karatayev et  al., 2015a, 2015b; Reynolds & 
Aldridge, 2021) and needs further investigation. Most 
European and some North American studies reported 
that dreissenids can effectively suppress cyanobac-
teria (often including toxic Microcystis) (Reeders 
& bij de Vaate, 1990; Strayer et  al., 1999; Baker & 
Levinton, 2003; Dionisio Pires et  al., 2005, 2010; 
McLaughlan & Aldridge, 2013; Noordhuis et  al., 
2016; Reynolds & Aldridge, 2021), while a number 
of North American authors suggested that zebra and 
quagga mussels can promote toxic blooms of Micro‑
cystis by selective grazing and rejection of toxic 
strains or by releasing nutrients to the water column 
(Vanderploeg et al., 2001, 2009; Conroy et al., 2005a, 
b).

Fewer data are available on the impacts of quagga 
mussels on stratified lakes (but see Halfman, 2016). It 
is reasonable to assume that, because in these water-
bodies quagga mussels reach much higher lake-wide 
biomass values than zebra mussels, their ecological 
impact is stronger. It also is probable that in deep 
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lakes (as compared with shallow lakes), impacts may 
take longer to manifest. However, more observations 
on the population dynamics and ecological impacts of 
quagga mussels in deep stratified lakes are necessary 
to test these suggestions.

The expansion of quagga mussels in the 2000s into 
deeper areas of dimictic lakes Ontario, Michigan, 
Huron, and the eastern basin of Lake Erie was asso-
ciated with an almost complete extirpation of zebra 
mussels and a dramatic increase (22- to 45-fold) of 
the lake-wide mussel biomass (Karatayev et  al., 
2021a; Karatayev & Burlakova, this issue), causing 
strong and consistent system-wide changes, includ-
ing increases in Secchi depth and declines in total 
phosphorus concentrations (Dobiesz & Negel, 2009; 
Dove, 2009; Mida et al., 2010; Barbiero et al., 2012, 
2018; Pothoven & Fahnenstiel, 2014; Dove & Chapra, 
2015; Pothoven & Vanderploeg, 2020). In lakes 
Michigan and Huron, strong declines in chlorophyll a 
were recorded (Barbiero et al., 2012, 2018; Pothoven 
& Fahnenstiel, 2014; Pothoven & Vanderploeg, 
2020), as well as phytoplankton primary production 
and phytoplankton and zooplankton biomass (Barbi-
ero et al., 2012, 2018; Pothoven & Fahnenstiel, 2014). 
Phytoplankton depletions derived in the virtually 
complete disappearance of the winter and spring dia-
tom blooms (Fahnenstiel et  al., 2010; Kerfoot et  al., 
2010; Barbiero et al., 2012), which in turn increased 
the concentrations of silica in the water column (Bar-
biero et al., 2012, 2018; Dove & Chapra, 2015). The 
significant decline in total phosphorus concentra-
tions associated with the dreissenids resulted in the 
oligotrophication of all deep Great Lakes (Dove, 
2009; Evans et al., 2011; Barbiero et al., 2011, 2012, 
2018; Chapra & Dolan, 2012; Dove & Chapra, 2015; 
Karatayev et  al., 2018c). Quagga mussels are now 
the primary driver of phosphorus cycling in the four 
lower Great Lakes, representing a dramatic example 
of a large-scale reorganization of the biogeochemical 
cycle caused by a single organism (Li et al., 2021).

Impacts on unionids

Unionid bivalves often provide the most abundant 
source of hard substrate for D. polymorpha, especially 
when other hard substrates are scarce (Sebestyen, 
1937; Wiktor, 1963; Hebert et  al., 1989; Hunter & 
Bailey, 1992; Lyakhnovich et  al., 1994; Karatayev 
& Burlakova, 1995b; Nalepa et al., 1996; Burlakova 

et  al., 2000; Hunter & Simons, 2004). Heavy shell 
infestation may cause mass mortality of the host unio-
nids, and this impact is among the best documented 
negative ecological consequences of dreissenid inva-
sions (reviewed in Karatayev et al., 1997, 2013; Bur-
lakova et  al., 2000, 2014; Strayer & Malcom, 2007; 
Lucy et al., 2014). Mass mortality of unionids in turn 
can lead to the decline of D. polymorpha populations 
as substrates for their attachment decrease (Hunter & 
Simons, 2004).

By attaching to unionids, D. polymorpha hamper 
host movement and burrowing, filter feeding, respira-
tion, reproduction, and reduce glycogen reserves, and 
the added mass of D. polymorpha can weigh down 
unionids, resulting in burial in unconsolidated sedi-
ments (Mackie, 1991; Hunter & Bailey, 1992; Haag 
et al., 1993; Gillis & Mackie, 1994; Ricciardi et al., 
1996; Karatayev et  al., 1997; Strayer, 1999; Burla-
kova et  al., 2000; Hallac & Marsden, 2000; Sousa 
et  al., 2011; Lucy et  al., 2014). In addition, mus-
sel attachment to unionid valves can increase drag 
and the likelihood of dislodgment by water motion 
for species living near the shore (Karatayev, 1983; 
Karatayev et al., 1997). While the causal mechanisms 
of unionid mortality as a result of dreissenid infesta-
tion are complex, the strong link between the level 
of infestation and mortality suggests that infestation 
intensity directly relates to the impact, and a thresh-
old of dreissenid to unionid mass ratio of ≥ 1.0 was 
suggested to be lethal to the clams (Ricciardi et  al., 
1995, 1996). Although direct attachment of D. poly‑
morpha to unionids is not the only mechanism that 
can affect the latter, it was suggested to be a very 
important component of the overall negative effects 
(Baker & Hornbach, 2000, 2008).

The severity of D. polymorpha impacts depends 
on their density in the waterbody, time since inva-
sion, and sediment type (Karatayev et  al., 1997; 
Burlakova et al., 2000; Lucy et al., 2014). Extensive 
overgrowth of unionids resulting in mass mortality 
is typical for early invasion periods when popula-
tions of D. polymorpha grow rapidly (Sebestyen, 
1937; Dussart, 1966; Karatayev & Burlakova, 
1995a). Later in the invasion, D. polymorpha 
can co-exist with native bivalves harmlessly, and 
although overgrowth can cause some host mortal-
ity, unionids not only survive but can also maintain 
high densities (Karatayev, 1983; Miroshnichenko 
et  al., 1984; Miroshnichenko, 1987; Ponyi, 1992; 
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Burlakova et  al., 2000; Lucy et  al., 2014). The 
effect of D. polymorpha on unionids also depends 
on the type of bottom and is much more severe on 
hard substrates, where unionids cannot bury and 
are largely exposed for mussels’ attachment (Arter, 
1989; Burlakova et al., 2000).

Although fewer studies were conducted on the 
impact of D. r. bugensis, it looks like their impact 
on unionids is by far less severe than that of D. poly‑
morpha (Burlakova et  al., 2014). In the lower Great 
Lakes, the replacement of D. polymorpha by D. r. 
bugensis coincided with significantly lower unionid 
infestation rates. In the 1990s, an average of > 200 
dreissenids/unionid was reported (Haag et  al., 1993; 
Gillis & Mackie, 1994), whereas in 2011 – 2012 only 
one-third of all unionids collected in lakes Erie and 
Ontario were infested (median: 3 dreissenids/unio-
nid), although half of the unionids without Dreissena 
had evidence of past infestations. At the same time 
(2011 – 2012), in waterbodies still predominantly 
colonized by D. polymorpha (several Michigan inland 
lakes, the Detroit River, and Lake St. Clair), unionid 
infestation was almost three times higher, and the 
mean mass of attached dreissenids an order of mag-
nitude higher than in lakes Erie and Ontario, although 
all these waterbodies were colonized by dreissenids at 
approximately the same time (Burlakova et al., 2014).

The lower infestation by D. r. bugensis may be a 
result of their lower attachment strength (Claxton 
et  al., 1998; Peyer et  al., 2009, 2010; Collas et  al., 
2018) and/or their higher species-specific preda-
tion by fish compared to D. polymorpha (Bowers 
et al., 2005; Casper & Johnson, 2010), as their thin-
ner shells are more easily crushed and digested (Pro-
tasov et al., 1994; Diggins et al., 2004). Finally, more 
complex interactions may also contribute to these dif-
ferent infestation patterns, including substrate pref-
erences, and colonization and post-settlement survi-
vorship (reviewed in Burlakova et al., 2014).

Some authors suggested that unionid mortality 
also depends on the unionid life history and ecologi-
cal traits (like burrowing activity, substrate prefer-
ence, feeding behavior, brooding period, growth rate) 
or shell morphology (Arter, 1989; Haag et al., 1993; 
Nalepa, 1994; Nichols & Wilcox, 1997a, b; Allen & 
Vaughn, 2009; Sousa et al., 2011). Studies conducted 
in lakes Erie, Ontario, and St. Clair, the Detroit River, 
and three inland lakes in Michigan did not show 
significant infestation differences based on unionid 

taxonomy, morphology, or life history (Burlakova 
et al., 2014), calling for further investigations.

Impacts on fishes

The overall impacts of Dreissena spp. on fishes vary 
depending on the feeding mode of the consumer, the 
morphology of the waterbody invaded, time since 
mussel invasion, co-evolutionary history, and Dre‑
issena species and is different in Europe and North 
America (Karatayev et  al., 1997, 2002, 2015a; Mol-
loy et al., 1997; Strayer et al., 2004; Higgins & Van-
der Zanden, 2010). Impact on fishes maybe direct, 
through the consumption of mussels, or indirect, via 
Dreissena’s impact on various traits of the aquatic 
ecosystem.

