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Abstract We summarized over 30 years of research
on zebra and quagga mussels in the Laurentian Great
Lakes and compared with data from European and
North American inland lakes. Invasion dynamics,
growth, and reproduction of dreissenids in the Great
Lakes are governed by lake morphometry. At<30 m
mussels overshot their carrying capacity and declined
within 13-15 years after first detection. At 30-90 m
their densities increased more slowly and declined
to a lesser extent, while at>90 m populations con-
tinue to increase even after 30 years of invasion.
After the proliferation of quagga mussels, benthic
wet biomass (including molluscs shells) increased
about two orders of magnitude and currently exceeds
zooplankton biomass>40-fold. Strong benthic/
pelagic coupling redirects food and energy from the
water column to the bottom causing an increase in
Secchi depth, decline in phosphorus, chlorophyll,
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phytoplankton and zooplankton biomass. The abun-
dance of commercially important fishes declined as
a result of the dramatic decrease in their main food
deep water amphipods Diporeia, which has been out-
competed by exotic mussels. However, the introduc-
tion of round goby into the Great Lakes in the 1990s
provided an important link between dreissenids and
commercially and recreationally valuable fish species,
increasing their productivity.

Keywords Dreissena polymorpha - D. rostriformis
bugensis - Great Lakes - Long-term dynamics -
Ecosystem impacts

Introduction

Dreissena polymorpha (Pallas), the zebra mussel,
and D. rostriformis bugensis (Andrusov), the quagga
mussel, both have planktonic larvae and attached
adult stages, can form unusually high densities for
freshwater bivalves in the invaded waterbodies, and
are highly efficient suspension feeders. These life
histories are typical of marine mussels, but in North
American and most of the European freshwaters they
represent a novel ecological type (Johnson & Carl-
ton, 1996; Karatayev et al., 1997, 2007a). Although
the two Dreissena species are similar, they are not
identical and have a different history of spread, dif-
ferent tolerance to environmental parameters, and
different distribution within waterbodies, resulting
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in dissimilar ecosystem impacts (Nalepa et al., 2010;
Karatayev et al., 2011a, 2015a, 2021a; Benson, 2014;
bij de Vaate et al., 2014). Zebra mussels started
spreading beyond their native range at the beginning
of the nineteenth century, when three canals were
constructed in Russia (in what is now Belarus) to con-
nect shipping routes between the Black Sea and Bal-
tic Sea basins (reviewed in Kerney & Morton, 1970;
Kinzelbach, 1992; Karatayev et al., 2003, 2007a,
2008; Pollux et al., 2010; van der Velde et al., 2010a).
By the late 1980s, when zebra mussels finally reached
North America, over 2000 papers on their biology,
ecology, spread, and control were already published
in Europe (reviewed in Karatayev et al., 2015a). The
rapid spread of zebra mussels across North American
freshwaters, with its significant ecological impacts
and damage to industry using raw water, triggered
another strong spike in studies (Nalepa & Schloesser,
1993, 2014; Schloesser & Schmuckal, 2012) and
facilitated the interest of North American scientists
to European publications resulting in several reviews
(Strayer, 1991; Ramcharan et al., 1992; Strayer &
Smith, 1993; Karatayev et al., 1997, 1998; Molloy
et al., 1997). Three decades of zebra mussels’ stud-
ies in North America have largely confirmed previous
European findings, although they did bring additional
valuable information on zebra mussels biology and
ecology.

In contrast to zebra mussels, relatively little was
known about its congener the quagga mussel before
they invaded North America: thus, less than 8% of
all papers published in Europe on dreissenids were
focused on the quagga mussels (Karatayev et al.,
2015a). Originally native to a small area of the Dnie-
per-Bug Liman (a large shallow productive estuary
with variable salinity) in the Dnieper River delta, and
lower reaches of the South Bug and Ingulets rivers
in Ukraine, quagga mussel started spreading beyond
its range only in the middle of the twentieth cen-
tury, colonizing waterbodies already populated with
zebra mussels (reviewed in Zhulidov et al., 2004,
2010; Karatayev et al., 2007b, 2011a, 2015a; van der
Velde et al., 2010b). In North America quagga mus-
sels invaded all the Laurentian Great Lakes except
Lake Superior, forming densities much higher than
that of zebra mussels (Jarvis et al., 2000; Patterson
et al., 2005; Watkins et al., 2007; Nalepa et al., 2010;
Karatayev et al., 2014a, 2021a).
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Over 30 years of research conducted on the Great
Lakes revealed novel patterns of population dynam-
ics and ecological impacts of quagga mussels. It was
found that lake morphometry governs population
dynamics, distribution, and ecological impacts of
both dreissenid species, but data on quagga mussels
were especially intriguing (reviewed in Karatayev
et al., 2015a, 2021a). In shallow basins and embay-
ments of the Great Lakes, both species can colo-
nize the whole bottom, form more or less similar
population density, and have comparable ecological
impacts. In contrast, in deep lakes (Michigan, Huron,
and Ontario) zebra mussels largely occupy a nar-
row nearshore zone with limited impact on the off-
shore environment, while quagga mussels form much
higher density, colonize the whole lake bottom, and
have strong lake-wide impact.