Since North American fishes did not co-evolve 
with dreissenids, early in the invasion of the Great 
Lakes, these mussels were assumed to be a major loss 
of energy and potential production due to the redirec-
tion of food resources from the pelagic to the benthos 
(Johnson et  al., 2005) and the decline in sphaeriids 
and especially in the preferred fish prey item, the 
amphipod Diporeia (Dermott, 2001; Lozano et  al., 
2001; Dermott & Geminiuc, 2003; Watkins et  al., 
2007; Nalepa et  al., 2006, 2009a, b, 2014). Indeed, 
the dramatic decline of Diporeia in the Great Lakes 
caused major losses in the abundance of commer-
cially important species, including the whitefish 
(Coregonus clupeaformis), alewife (Alosa pseudo‑
harengus), sculpin (Cottus cognatus), bloater (Core‑
gonus hoyi), and others that are prey for larger pisci-
vores, including salmon and trout (Hoyle et al., 1999; 
Pothoven et al., 2001; Nalepa et al., 2009a; Karatayev 
& Burlakova, this issue). The shift in the diet of 
whitefish from the amphipod to quagga mussels 
resulted in the decline of lake whitefish condition, 
growth, and abundance (Pothoven et al., 2001; Hoyle 
et al., 2008; Nalepa et al., 2009b; Rennie et al., 2009). 
However, with time dreissenids became an important 
component of diet for many commercially important 
native fishes in the invaded North American freshwa-
ters (details in Natural Enemies: Fish below).

Another Ponto–Caspian invader, the round goby 
(Neogobius melanostomus), recorded in the Great 
Lakes since 1990 (Jude et  al., 1992; Charlebois 
et al., 1997), feeds actively on benthic invertebrates, 
including dreissenids (Barton et  al., 2005; Bunnell 
et al., 2005; Johnson et al., 2005; Brush et al., 2012; 
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Kornis et al., 2012; Naddafi & Rudstam, 2014; Bar-
rett et al., 2017; Foley et al., 2017). In turn, the round 
goby is consumed by a number of North American 
fishes, including the lake trout (Salvelinus namay‑
cush), burbot (Lota lota), yellow perch (Perca fla‑
vescens), smallmouth bass (Micropterus dolomieu), 
lake sturgeon (Acipenser fulvescens), cisco (Corego‑
nus artedi), and walleye (Sander vitreus) (Dietrich 
et  al., 2006; Madenjian et  al., 2011; Weber et  al., 
2011; Crane & Einhouse, 2016; Jacobs et  al., 2017; 
Pothoven et al., 2017; Breaker et al., 2020). Although 
all these fish species, as well as 9 others, are known 
to consume dreissenids in North America (reviewed 
in Molloy et al., 1997), predation on the round goby 
substantially increased the transfer of energy accumu-
lated by dreissenids in benthic environments back to 
the pelagic and increased fish productivity, including 
several commercially important species (reviewed in 
Karatayev & Burlakova, this issue).

Despite the many studies on the impact of dreis-
senids on fishes, broad generalizations of the ensu-
ing effects are still contentious. Some authors 
reported an enhancement of all benthivorous fishes, 
even those that do not feed on dreissenids, due to 
the increased biomass of mussel-related inverte-
brates (Karatayev, 1983; Lyakhnovich et  al., 1983, 
1988; Karatayev & Burlakova, 1992, 1995b; Strayer 
et  al., 2004; Karatayev et  al., 1997, 2002; Molloy 
et  al., 1997). Others, however, underscore the nega-
tive effects, including the declines of important fish 
prey items, such as Diporeia and sphaeriids (Dermott 
& Kerec, 1997; Hoyle et  al., 1999; Lozano et  al., 
2001; Pothoven et  al., 2001; Nalepa et  al., 2009a), 
particularly in the Great Lakes. In riverine systems, 
like the Hudson River, mixed effects were found: the 
introduction of D. polymorpha was associated with a 
28% decline in the abundance of open-water species, 
whereas littoral species increased 97% (Strayer et al., 
2004).

Planktivorous fishes can be negatively affected as 
a result of lower phytoplankton abundance and asso-
ciated decreases in zooplankton, competition with 
benthic species, and from higher larval fish predation 
due to increased water transparency (Francis et  al., 
1996; Lozano et  al., 2001). Fouling by dreissenid 
mussels may reduce habitat quality for fish spawning 
by reducing egg deposition and increasing damage to 
eggs (Marsden & Chotkowski, 2001). On the other 
hand, positive effects have been suggested that could 

mitigate the negative impacts of dreissenids on plank-
tivorous fish. The larvae of both dreissenid species 
became an important component of plankton, a prey 
item for planktivorous fish (details in Natural Ene-
mies: Fish below), as well as in fish fry diets, helping 
to offset declines in zooplankton (Nack et  al., 2015; 
Marin Jarrin et al., 2015; Withers et al., 2015).

Economic impacts

The first reports of zebra mussel impacts on water 
supply systems were published in the nineteenth 
century (in Budapest, Hamburg, Berlin, and Paris; 
reviewed in Zhadin, 1946; Clarke, 1952). With the 
development of water-related infrastructure, their neg-
ative effects were noticed in power generation stations 
and in irrigation water supply systems (Limanova, 
1964; reviewed in Karatayev et  al., 1994b). The 
main impacts are the reduction in the bore of pipes 
and water flow drops, corrosion of steel and cast-iron 
pipes, accumulation of mussel shells at the pipe out-
lets, and water contamination when mussels are killed 
in control operations (Mackie & Claudi, 2010). Mus-
sel fouling interferes with the operation of pumps, 
forbays, holding tanks, trashracks, and condenser 
units (Kovalak et al., 1990; Minchin et al., 2002). In 
two years, zebra mussels can overgrow the walls of 
raw water intake structures with up to 10 – 12 kg of 
mussels per  m2 and increase gradually to up to 19 kg/
m2 with live mussels settling on top of a thick layer of 
dead shells. Eventually, both live molluscs and empty 
shells are flushed downstream clogging sieves, filters, 
and heat exchangers (reviewed in Karatayev et  al., 
1994b). In Moscow’s drinking water supply system, 
zebra mussel beds reached densities over 19,000/
m2 and a biomass of 15 kg/m2 (Sokolova, 1959). In 
irrigation pipes, the thickness of mussel fouling can 
reach 15  cm. However, in Europe fouling problems 
were most common during the early invasion period 
and currently they are most frequent in the newly 
colonized regions (e.g., Ireland, Minchin et al., 2002; 
Spain, Binimelis et  al., 2007). In their native range 
or countries invaded decades ago, preventive meas-
ures are usually implemented, and problems arise if 
adequate maintenance operations are not undertaken 
(e.g., Turkey, Bobat et al., 2004).

Likewise, in North America, dreissenids also 
have significant impacts on raw water-dependent 
infrastructure, including power generation stations, 
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drinking water treatment plants, industrial facilities, 
navigation locks, dam structures, and other facili-
ties (Mackie & Claudi, 2010). During the last dec-
ades, a comprehensive “toolbox” of mussel control 
approaches was developed to eradicate, contain, and 
monitor dreissenid mussels in various facilities and to 
prevent their spread to uninfested waters (reviewed in 
Mackie & Claudi, 2010; Chakraborti et al., 2016).

In the early years of Dreissena’s arrival in the 
USA, their ecological and economic impacts were 
predicted to be catastrophic. The first estimates of 
damage and associated control actions were as high 
as $1 billion per year (Pimentel, 2005), $1.8 – $3.4 
billion by the end of the twentieth century (Office 
of Technology Assessment, 1993), and $4 billion 
over the last decade of the twentieth century (Rob-
erts, 1990). Although precise data are lacking, these 
“guesstimates” later proved highly exaggerated, 
largely because the methods applied were based 
on scarce, scattered, and often anecdotal informa-
tion, and no solid, systematic empirical methods 
were used (Lovell et  al., 2006). O’Neill (1997) esti-
mated the economic costs of zebra mussels across 
a range of industries that maintain infrastructure 
susceptible to mussel fouling (339 facilities) as $69 
million between 1989 and 1995. The largest expen-
ditures were recorded in electric power generation 
plants (51%), drinking water treatment plants (31%), 
and other industries and agencies (8 and 7%). Other 
affected categories included proactive measures by 
the National Scenic Riverway, shipping and naviga-
tion locks, hatcheries and aquaculture, impound-
ments and reservoirs, recreational facilities, and 
marinas (O’Neill, 1997). The largest part ascribed to 
expenses by industrial facilities was spent on preven-
tion actions, followed by the costs of chemical control 
compounds, planning, monitoring, and others. For 
water treatment plants, the costliest categories were 
chemical treatments, planning, and retrofitting, while 
costs of prevention were the largest for hydroelectric 
and nuclear power generating plants. Connelly et  al. 
(2007) updated the estimates of the total economic 
costs for electric generation and water treatment 
facilities from 1989 to 2004 at $267 million (range: 
$161 –$467 million). They concluded that during the 
early years of zebra mussel infestation, annual costs 
were greater ($44,000/facility) than in recent years 
($30,000), likely leading, together with other fac-
tors, to large overestimates in the early predictions. 

These costs did not include those associated with 
other impacts on the industry and navigation, natural 
resources (e.g., fisheries), or the impacts related to 
recreational boating and tourism.

The most recent assessment of the global eco-
nomic costs of dreissenids between 1980 and 2020 
(using the InvaCost database, Diagne et  al., 2020) 
yielded $51.1 billion (2017 US$) (Haubrock et  al., 
2022). Unfortunately, this estimate suffers from many 
shortcomings, such as overlapping costs extracted 
from different sources (as acknowledged by the 
authors; Diagne et  al., 2021), the fact that 98% of 
the data collated are from North America and “cost” 
categories include several contentious expenditures, 
such as research, administration, detection, surveil-
lance, monitoring, education, communication and 
information, and risk assessment. Although estimates 
of costs alone are useful, they are a biased indicator 
of the overall negative economic impacts because 
they ignore the many benefits of dreissenids, includ-
ing those on drinking water processing plants (Wang 
et al., 2021), fishing, and many others (see Uses; Bur-
lakova et al., 2022b; Boltovskoy et al., 2022).

Natural enemies

Natural enemies of dreissenids include fishes, birds, 
and other animals which feed on the mussels, as well 
as parasites that can affect mollusc densities and their 
population dynamics.

Fish

At least 58 species of benthivorous fishes on both 
continents feed on adult dreissenids (Vorobiev, 1949; 
Zhadin, 1952; reviewed in Karatayev et  al., 1994b, 
2015b; Molloy et al., 1997; Baer et al., 2022; Burla-
kova et  al., 2022b). In Europe, dreissenids are read-
ily consumed by a wide range of fishes, as many of 
them are evolutionarily adapted to feed on mussels 
(reviewed in Karatayev et  al., 1994b; Molloy et  al., 
1997), and the introduction of zebra mussels to 
new lakes is often associated with increases in fish 
productivity and commercial catches (Lyagina & 
Spanowskaya, 1963; Poddubny, 1966; Lyakhnovich 
et al., 1988; Karatayev & Burlakova, 1995b; reviewed 
in Karatayev et  al., 1994b; Molloy et  al., 1997). In 
the northern Caspian Sea, the native area of several 
dreissenid species (see Taxonomy), about 90% of 
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the annual production of mussels (13,000 tonnes wet 
weight) are consumed by fishes (Yablonskaya, 1985). 
Dreissenids are also very important in the diets of 
fishes from the Azov Sea (Vorobiev, 1949). In Uchin-
skoe Reservoir (Russia), benthivorous fishes con-
sume approximately 80% of the yearly production of 
zebra mussels under 15 mm (Lvova, 1977). The roach 
(Rutilus rutilus) and its subspecies Caspian roach or 
vobla (Rutilus rutilus caspicus) are the most promi-
nent consumers of several dreissenid species in fresh 
and brackish waters (Prejs, 1976; Karatayev et  al., 
1994b, 1997; Molloy et  al., 1997). In Europe, the 
introduction of the zebra mussel led to the establish-
ment of new subpopulations of mussel-eating roach 
with much higher individual growth rates, larger body 
size, and higher lipid content, compared to the pre-
dreissenid period (Lyagina & Spanowskaya, 1963; 
Poddubny, 1966). In addition to roach, dreissenids 
in Europe are actively consumed by bream (Abramis 
brama), silver bream (Abramis bjoerkna), Euro-
pean eel (Anguilla anguilla), Russian sturgeon (Aci‑
penser gueldenstaedtii), sterlet (Acipenser ruthenus), 
and beluga (Huso huso) (reviewed in Molloy et  al., 
1997). Increases in the abundance of not only ben-
thic feeding fishes, but also species that do not feed 
on the mussels but consume other benthic inverte-
brates whose abundance is enhanced by the presence 
of Dreissena spp. were recorded (Karatayev, 1983; 
Lyakhnovich et  al., 1983, 1988; Karatayev & Bur-
lakova, 1992, 1995b; Strayer et  al., 2004; Karatayev 
et al., 1997, 2002; Molloy et al., 1997).

Dreissenids became an important component of 
diet for many commercially important native fishes in 
the invaded North American freshwaters. In addition 
to whitefish (Pothoven & Madenjian, 2008; Maden-
jian et  al., 2010), round whitefish (Prosopium cylin‑
draceum) (Turschak & Bootsma, 2015), yellow perch 
(Perca flavescens) (Morrison et  al., 1997; Watzin 
et al., 2008; Shields & Beckman, 2015), blue catfish 
(Ictalurus furcatus), channel catfish (I. punctatus) 
(Thorp et  al., 1998), and freshwater drum (Aplodi‑
notus grunniens) were documented to feed on dreis-
senids. Dreissena spp. comprise a major part of the 
diet of the endangered silver chub (Macrhybopsis 
storeriana) (Kocovsky, 2019), and a species of con-
servation concern – the lake sturgeon (Jackson et al., 
2002). Several species of Lepomis were reported to 
shift from a pre-invasion diet of benthic littoral inver-
tebrates to zebra mussels (Molloy et al., 1997; Mercer 

et  al., 1999; Magoulick & Lewis, 2002; Colborne 
et  al., 2015). Another Ponto–Caspian invader, the 
round goby, feeds actively on benthic invertebrates, 
including dreissenids (see in Impacts on fishes).

Dreissenids were recorded in stomachs of other 
fish (burbot, Lota lota; ruffe, Gymnocephalus cer‑
nua; brown trout, Salmo trutta; northern pike, Esox 
lucius; deep-water Arctic charr, Salvelinus profundus; 
normal Arctic charr, S. umbla; and chub, Squalius 
cephalus), but their occurrence in the diet was low, in 
addition to being seasonal, and mussels were possibly 
consumed as incidental by catch (Millane et al., 2012; 
Baer et al., 2022). For example, in the digestive tracts 
of omnivorous fish (chub, charr, burbot, or ruffe) in 
Lake Constance, quagga mussels were found along-
side larger quantities of gammarids, likely swallowed 
unintentionally during the pursuit of amphipods in 
dreissenid aggregations (Baer et al., 2022).

The larvae of both dreissenid species became an 
important component of plankton and in lakes often 
dominate the zooplankton during the summer, com-
prising 18 to 73% of the total zooplankton density and 
from 6 to 40% of the zooplankton biomass and pro-
duction (Karatayev, 1983; Mitrakhovich & Karatayev, 
1986; Lvova et  al., 1994b; David et  al., 2009; 
Karatayev et  al., 2010; Withers et  al., 2015; Laza-
reva et  al., 2016; Bowen et  al., 2018). These larvae 
represent an important food resource for at least 17 
species of fish in Europe and North America (Wiktor, 
1958; Kornobis, 1977; Molloy et  al., 1997; Withers 
et  al., 2015). Although the importance of Dreissena 
spp. larvae as a prey item for fish varies widely (Wik-
tor, 1958; Kornobis, 1977; Limburg & Arend, 1994; 
Limburg et al., 1997; Mills et al., 1995; Chrisafi et al., 
2007; Watzin et al., 2008; Nack et al., 2015; Turschak 
& Bootsma, 2015; Withers et al., 2015), under certain 
conditions they may become an important component 
of fish fry diets and may help offset decreases in the 
overall abundance of zooplankton (Nack et al., 2015; 
Marin Jarrin et al., 2015; Withers et al., 2015).

A major concern associated with mussel-consum-
ing fishes and other animals is whether this trophic 
pathway facilitates the transfer of bioaccumulated 
contaminants up the food web by providing a novel 
route for the less accessible sediment-deposited toxi-
cants (Bruner et  al., 1994; Roper et  al., 1996; Johns 
& Timmerman, 1998; Robertson & Lauenstein, 1998; 
Kwon et  al., 2006; Schummer et  al., 2010; Mezek 
et  al., 2011; Wallace & Blersch, 2015). Dreissenids 
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bioaccumulate many toxicants (reviewed in Binelli 
et  al., 2015, Burlakova et  al., 2022b), but bioaccu-
mulation and trophic transfer of contaminants vary 
among species (Matthews et al., 2015; Evariste et al., 
2018) and pollutant types (Perez-Fuentetaja et  al., 
2015), and we do not know whether invasive mussels 
are more hazardous in this respect than other prey, 
all of which bioaccumulate pollutants. Some con-
taminants were reported to bioaccumulate very sig-
nificantly in the mussels’ tissue or shells (reviewed in 
Binelli et al., 2015), whereas bioaccumulation of oth-
ers (e.g., PBDEs—polybrominated diphenyl ethers) 
have been found to be lower than for zooplankton 
and amphipods (Perez-Fuentetaja et al., 2015), which 
may decrease the levels of these compounds in mus-
sel-feeding fishes (Hahm et  al., 2009). Thus, further 
research is needed to assess whether dreissenids are 
effectively more harmful in transferring contaminants 
than other native or introduced prey species.

Waterfowl

Birds are among the best documented natural enemies 
of Dreissena spp. At least 36 species of waterfowl 
have been recorded to feed on Dreissena spp., includ-
ing 21 species  in Europe and 20 in North America. 
The most common and best researched consumers are 
the tufted duck (Aythya fuligula), pochard (A. ferina), 
greater scaup (A. marila), lesser scaup (A. affinis), 
goldeneye (Bucephala clangula), and coot (Fulica 
atra) (reviewed in Molloy et  al., 1997). Migrating 
waterfowl can quickly locate areas with dense mus-
sel populations (reviewed in Molloy et al., 1997) and 
forage on mussels between autumn and spring during 
their migrations (Hamilton et  al., 1994; Mitchell & 
Carlson, 1993) or overwintering on site (bij de Vaate, 
1991; Cleven & Frenzel, 1993). Birds are often the 
most aggressive predators on dreissenids, consuming 
up to 30% of the annual zebra mussel production in 
shallow areas (Smit et al., 1993) and up to 70 – 90% 
of their biomass (Mikulski et  al., 1975; Stempnie-
wicz, 1974; Werner et  al., 2005). Their impact on 
dreissenid populations depends on several factors, 
including depth, substrate, and Dreissena species 
(Molloy et al., 1997; Werner et al., 2005). For exam-
ple, in Lake Constance (Germany), while mussel 
biomass reduction is strongest in shallow areas, in 
deeper areas the impact is highly variable, depending 
on the substrate, and almost no impact occurs at 11 m 

(Werner et  al., 2005). Therefore, waterfowl preda-
tion is likely to be more intense in shallow polymictic 
lakes than in deep dimictic lakes. Since zebra mussels 
are largely limited to littoral zone, they are probably 
more vulnerable to waterfowl predation than quagga 
mussels that are usually more abundant in the profun-
dal than in the littoral zones.