Early in the invasion both dreissenid species
in deep Great Lakes were limited to the shallow
nearshore zone, directly impacting littoral commu-
nities. Here dreissenids, associated benthic inver-
tebrates, and algae alter nutrient cycling and retain
phosphorus from allochthonous sources in the
nearshore, thus impacting offshore pelagic commu-
nities through “nearshore phosphorus shunt” (Hecky
et al., 2004), but this impact was largely limited to the
shallow nearshore environment (Vanderploeg et al.,
2010; Barbiero et al., 2018; Karatayev et al., 2021a).
The replacement of zebra with quagga mussels in
lakes Ontario, Michigan, and Huron in the mid-2000s
was associated with a dramatic increase in dreissenid
lake-wide population density and a shift in the bulk
of mussels from the nearshore to mid-depth zone
(30-50 m). It was estimated that the fraction of water
column cleared per day in Lake Michigan in this
zone in 2007-2008 exceeded phytoplankton growth,
encouraging a new “mid-depth carbon and phospho-
rus sink” hypothesis (Vanderploeg et al., 2010). The
expansion of quagga mussel populations in mid-depth
zones resulted in increased transparency and silica
concentrations, declines in seston, chlorophyll con-
centrations, phytoplankton, zooplankton, and benthos
(excluding dreissenids), and altered the structure of
benthic and pelagic communities lake-wide (Fah-
nenstiel et al., 2010; Bunnell et al., 2014; Barbiero
et al., 2018; Burlakova et al., 2018, 2022a). Recently,
the maximum of quagga mussels density in all deep
Great Lakes has shifted even deeper than in the mid-
2000s and is now located at depths 71-90 m in lakes
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Michigan and Huron (Karatayev et al., 2021a), and
at 51-90 m in 2018 Lake Ontario (Karatayev et al.,
2022). This shift resulted in a large three to fourfold
decline in dreissenid density and a 2—-18-fold decline
in biomass in the shallowest zone, suggesting that
the impact of dreissenids in the nearshore areas of
the Great Lakes has diminished (Nalepa et al., 2020;
Karatayev et al., 2020, 2021a). Based on these data, a
new “offshore carbon and phosphorus sink” hypoth-
esis was suggested, although the relative importance
of this and two other previous hypotheses (“nearshore
phosphorus shunt” and “mid-depth carbon and phos-
phorus sink™) depends on the distribution of mussel
biomass, their clearance rate, and their access to the
epilimnion phytoplankton, and requires further inves-
tigation (Karatayev et al., 2021a).

The goal of this study is to review the major find-
ings of Dreissena research conducted over the last
30 years in the Laurentian Great Lakes and to com-
pare these with data from European and North
American inland lakes. Here we contrast data from
deep stratified Great Lakes (Michigan, Huron, and
Ontario) with large fetch, well-mixed littoral zone,
and vast profundal zone with data from inland, mostly
polymictic, lakes. Results of extensive research on
population dynamics and various aspects of ecol-
ogy from the deep Great Lakes are largely novel and
can be very important for other deep stratified lakes
recently colonized by both dreissenid species both in
North America (e.g. Finger Lakes in New York) and
in Europe (e.g. lakes Constance, Geneva, Neuchatel,
and Biel in Switzerland). Although large lakes simi-
lar to the Laurentian Great Lakes exist in other parts
of the world, they are either not colonized by dreis-
senid species, or have no comparable information
on quagga mussels. All lakes and reservoirs used in
this study are much smaller than the Great Lakes and
therefore we refer to these waterbodies as “inland
lakes”, though their actual sizes vary greatly. Rela-
tively shallow and small polymictic lakes, lake basins,
and embayments that are part of the Great Lakes sys-
tem (e. g. Lake St. Clair, western basin of Lake Erie,
and Saginaw Bay of Lake Huron) were also grouped
with the inland lakes.