Large increases in waterfowl flocks feeding on dre-
issenids were recorded both in Europe and in North 
America. Since zebra mussels invaded Lake Con-
stance in the 1960s, the number of overwintering 
waterbirds increased fourfold (Werner et  al., 2005). 
After dreissenids colonized Long Point Bay on Lake 
Erie, one of the most important waterfowl staging 
areas on the Great Lakes (Petrie & Knapton, 1999), 
a noticeable increase in waterfowl was recorded, 
including a 92-fold increase in scaups (Aythya spp.). 
The number of waterfowl including scaups, canvas-
back (Aythya valisineria), and redhead ducks (Aythya 
americana) using Lake St. Clair (USA-Canada) in 
USA waters during their fall migrations increased 
from 1.1 million use days before dreissenids were 
present to 2.1 million after it (Schummer et al., 2010). 
While scaups prey on dreissenids directly, other birds, 
such as canvasbacks, likely responded to increased 
submerged aquatic macrophyte food associated with 
the enhanced water clarity due to mussel colonization 
(Luukkonen et al., 2014). In the brackish lagoons of 
the Odra River Estuary (south-western Baltic Sea), an 
important area for greater scaup (A. marila) during 
the non-breeding season, the birds consume an aver-
age of 5,400 tonnes of zebra mussels annually (Mar-
chowski et al., 2015). The declining European popu-
lation of A. marila thus depends on the non-native 
zebra mussels that constitute > 90% of their food (in 
terms of biomass).

The introduction of zebra mussels was associ-
ated not only with dramatic increases in waterfowl 
numbers but also affected their migration patterns 
(reviewed in Molloy et al., 1997). Prior to the intro-
duction of zebra mussels into Swiss lakes, waterfowl 
fed on aquatic macrophytes and migrated to the south 
in the fall after plant die back. In contrast, after the 
invasion by Dreissena, large numbers of birds over-
winter locally (Leuzinger & Schuster, 1970). Ten 
to 50-fold increases in overwintering tufted ducks, 
pochards (Aythya spp.), and coots (Fulica spp.) were 
observed soon after zebra mussels colonized west-
ern Lake Constance in the late 1960s and goldeneye 
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began to arrive in the area earlier (Suter, 1982b). 
Conversely, in areas where zebra mussel populations 
declined, diving birds showed a tendency to leave 
overwintering areas earlier, likely due to lower food 
availability (Suter, 1982a). Ice formation precludes 
foraging in winter, but in waterbodies where open 
waters are available year-round as in cooling water 
reservoirs for power plants, large flocks of mallards 
(Anas platyrhynchos) regularly overwinter and con-
sume large quantities of zebra mussels in shallow, 
open waters (Karatayev et al., 1994b; Kozulin, 1995). 
Food availability, particularly Dreissena, were likely 
the major factor for the shifts of the geographical 
range of the tufted duck (Aythya fuligula) in England 
(Olney, 1963) and for overwintering diving ducks in 
Switzerland (Pedroli, 1981; Suter, 1994).

In addition to the direct consumption of dreiss-
enids, waterfowl also prey on the invertebrates associ-
ated with the mussels, as well as on macrophytes and 
bottom algae that benefit from dreissenid-enhanced 
water clarity. Thus, the abundance of macroinverte-
brates associated with Dreissena colonies (mostly 
Oligochaeta, Chironomidae, and Ephemeroptera) 
were significantly reduced in unprotected enclosures 
in shallow areas of Lake Constance, presumably due 
to waterfowl predation (Mörtl et  al., 2010). Due to 
the recolonization of the lake by stoneworts (Char-
aceae) after the introduction of zebra mussels in the 
1980s, the bay of Lucerne (Switzerland) has become 
an internationally important wintering site for the 
red-crested pochard (Netta rufinadue) (Schwab et al., 
2001). In some lakes, both Chara and zebra mussels 
are now considered keystone species which control 
ecosystem resilience, and careful management of 
these species has been suggested as important as the 
control of nutrients (Ibelings et al., 2007).

Parasites and commensals

A detailed review of dreissenid parasites and com-
mensals was produced by Molloy et  al. (1997). In 
brief, over 45 taxa are known to date to be associ-
ated with the mantle cavity and/or visceral mass of 
D. polymorpha, including protozoans, haplosporid-
ians, nematodes, trematodes, oligochaetes, leaches, 
mites, and chironomids (Molloy et  al., 1997, 2012; 
Molloy, 2002; Karatayev et  al., 2000a; Mastitsky, 
2004; Mastitsky & Gagarin, 2004; Mastitsky & 
Samoilenko, 2005). All parasites and commensals of 

D. polymorpha were reported from attached mussels 
(i.e., none from their planktonic larvae).

Five species of ciliates including Ancistrumina 
limnica, Conchophthirus acuminatus, Hypoco‑
magalma dreissenae, Sphenophrya dreissenae, and 
Sphenophrya naumiana are known from the man-
tle cavity and at least one species (Ophryoglena 
hemophaga) from the digestive gland (Molloy et al., 
1997, 2005). With the exception of A. limnica (a non-
specific endosymbiont of freshwater lamellibranchs 
and gastropods), all ciliates are highly specific to Dre‑
issena spp. that were found in Europe only. Among 
the ciliates, the most common endosymbiont is C. 
acuminatus, which was found in almost all European 
populations of D. polymorpha with an infection prev-
alence often reaching 100% and infection densities 
in excess of hundreds of ciliates per mussel (Molloy 
et  al., 1997; Karatayev et  al., 2000a, 2007c; Mas-
titsky, 2004). Because C. acuminatus has not been 
found in North America, Karatayev et  al. (2000a, 
2007c) hypothesized that (1) larval (rather than adult) 
individuals of Dreissena invaded North America and 
(2) the European waterbodies invaded by Dreissena 
where C. acuminatus-infestations are present were 
either colonized by adult mussels, or, alternatively, if 
the waterbody was colonized by planktonic larvae, it 
had an upstream source of veligers and C. acumina‑
tus. In addition to D. polymorpha, C. acuminatus was 
also reported from D. r. bugensis (Karatayev et  al., 
2000b) and from D. stankovici from Lake Ohrid, 
Republic of Macedonia (Molloy et  al., 2010). In 
contrast to C. acuminatus, the other ciliates reported 
from Dreissena spp. (H. dreissenae, S. dreissenae, S. 
naumiana, and O. hemophaga) are parasites, but they 
do not seem to cause significant host mortality (Mol-
loy et al., 1997, 2010).

A lethal infection with haplosporidians has been 
reported from D. polymorpha populations in The 
Netherlands (reviewed in Molloy, 2002). An exten-
sive study conducted on 43 waterbodies across 11 
European countries showed that haplosporidian 
(described as H. raabei) infections in zebra mus-
sels are extremely rare, as only 0.7% of all mussels 
were infected (Molloy et al., 2012). In contrast to the 
low prevalence, the disease intensity was quite high, 
with 79.5% of the infections showing signs of sporo-
genesis. Infection with multinucleate plasmodia and 
sporocysts were observed systemically in connective 
tissues, including gills, gonads, and digestive gland. 
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However, no major signs of disease were evident 
upon dissection (Molloy et al., 2012).

Seven genera of trematodes have been reported 
as parasites of Dreissena spp. (Molloy et  al., 1997). 
In their life cycles, dreissenids can serve as the first 
intermediate host (e.g., for Bucephalus polymorphus 
and Phyllodistomum spp.), second intermediate host 
(e.g., for Echinoparyphium recurvatum), or the only 
host (e.g., for Aspidogaster spp.) (Molloy et al., 1997; 
Molloy, 2002). Bucephalus polymorphus requires 
three hosts to complete its life cycle. Infection com-
mences in dreissenids at the earliest parasite larval 
stage, the miracidium, which hatches from an egg, 
enters the mussel’s visceral mass, and gives rise to 
the sporocyst stage. Cercariae released into the sur-
rounding water attach to fish fry, encyst in their tis-
sues, and transform into metacercaria. The final hosts 
of B. polymorphus are predatory fish that have con-
sumed fish infected with metacercariae. The preva-
lence of B. polymorphus infection varied from 0.4% 
to 28% (reviewed in Molloy et  al., 1997; Karatayev 
et  al., 2000a). It primarily affects the gonads, typi-
cally inducing sterility (Molloy et al., 1997; Laruelle 
et al., 2002). Although it was suggested that B. poly‑
morphus is species specific to Dreissena (Molloy 
et  al., 1997), additional studies are required to con-
firm this assumption.

Other organisms that were occasionally reported 
from the mantle cavity of dreissenids include nema-
todes, oligochaetes, leaches, mites, and chironomids. 
They are not obligate Dreissena symbionts and have 
little or no adverse impacts on their host (Molloy 
et  al., 1997; Laruelle et  al., 2002). Although data at 
hand suggest that D. r. bugensis and D. stankovici are 
less susceptible to infections by parasites and com-
mensals than D. polymorpha (Karatayev et al., 2000b; 
Molloy et  al., 2010), this assumption may reflect 
the fact that research on these species has been very 
uneven.

Uses: ecosystem services and disservices

While many negative biological invasion-driven 
effects of dreissenids on the structure and function-
ing of ecosystems have been identified, much less 
has been done on evaluating and/or monetizing their 
ecosystem services (Diagne et  al., 2021). Further, 
many of the services are difficult to monetize and are 

regularly ignored (Pejchar & Mooney, 2009; Thomp-
son, 2014; Boltovskoy et  al., 2022). In this section 
we focus on the positive effects of these mussels and 
review their ecosystem services based on the assump-
tion that if a particular effect of a native species is 
considered as a service (e.g., water clarity increases 
by native unionid mussels; Vaughn, 2017; Vaughn 
& Hoellein, 2018), the same effect is also a service 
when provided by exotic bivalves.

The three major recognized categories of services 
include regulating and maintenance services (e.g., 
water purification, climate regulation, pollination), 
provisioning services (e.g., provision of food, water, 
fuel), and cultural services (e.g., education, recrea-
tion, tourism, esthetic and spiritual values) (Millen-
nium Ecosystem Assessment, 2005; Haines-Young 
& Potschin, 2011). A comprehensive review of dre-
issenid ecosystem services is provided in Burlakova 
et al. (2022b).

Of 2,853 publications on dreissenids in SCO-
PUS (see Research Efforts), the largest number was 
focused on ecosystem services (34%), while impact 
and management categories both yielded 9% of publi-
cations each. This signifies the recognition of positive 
effects of dreissenids and their wide usage as indica-
tor species.

Regulating and supporting/maintenance services

Biofiltration

Water purification is perhaps the most important and 
one of the best documented services provided by 
dreissenids (see Impacts and Effects: System-Wide 
Impacts). Mussel filtration has dramatic impacts on 
lakes and rivers yielding particulate suspended mat-
ter reductions of up to over 60%, Secchi disc depth 
increases up to 200% and 50–250% increases in light 
penetration (reviewed in Karatayev et al., 1997, 2002; 
Higgins & Vander Zanden, 2010; Mayer et al., 2014). 
Improvements in lake water clarity can increase 
property prices (reviewed in Jakus et  al., 2013), 
and the services conveyed by the mussels’ filtration 
have been assessed in economic terms based on the 
changes in waterfront property values in association 
with changes in the water clarity of the waterbod-
ies involved (Limburg et al., 2010; see Cultural Ser-
vices). In addition, economic benefits of mussel 
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filtration can significantly alleviate the costs of water 
potabilization (Wang et al., 2021).

Nutrient cycling and storage

Dreissenids can alter the stoichiometry and the rates 
of nutrient recycling, as well as the spatial distribu-
tion of nutrients (Arnott & Vanni, 1996; Mellina 
et  al., 1995; Naddafi et  al., 2009; Katsev, 2017; Li 
et al., 2018). Filter-feeding dreissenids remove partic-
ulate phosphorus (P) from water at P deposition rates 
tenfold greater than passive P settling rates, which 
shortens P residence times in the water column and 
increases the rates of P transfer to the benthos (Mos-
ley & Bootsma, 2015). This process induces long-
term declines in total P concentrations in the water 
column of lakes colonized by dreissenids (Higgins, 
2014; Mayer et  al., 2014; Dove & Chapra, 2015). 
The Laurentian Great Lakes are a dramatic exam-
ple of large-scale reorganization of biogeochemical 
cycles due to the impacts of quagga mussels, whose 
tissues and shells now contain nearly as much phos-
phorus as the entire water column (Li et  al., 2021). 
The effects of these invasive mussels on nitrogen (N) 
compounds are complex and highly context depend-
ent (Higgins & Vander Zanden, 2010). Quagga mus-
sels living in deep areas of the Great Lakes are hot-
spots for N cycling, including denitrification. These 
processes have not yet been adequately explored, but 
they are likely responsible for very substantial path-
ways of N fluxes in many freshwater habitats (Katona 
et al., in review). In addition to their effect on P and 
N which are of particular importance for primary pro-
ducers, Dreissena plays a major role in the recycling 
and sequestration of many other elements as well, 
including As, C, Ca, Cu, Fe, Ni, Ti, Mg, Si, V, and 
Al (Walz, 1978d; Karatayev et  al., 1994a; Wojtal-
Frankiewicz & Frankiewicz, 2010; Schaller & Planer-
Friedrich, 2017).

Reduction of phytoplanktonic primary production

Another important service provided by dreissenids 
is the reduction of phytoplanktonic primary produc-
tion (see Impacts and Effects: System-Wide Impacts). 
The use of zebra mussels for culling the effects of 
eutrophication was the object of many studies, par-
ticularly in The Netherlands, where many shallow 
freshwater lakes suffer from severe algal blooms 

(Reeders & bij de Vaate, 1990; Noordhuis et  al., 
1992; Smit et  al., 1993; Waajen et  al., 2016) (see 
below in Bioremediation).

Habitat creation/modification

By creating complex reef-like structures, dreissenids 
provide new habitats that are used by many inverte-
brates as refuge from predation and abiotic stress, and 
organic matter-rich feces and pseudofeces, together 
with increased organic matter and carbon fluxes 
to the benthos, enhance the food subsidy for ben-
thic deposit feeders (Karatayev & Burlakova, 1992, 
1995b; Karatayev et al., 1994a, 2002, 2007a, b; Botts 
& Patterson, 1996; Stewart et  al., 1998; Burlakova 
et al., 2005, 2012; Gergs et al., 2009; Ozersky et al., 
2015). Algal and bacterial communities that grow on 
the shells and in their aggregations represent another 
source of food for benthic invertebrates inhabiting 
the mussels’ beds (Lohner et  al., 2007; Makarevich 
et al., 2008; Higgins & Vander Zanden, 2010). These 
habitat modifications usually result in significant 
increases in the abundance of many native inverte-
brates (see Ecological Impacts: Local Impacts). The 
increased water clarity caused by the filtration of 
invasive bivalves promotes the growth of submerged 
aquatic vegetation (also ecosystem engineers), further 
affecting water flow and providing resources, such 
as food and habitat for zooplankton, benthic inverte-
brates, birds, and larval and adult fishes (see Natural 
Enemies; Lyakhnovich et al., 1988; Reeders & bij de 
Vaate, 1990; Skubinna et al., 1995; Lowe & Pillsbury, 
1995; MacIsaac, 1996; Strayer et  al., 1999; Mayer 
et al., 2001; Luukkonen et al., 2014), as well as many 
other ecosystem services (Thomaz, 2021).

Wastewater treatment

Dreissenids can filter and clean water from organic 
pollution and toxic substances, including heavy met-
als (Selegean & Heidtke, 1994; Elliot et  al., 2008; 
Binelli et al., 2014; Gomes et al., 2018). In 96-h trials, 
zebra mussels effectively removed and biodeposited 
nearly all seston and P from diluted activated sew-
age sludge, significantly decreasing the biochemical 
oxygen demand of the sludge and improving its clar-
ity (Mackie & Wright, 1994). In Germany, biofilters 
consisting of zebra mussel-overgrown artificial mod-
ules were successfully tested for wastewater treatment 
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(Kusserov et  al., 2010). Mussels can also eliminate 
pathogenic organisms (e.g., Escherichia coli, enteric 
viruses, Toxoplasma gondii, Giardia duodenalis) 
from wastewaters (Mezzanotte et  al., 2016; Géba 
et al., 2020).

Mussel shells can be used as a P-binding agent for 
the removal of P from wastewater effluents: in test tri-
als, Dreissena shell fragments had the highest phos-
phorus adsorption capacity compared to other media 
(Van Weelden & Anderson, 2003). Zebra mussel 
shells can remove over 99% of the phosphorus from 
wastewater, showing a potential as an alternative 
source to mined calcium carbonate for the production 
of lime (McCorquodale-Bauer & Cicek, 2020).

Bioremediation

Zebra mussels have been used to mitigate the effects 
of eutrophication since the 1980s (Piesik, 1983). The 
first successful field experiments were carried out 
in The Netherlands in the early 1990s (Reeders & 
bij de Vaate, 1990; Noordhuis et  al., 1992; Reeders 
et  al., 1993; Smit et  al., 1993; Waajen et  al., 2016). 
The treatment pond with zebra mussels experienced 
a steady increase in Secchi disc depths, with a ~ 1-m 
difference (with respect to the control) remaining sta-
ble throughout the first year of the experiment. Fur-
ther, both organic and inorganic suspended matter 
declined, light penetration increased, and no cyano-
bacterial blooms were observed (Noordhuis et  al., 
1992). Quagga mussels were also shown to reduce the 
phytoplankton (including Cyanobacteria) in a hyper-
trophic urban pond and induce a clear water state 
(Waajen et al., 2016).

Dreissenid mussel farming can be a potentially 
profitable industry in coastal waters for tackling 
eutrophication and facilitating macrophyte restoration 
(Stybel et al., 2009; Schernewski et al., 2012; Fried-
land et al., 2019). A single 0.5-ha mussel farm could 
compensate for the total annual input of phosphorus 
from 23 ha of the watershed or the biologically avail-
able P from 49  ha of agricultural land (Goedkoop 
et  al., 2021). In the Baltic Sea, artificial reefs and 
substrates were used for the cultivation of the alga 
Furcellaria and the bivalves Mytilus and Dreissena 
to restore the spawning grounds of the Baltic herring 
(Korolevs & Kondratjeva, 2006).

Environmental monitoring

Zebra mussels have been widely used since the late 
1970s as sentinel organisms to monitor chemical pol-
lution in aquatic environments because they are filter 
feeding sessile bottom dwellers that bioaccumulate 
many contaminants with little metabolic transfor-
mation and provide time-integrated information of 
chemical contamination in the environment (reviewed 
in Binelli et al., 2015). A large number of studies on 
application of dreissenids in environmental monitor-
ing (9.5% of the total 2,853 publications on dreiss-
enids in SCOPUS) signifies their wide usage as indi-
cator species, and D. polymorpha was suggested as 
promising freshwater counterpart of widely used in 
marine ecotoxicological studies sentinel organisms 
Mytilus spp. (Binelli et al., 2015). Because they accu-
mulate large amounts of a wide range of pollutants in 
their soft tissues and shells, dreissenids are suitable 
for the biomonitoring of heavy metals (Cd, Co, Cr, 
Cu, Hg, Ni, Pb, Zn, Hg, Se), organic compounds such 
as methylmercury, dichlorodiphenyltrichloroethane, 
and several related pesticides (DDTs), polychlorin-
ated biphenyls (PCBs), polycyclic aromatic hydrocar-
bons (PAHs), hexachlorobenzene (HCB), hexachloro-
cyclohexanes (HCHs), organophosphate insecticides, 
and even radioactive contamination (Neumann & 
Jenner, 1992; reviewed in Binelli et al., 2015). Bioac-
cumulated pesticides and metals in transplanted zebra 
mussels can give an insight not only into their bio-
availability in the environment but also into the eco-
logical responses of the benthic communities affected 
by these toxicants (Bashnin et al., 2019).

Dreissenids were selected as target organisms by 
the National Status and Trends Mussel Watch Pro-
ject (National Oceanic and Atmospheric Administra-
tion—NOAA, USA) which examines contaminants at 
nearshore sites on a biennial basis, providing crucial 
information for the identification of the levels and 
distribution of toxicants (Apeti & Lauenstein, 2006). 
Invasive mussels are also intensively used as both 
in vivo and in vitro biomarkers and in transcriptomics 
and proteomics studies to provide information on the 
potential impact of pollutants on the health of other 
organisms (Binelli et al., 2015).

Dreissenid behavior, in particular the closing of 
valves in response to toxic substances, can be moni-
tored automatically in ad hoc flow-through devices 
in water treatment plants, triggering an alarm when 
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the proportion of closed shells are above predefined 
threshold values. These “Dreissena-Monitors” were 
used by German potabilization plants, providing an 
efficient early warning system for the intake of pol-
luted water (Borcherding, 2006).

In addition to chemical pollutants, dreissenids 
are used to monitor aquatic pathogenic organisms, 
including viruses, such as the ones responsible for 
the COVID-19 pandemic (Le Guernic et  al., 2022). 
The use of zebra mussels as indicators of contami-
nation by fecal coliforms and Escherichia coli pro-
vide advantages when compared with traditional 
monitoring methods (Selegean et al., 2001; reviewed 
in Gomes et  al., 2018). Zebra mussels were found 
to host > 100 times more E. coli and other intesti-
nal enterococci than ambient water after two days 
of pulse exposures to the bacteria, thus providing a 
time integrating and much more sensitive indicator of 
bacterial contamination than water samples (Bighiu 
et al., 2019).

Monitoring of pathogenic protists (Cryptosporid‑
ium parvum, Giardia duodenalis, Giardia lamblia, 
Toxoplasma gondii, Cyclospora sp., Enterocyto‑
zoon intestinalis, E. hellem, E. bieneusi) in the water 
requires filtration of large volumes because their den-
sities are often low. In the process of filtration, mus-
sels concentrate pathogenic protists, often proportion-
ally to their abundance in the water, allowing usage 
of the bivalve’s tissues as a good integrative matrix 
for biomonitoring (Lucy et  al., 2008, 2010; Lucy, 
2009; Conn et al., 2014; Ladeiro et al., 2014; Gomes 
et al., 2018; Géba et al., 2020). Due to the digestion 
of C. parvum and T. gondii oocysts, mussels can also 
be used as a bioremediation tool (Géba et al., 2021a, 
b). Zebra mussels were found useful in assessing viral 
contamination due to their accumulation of viral pol-
lution F-specific RNA bacteriophages (Capizzi-Banas 
et al., 2021) and a low pathogenic form of the avian 
influenza virus H5N1 (Stumpf et al., 2010; reviewed 
in Gomes et al., 2018). A significant reduction in gas-
troenteritis-causing rotavirus in spiked treated munic-
ipal wastewater was found in treatments with Dreis‑
sena, and although the viruses remained in the soft 
zebra mussel tissues or in the liquid phase, they were 
not transmissible to other species (Mezzanotte et al., 
2016). The ability to bioaccumulate microcystins by 
zebra mussels can potentially be used for biomoni-
toring of toxic cyanobacterial blooms (Paldavičienė 
et al., 2015).

Hypoxia

Oxygen deprivation is currently a key global stressor 
in freshwater, estuarine, and marine benthic ecosys-
tems (Diaz & Rosenberg, 2008; Tellier et al., 2022). 
Both zebra and quagga mussels are intolerant of even 
moderate hypoxia, and, in contrast to motile pelagic 
organisms and some benthic species, dreissenids can-
not migrate to escape hypoxia (see Habitat Require-
ments). Their extremely high fecundity and their 
planktonic larvae, however, allow them to recolonize 
substrates even after large-scale die-offs and there-
fore, monitoring the occurrence and length-frequency 
distribution of Dreissena spp. can be an effective tool 
for mapping the extent and frequency of hypoxia in 
freshwaters (Karatayev et  al., 2018b, 2021b). Due 
to their large body size and high densities, in clear 
waters dreissenids can be surveyed using remote 
sensing techniques (e.g., underwater video) allowing 
for swift collection of information on their distribu-
tion over large areas (Karatayev et al., 2018a, 2021c; 
Burlakova et al., 2022a) and providing a record of the 
recent history, rather than instantaneous snapshots, of 
hypoxic events.

Provisioning services

Food for fishes, birds, and other animals

Both dreissenid species provide an abundant food 
resource for fishes, birds (see Natural Enemies), and 
other animals. Several species of crayfish (Cambarus 
affinis, C. robustus, Orconectes limosus, O. virilis, 
O. propinquus) and muskrats (Ondatra zibethicus) 
have been observed eating zebra mussels in Europe 
and North America (reviewed in Karatayev et  al., 
1994b; Molloy et al., 1997). Adult stages of the cray-
fish O. limosus can consume 6,000 young dreissenids 
per crayfish during the summer, potentially limiting 
their population growth (Piesik, 1974). Zebra mussel 
populations crashed in 1992 in the Hudson River near 
Catskill (New York, USA) due to predation by blue 
crabs (Callinectes sapidus) (Molloy et  al., 1994). A 
declining Laurentian Great Lakes native species, the 
mudpuppy salamander (Necturus maculosus), was 
recorded feeding on Dreissena (Beattie et al., 2017). 
Mongooses (Mungos mungo) and the oriental small-
clawed otters (Aonyx cinerea) were feeding on zebra 
mussels in trials in the ZooOsnabrück (Germany), 



 Hydrobiologia

1 3
Vol:. (1234567890)

and raccoons (Procyon lotor) prefer zebra mussels 
over other food items (Schernewski et al., 2019). The 
northern map turtle (Graptemys geographica) and 
the stinkpot turtle Sternotherus odoratus were found 
to prey heavily on invasive mussels in the Laurentian 
Great Lakes (Lindeman, 2006; Patterson & Linde-
man, 2009), and zebra mussels constitute up to 36% 
of G. geographica diet in Lake Opinicon (Canada) 
where it can consume over 3000  kg of mussels per 
year (Bulté & Blouin-Demers, 2008). In trials involv-
ing multi-prey assemblages, two native mysid species 
from the St. Lawrence River middle estuary, Neomy‑
sis americana and Mysis stenolepis, exhibited high 
predation rates on zebra mussel veligers (Winkler 
et al., 2007).

Food for farm animals

In terms of fresh weight, zebra mussels contain 8.4% 
of protein, 0.8% of fat, 0.14% of P, 1.3% of raw ash, 
and 89.3% of water (Schernewski et al., 2019), which 
makes them a potential substitute or additive for 
protein-rich fodder for farm animals. Reviews of the 
Russian literature on the use of dreissenids as food for 
livestock and poultry in dry food blends and to extract 
vitamins have been published as early as the mid-
1900s (Zhadin, 1952; reviewed in Karatayev et  al., 
1994b). The mussel biomass that can potentially be 
harvested in some European waterbodies has been 
estimated at 5,000 t of dreissenid tissue, contain-
ing ~ 500 t of protein (Miroshnichenko, 1990). From 
artificial ad hoc substrates, up to 500  kg  per hec-
tare and 20–30 kg of molluscs per square meter can 
be obtained annually (reviewed in Karatayev et  al., 
1994b). Zebra mussels were found to be a palatable 
food supplement for chickens (McLaughlan et  al., 
2014). Harvested and grinded mussels (raw or boiled) 
were used as a food supplement for several fish spe-
cies, including carp, sterlet, sturgeon, bester, and 
salmon (Karatayev et al., 1994b).

Materials

Mussel shells are composed primarily (> 80%) of 
calcium carbonate (Immel et al., 2016) and thus can 
be used as an alternative source of calcium carbonate 
(McCorquodale-Bauer & Cicek, 2020). Zebra mussel 
shells washed ashore were used as a food supplement 
for chicken, as well as for ducks and pigs (reviewed 

in Karatayev et al., 1994b). In agriculture, dreissenids 
can be also used as a fertilizer, soil amendment, or 
mulch (Mackie & Claudi, 2010; McDonnell, 1996).

Cultural services

Esthetics, leisure, and property values

The effects of invasive species on cultural services 
(i.e., recreation, tourism, history, education, science, 
heritage, inspiration, spirituality, and esthetics) are 
difficult to assess because they are based on personal 
and local value systems (Pejchar & Mooney, 2009; 
Cassini, 2020).

Dreissenids significantly enhance water transpar-
ency, and improvements in water clarity increase its 
esthetical perception, reduce some negative impacts 
such as odor and toxic cyanobacterial blooms (but 
see Ecological Impacts: System-Wide Impacts), and 
facilitate most water-related recreational activities. 
In the North American  Great Lakes, divers enjoy 
the increased visibility after dreissenid introduction, 
and the scuba diving industry has boomed around 
the lakes as a result (Williams, 2020). By clarify-
ing the water, dreissenids can increase the property 
value of neighboring real estate, as the market value 
of lakefront properties is tightly associated with the 
lake’s water quality, which in turn is chiefly perceived 
through the lake’s water clarity (Jakus et  al., 2013). 
A one-meter improvement in lake water clarity in 
USA lakes was estimated to increase property prices 
from $11 to $382 per foot of water frontage and an 
overall property increase of 0.9 to 6.6% (reviewed in 
Jakus et al., 2013). Several studies analyzed the rela-
tionships between property values and water clarity 
based on surveys of owners of waterfront property. 
In the vacation region of North Central Wisconsin 
(the USA), increased lake water clarity associated 
with the presence of dreissenids was suggested to 
increase property values by about 10% (Johnson & 
Meder, 2013). Limburg et  al. (2010) surveyed busi-
ness owners and homeowners in the State of New 
York (the USA) to calculate the effects of dreissenids 
on property values due to both increased water qual-
ity and abundance of nuisance filamentous algae and 
estimated that the net benefit would be in the multiple 
millions of dollars, indicating that mussels produced 
mixed, but dominantly beneficial, impacts.
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Information and knowledge

The value of exotic mussels as a tool in the areas of 
intellectual and experiential (scientific and educa-
tional) services has received limited recognition, but 
our SCOPUS analysis (see above) revealed that pub-
lications describing the use of mussels as biomonitors 
and bioindicatiors comprised almost a third of the 
publications in the Ecosystem function and services 
category. Dreissenid byssus production and adhesion 
are investigated with the aim of developing new mate-
rials to prevent biofouling for underwater adhesive 
bonds, anticorrosives, metal-sequestering reagents, 
and novel biomimetic polymers, and mussel shells 
have been used as a proxy of paleoclimatological and 
palaeolimnological variations (reviewed in Burla-
kova et  al., 2022b). The accumulated knowledge on 
the biology, ecology, and distribution of these exotic 
mussels, as well as the animals themselves, which are 
easily obtainable for experimentation and teaching 
purposes, are used widely in K-12 and higher educa-
tion (Burlakova et al., 2022b).

Management options

Prevention

Preventing the introduction and spread of dreissenids 
is the first line of defense against their invasions. It is 
also the most efficient and, in most cases, cost-effec-
tive method. Selecting the best management options 
is extremely important to efficiently allocate limited 
resources for preventing their spread and largely 
depends on the main vectors of dispersal. For exam-
ple, the introduction of both dreissenids into North 
America, along with many other freshwater invaders 
in the twentieth century, occurred with ballast water. 
In the last decades, strategies have been adopted at 
the national and international levels in order to mini-
mize this introduction pathway for aquatic organisms 
(reviewed in Bailey et  al., 2013; Sturtevant et  al., 
2019). Secondary range expansions rely on differ-
ent vectors, including recreational watercraft, coastal 
navigation, commercial and recreational fishing, div-
ing, and aquarium trade (Carlton, 1993) and there-
fore, control measures are more heterogeneous and 
more difficult to enforce. Guidelines are available 
for the inspection and cleaning of freshwater-related 

equipment before it is moved to a different water-
body in order to prevent the spread of these and other 
introduced species (e.g., Morse, 2009; Comeau et al., 
2011; DiVittorio et  al., 2012; https:// www. fs. usda. 
gov/ Inter net/ FSE_ DOCUM ENTS/ fsbde v3_ 014876. 
pdf; http:// dbw. parks. ca. gov/ pages/ 28702/ files/ Boati 
ng- Quagg aGuide. pdf), but compliance is likely very 
variable, and judging from the timeline of the mus-
sels’ spread (Figs. 4, 5) is probably low.

Early detection and eradication

For the early detection of dreissenids, monitoring 
programs should be established in waterbodies free 
of the mussels but likely to be colonized (Marsden, 
1991; Mackie & Claudi, 2010). The early detection 
of dreissenids is critically important for their eradica-
tion (if practically feasible, see below), as well as for 
anticipating potential problems for the industrial and 
potabilization plants involved. Currently, there are 
no ecologically sound, species-specific procedures 
for the eradication of dreissenids from large water-
bodies. In some cases, D. polymorpha disappeared 
from entire lakes or rivers, but this was usually due 
to heavy pollution (bij de Vaate et al., 1992; Jantz & 
Neumann, 1992; Karatayev et  al., 2003). Purposeful 
eradication using chemical control and dewatering 
(Fernald & Watson, 2014; Hammond & Ferris, 2019) 
or manual removal (Wimbush et al., 2009) have been 
achieved in a few cases, but usually at the expense of 
large impacts on most non-target aquatic organisms or 
in waterbodies with marginal chemical properties for 
dreissenid survival (e.g., Lake George, NY; Wimbush 
et al., 2009). Further, in some cases the intensive use 
of toxicants (a copper-based algaecide/bactericide in 
Christmas Lake, Minnesota) proved unsuccessful for 
preventing the establishment of zebra mussels (Lund 
et al., 2018). Thus, the applicability of these methods 
is very limited, with the exception of small impound-
ments, like fishponds, quarries, or very small lakes 
(Fernald & Watson, 2014; Hammond & Ferris, 2019).

Monitoring usually involves sampling for Dreis‑
sena larvae in the water column during the summer 
and searching for adult mussels on the bottom, espe-
cially on hard substrates, including artificial construc-
tions, rocks, submerged wood, and unionid shells, as 
well as the deployment of ad hoc artificial settling 
devices (Marsden, 1991). More recently, environmen-
tal DNA analyses have become a standard and very 

https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fsbdev3_014876.pdf
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fsbdev3_014876.pdf
https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/fsbdev3_014876.pdf
http://dbw.parks.ca.gov/pages/28702/files/Boating-QuaggaGuide.pdf
http://dbw.parks.ca.gov/pages/28702/files/Boating-QuaggaGuide.pdf
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effective tool for the early detection of dreissenids. 
This method allows for distinguishing the two dreiss-
enid species at both their larval and their adult stages, 
even early in the invasion when their densities are 
very low (Gingera et  al., 2017; Ardura et  al., 2017; 
Amberg et al., 2019).

After establishment, continuous monitoring is 
important to understand their population dynamics 
and especially their reproduction peaks, which deter-
mine the timing of mass settlements on water intake 
facilities and, therefore, the scheduling of biofouling 
control operations (reviewed in Mackie & Claudi, 
2010). Because dreissenids have major effects on 
many aspects of ecosystem function and services, 
routine mussel monitoring programs should include 
tracking of mussel biomass and distributions and 
changes in mussel demographics, particularly size 
distributions and changes in abundance of veliger lar-
vae and juvenile mussels (Pergl et al., 2020; Li et al., 
2021).

Control and containment

Because the eradication of dreissenids from an 
entire waterbody is largely unfeasible, it has been 
long recognized that their control should be focused 
on the raw water components of human-made 
structures, where their negative impacts on human 
interests and the economy are highest, and efficient 
control methods are available (Zhadin, 1946). The 
problem of dreissenid fouling in a wide range of 
industrial and municipal water supply systems dates 
back to the nineteenth century and led to the devel-
opment of a large array of control methods. These 
methods include mechanical, physical, chemical, 
and biological control, as well as a combination 
of the above (reviewed in Claudi & Mackie, 1994; 
Karatayev et  al., 1994b; Mackie & Claudi, 2010; 
Passamaneck, 2018). Mechanical methods include 
scraping, scrubbing, pigging, and high-pressure 
water jetting of the components fouled. They are 
conceptually simple and ecologically sound, but 
often very labor-intensive, marginally efficient, and 
not always applicable. The physical methods pro-
posed include the use of electric currents, magnet-
ism, ultrasound, ultraviolet light, manipulation of 
water flow, turbulence, water temperature, desicca-
tion, and hypoxia. Most of these methods are also 
ecologically acceptable since they only affect the 

organisms within the plant’s installations and do 
not release pollutants (except for dead plants and 
animals) into the waterbody. Hot water treatment 
is often used in thermal and nuclear power plants 
to clean their cooling systems (reviewed in Claudi 
& Mackie, 1994; Karatayev et  al., 1994b; Rajago-
pal et  al., 2010). The availability of large volumes 
of hot water in these facilities can make this method 
cheap and efficient if retrofitting the plant to allow 
for the backwash of hot water is feasible. A 100% 
mortality of the mussels can be achieved after 1  h 
of exposure to 40ºC (reviewed in Karatayev et  al., 
1994b; Mackie & Claudi, 2010; Rajagopal et  al., 
2010); at 55 ºC, all mussels not only die but also 
detach from the substrate (reviewed in Karatayev 
et al., 1994b).

Chemical control includes the use of various 
molluscicides, such as chlorine, bromine, ozone, 
aromatic hydrocarbon compounds, quaternary 
ammonium compounds, and several others, with 
chlorination being most common (reviewed in 
Karatayev et  al., 1994b; Claudi & Mackie, 1994; 
Sprecher and Getsinger, 2000; Mackie & Claudi, 
2010). The advantage of chemical treatments is 
their efficiency and ease of use, but they involve 
toxic compounds that affect all organisms, have 
stringent environmental regulations, and often 
require costly detoxification procedures at the out-
let, despite which a fraction can end up discharged 
back to the environment where they cause serious 
negative impacts on numerous non-target species 
(reviewed in Claudi & Mackie, 1994; Mackie & 
Claudi, 2010). Encapsulating the active ingredient 
(KCl) in microscopic particles of edible material 
(the BioBullets) can potentially reduce the risk of 
environment pollution (Aldridge et al., 2006; Costa 
et al., 2011).

A biological control method based on a toxin 
produced by the bacteria Pseudomonas fluorescens 
(Zequanox) was recently registered by the U.S. 
EPA for use in the open water and does not affect 
non-target species (Molloy et al., 2013a, b; Meehan 
et  al., 2014; Waller & Bertsh, 2018). However, it 
was designed for protection of industrial and munic-
ipal water intakes and can be costly and impracti-
cal for the eradication of mussels from large water-
bodies (Molloy et  al. 2013a, b; Lund et  al., 2018; 
Waller & Bartsh, 2018).
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Conclusions and future needs

Although the two Dreissena species have many sim-
ilarities, they differ in many key aspects. Their his-
tories of spread and invasion dynamics are different, 
as well as their tolerance to environmental param-
eters and distribution patterns within waterbod-
ies, resulting in different ecosystem impacts. Much 
more information on the spread, biology, ecology, 
and impacts are available on zebra than on quagga 
mussels (Figs.  8–10), and most of these studies 
were conducted in polymictic lakes. As a result, 
data from deep dimictic lakes are scarcer and there 
is almost no information for waterbodies colonized 
by quagga mussels only.

While the name D. r. bugensis is the most widely 
accepted in the literature, additional studies are 
needed to better understand the biological differ-
ences between D. r. bugensis and D. rostriformis 
and to confirm if D. r. bugensis and the Caspian Sea 

populations of D. rostriformis are effectively iso-
lated by their different salinity tolerances.

Although the life cycles of both dreissenids are 
similar, their biological traits are not identical, and 
even subtle differences can lead to large dispari-
ties in spread, competition outcomes, and ecosys-
tem effects. Again, in contrast to the better-studied 
zebra mussels, data on the fecundity, duration of the 
planktonic stage, time to sexual maturity, and sex 
ratio of quagga mussels are very scarce or absent 
(Fig. 8). Due to these blanks, data on fecundity (and 
other traits) of quagga mussels are often derived 
from information on the zebra mussels, but these 
extrapolations may be speculative and unwarranted. 
Because of the ongoing spread of D. r. bugensis 
in both Europe and North America and their abil-
ity to form large populations below the thermocline 
in deep stratified lakes, it is critically important 
to quantify these life history parameters, as well 
as to identify the influence of environmental vari-
ables (e.g., temperature, depth, food availability) 

Fig. 8  State of knowledge 
of life history parameters 
of Dreissena polymorpha 
and D. r. bugensis. 0—no 
data found; 1—data very 
scarce; 2—some data avail-
able; 3—well covered. Bold 
font indicates topics that are 
treated in subsequent lines, 
and the state of knowledge 
is an average estimate for 
the topic. Data, measure-
ment units, and references 
are provided in Table 2
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on their reproductive potential. Even for the inten-
sively studied D. polymorpha, reproduction patterns 
have been adequately covered in shallow, temper-
ate, and warm habitats only, whereas very little is 
known for their deep-water populations. More work 
is also needed to determine the spawning cues (e.g., 
temperature and food) of deep-water quagga mus-
sels, as well as their longevity in the profundal zone 
of stratified lakes, where their growth is limited by 
both low temperature and low food concentrations.

The growth rates of Dreissena spp. depend on a 
variety of environmental factors (Fig.  9), and in the 
presence of both species D. r. bugensis usually grows 
faster than D. polymorpha. However, it is very diffi-
cult to tease apart the independent effects of these fac-
tors, especially in natural waterbodies, where many of 
them covary. For example, the decline in water tem-
perature in the fall usually coincides with declines in 
food availability. Similarly, depth is associated with 
temperature, light penetration, and food availabil-
ity. Several factors may have additive or synergistic 
effects, complicating interpretations of the dominant 
drivers involved, an essential requirement for the 

adequate understanding of the biology and ecology of 
these mussels.

The longevity of both dreissenid species is still an 
open question (Fig. 9). Although data on their longev-
ity in polymictic lakes are abundant, their life span 
at low temperatures below the thermocline, espe-
cially when food resources are depleted, is practi-
cally unknown. We also do not know if early in the 
invasion, when food resources are usually sufficient, 
dreissenids growth faster and live shorter than later in 
the invasion.

Knowledge of the species’ physiological limits is 
imperative for predicting dreissenid spread and dis-
tribution. There are virtually no studies addressing 
the lower temperature limit for both D. polymorpha 
and D. r. bugensis (Fig.  10). Considering that tem-
perature limits can depend on the climatic zone from 
which mussels were collected, acclimation time, and 
the design of the experiment, both upper and lower 
temperature limits observed in the field, rather than 
in the lab, are most probably more meaningful for 
the prediction of the potential geographic limits to 
their spread. Virtually all reports agree that pH and 

Fig. 9  State of knowledge 
on the effects of different 
variables on the growth and 
longevity of Dreissena pol‑
ymorpha and D. r. bugensis. 
0—no data found; 1—data 
very scarce; 2—some data 
available; 3—well covered. 
Bold font indicates topics 
that are treated in subse-
quent lines, and the state 
of knowledge is an average 
estimate for the topic. Data, 
measurement units, and 
references are provided in 
Table 3
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calcium are among the most important environmen-
tal variables limiting the spread of zebra and, likely 
also, quagga mussels. While data for zebra mussels 
are numerous, for quagga mussels such information 
on pH and calcium are lacking. Additional research 
is also needed to define whether there are significant 
differences to key environmental variables between 
the adults and their larvae.

During their history of invasion in the Old and 
New Worlds, zebra mussels dispersed faster and uti-
lized more vectors of spread than quagga mussels. 
However, the recent fast expansion of quaggas in 
Europe and to a lower extent in North America, sug-
gests that in the near future they may colonize most 
lakes and rivers already inhabited by zebra mussels.

For both polymictic and dimictic lakes, abundant 
data are available for the initial stages of the inva-
sion when populations are growing; however, long-
term trends surveys of the populations and their 
impacts are relatively scarce, and their results are 
often inconclusive, likely due to the different methods 
used but also to system-specific settings. Therefore, 
more lake-wide long-term studies of dreissenids are 
needed to understand their dynamics under different 

environmental conditions, as well as the potential out-
comes of the long-term co-existence of both species 
in the same waterbody.

Among specific impacts, the impacts of Dreissena 
spp. on fish vary depending on the feeding mode of 
the fishes, morphology of the invaded waterbody, 
time since mussel invasion, co-evolution history, 
Dreissena species, and are different in Europe and 
North America. Early in the North American inva-
sion, the degree of predation on dreissenid mus-
sels was believed to be limited. However, with time, 
dreissenids become an important component of diet 
for many commercially important native fishes in 
invaded North American freshwaters, especially after 
the introduction of round gobies which serve as an 
important pass of energy accumulated by dreissenids 
in benthic environment back to the pelagic that may 
increase fish productivity. More studies on the effect 
of dreissenids on the flow of energy through food 
webs in different continents and waterbody types are 
needed to fully understand and predict their impact 
on recipient fish communities.

Dreissenid densities and population dynamics 
can be affected by their natural enemies, including 

Fig. 10  State of knowledge 
of habitat characteristics 
and environmental limits 
of Dreissena polymorpha 
and D. r. bugensis. 0—no 
data found; 1—data very 
scarce; 2—some data avail-
able; 3—well covered. Bold 
font indicates topics that are 
treated in subsequent lines, 
and the state of knowledge 
is an average estimate for 
the topic. Data, measure-
ment units, and references 
are provided in Table 4
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fishes, birds, and other predators, as well as parasites. 
Although multiple cases of the local impact of preda-
tion were reported in the literature, these studies were 
usually limited in space and time. Additional research 
is needed to understand if predators and parasites 
can cause long-term, system-wide declines in mussel 
populations.

Many reports, chiefly from Europe, suggest that 
dreissenids are responsible for important ecosystem 
services, including water purification, nutrient recy-
cling, provision of habitat for other benthic inverte-
brates, and food for fishes, waterfowl, and other ani-
mals. They have also been widely used as sentinel 
organisms for biomonitoring purposes. These benefits 
and their economically quantifiable effects should 
be included in the assessments of their economic 
impacts. Currently, damage caused by invasive spe-
cies attracts more attention than their benefits (Guerin 
et al., 2018; Jernelöv, 2017), and assessments of dam-
age only are dominant in the literature (Perrings et al., 
2001; Pimentel, 2011; Diagne et  al., 2021). While 
dreissenids do have sizable benefits, many of which 
involve major economic gains, their ecosystemic and 
economic benefits are usually ignored, minimized, or 
deemed “non-monetizable” (Haubrock et  al., 2022; 
but see also Boltovskoy et al., 2022). Given the wide-
spread distribution of invasive mussels and the long-
term focus of scientists and managers on the negative 
aspects of their dispersal, it is important to assess 
quantitatively their positive ecological effects and 
economic benefits as an opportunity to provide an 
additional piece of information for scientists, manag-
ers, and policymakers (Vimercati et al., 2020).

During the last century effective methods for the 
early detection, prevention, and control of dreissenids 
were developed on both continents. Routine mussel 
monitoring programs are extremely important and 
should include tracking of mussel biomass and dis-
tributions and changes in mussel demographics. So 
far all control methods are applicable to the culling 
of biofouling of human-made facilities, but not in the 
wild. Genetic engineering approaches have been pro-
posed to eradicate other invasive mussels at regional 
scales (e.g., Rebelo et  al., 2018), but their viability 
has not been confirmed.

Finally, we should stress that in spite of our 
efforts, this review cannot cover every aspect of 
what we know about dreissenids, as the volume of 

published work to date is outstanding and is still 
growing. Summarizing this large body of literature, 
however, we tried to highlight the most important 
sources and review papers to guide the readers 
for future exploration. Most importantly, we have 
been able to pinpoint what we do not know about 
these mussels in order to encourage future research 
efforts.
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