Distribution
Zebra mussels

Although zebra and quagga mussels have similar life
history, they have different tolerance to environmen-
tal parameters defining their distribution within a
waterbody (Orlova et al., 2005; Nalepa et al., 2010;
Karatayev et al., 2014b, 2015a, 2021a). Zebra mus-
sels are better resistant to dislodgment due to higher
initial byssal production rates, attachment strength,
and flattened ventral edge (Mackie, 1991; Dermott
& Munawar, 1993; Claxton & Mackie, 1998; Peyer
et al., 2009, 2010), and thus are better adapted to the
unstable environment of the littoral zone, specifically
in areas with swift currents and waves. In polymic-
tic inland lakes as well as in shallow areas of the
Great Lakes, zebra mussel distribution is driven by
the availability of hard substrate for attachment and
wave activity, and if appropriate substrates are avail-
able, they may colonize the whole bottom (Nalepa
et al., 1995, 1996, 2002; Hunter & Simons, 2004;
Karatayev et al., 2021a). In the profundal zone with
soft sediments, zebra mussels are limited by the lack
of hard substrate for attachment and low oxygen
(Lyakhnovich et al., 1994; Karatayev & Burlakova,
1995; Karatayev et al., 1998, 2014c, 2021a, 2021b,
2022; Burlakova et al., 2006; Goedkoop et al., 2011;
Hetherington et al., 2019), but if suitable substrates
are available, zebra mussels may spread deeper, espe-
cially in large lakes with deeper thermocline that
allow oxygenated water and abundant food to reach
the bottom. In large lakes with long fetch, strong wave
activity may inhibit mussels in the shallowest areas
pushing them deeper. In Lake Garda, zebra mussels
were found down to 50 m with maximum density
(24,000/m?) at 18 m (Franchini, 1978), and in Boden-
see down to 55 m with maximum density at 5 — 15 m
(Walz, 1973). However, in stratified lakes below the
thermocline, even if suitable substrates are available,
zebra mussels never form high densities due to too
low temperatures for growth, food and, occasionally,
oxygen limitations (Grim, 1971; Walz, 1973, 1978a,
b).

In the deep Great Lakes with large littoral zone
and availability of suitable substrates, zebra mus-
sels may spread much deeper than in inland lakes.
In Lake Ontario the maximum density of zebra mus-
sels in 1995 was recorded at 18-38 m with a few
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mussels found down to 109 m (Watkins et al., 2007);
in Lake Michigan in 2000, zebra mussels were occa-
sionally present down to 128 m (Nalepa et al., 2014)
with maximum density recorded at 27-46 m (Fleis-
cher et al., 2001); and in Lake Huron zebra mussels
in 2003 spread down to 80 m with the maximum at
20-30 m (Nalepa et al., 2007). These unusually deep
early records of maximum depth for zebra mussel
distribution, however, could be results of wrongly
identified quagga mussels. Nevertheless, the bulk
of zebra mussel population in the deep Great Lakes
was always limited to a relatively narrow band in
the nearshore zone (>99% of lake-wide populations
at<50 m depths in Lake Michigan and at<30 m
in lakes Ontario and Huron) (Fig. 1). In spite of
the tendency of zebra mussels to spread deeper in
the Great Lakes at areas with the appropriate sub-
strates, high zebra mussel densities (> 20,000/m?)
were often recorded in the depth range 2—7 m, simi-
lar to inland lakes (Stewart & Haynes, 1994; Chase
& Bailey, 1999). It should be mentioned that these
shallow areas were largely under sampled during
lake-wide Dreissena surveys in the Great Lakes, as
depths < 18 m in the main basin of Lake Huron, and
depths <10 m in lakes Michigan and Ontario were
not sampled (reviewed in Karatayev et al., 2021a).

Fig. 1 Spatial distribution

Quagga mussels

In contrast to zebra, quagga mussels are able to colo-
nize the cold profundal zone due to their higher filtra-
tion rate at low food concentrations, greater assimila-
tion efficiency (Diggins, 2001; Baldwin et al., 2002;
Stoeckmann, 2003), and greater plasticity in shell
production allowing more energy allocation to growth
and reproduction (Mills et al., 1999; Karatayev et al.,
2011b; Nalepa et al., 2010; Pryanichnikova, 2012). In
shallow polymictic lakes and littoral zones of deep
lakes exposed to currents and wave actions, quagga,
similar to zebra mussels, are limited by hard sub-
strate for attachment and have extremely patchy dis-
tributions with large multilayer aggregations next to
bare sediments with few or no mussels (Nalepa et al.,
2010; Burlakova et al., 2012).

In the early invasion of the Great Lakes, quagga
mussels quickly colonized nearshore (<30 m) envi-
ronments, but later they spread down to maximum
depths that have never been colonized by zebra mus-
sels (Fig. 1, for details see ‘“Population dynamics”)
(Watkins et al., 2007; French et al., 2009; Nalepa
et al., 2010, 2014; Karatayev et al., 2021a). In Lake
Michigan in 2015 quagga mussels were common at
196 m (maximum depth sampled; Nalepa et al., 2020;
Karatayev et al., 2021a); in the main basin of Lake
Huron in 2017 mussel density at 142 m exceeded
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Fig. 2 Dreissena percent coverage (expressed as mean
z-score) along depth gradient in lakes Michigan in 2015 (red),
Huron in 2017 (blue), Ontario in 2018 (green), and eastern
basin of Lake Erie in 2019 (black) (A) and same data exclud-

5000/m?> (Karatayev et al., , 2020); and in Lake
Ontario in 2018 mussels were found down to 211 m
(Karatayev et al., 2021a, 2021b, 2022).

Recent lake-wide studies conducted using vid-
eography revealed their spatial distribution at dif-
ferent spatial scales (Karatayev et al., 2018a, 2020,
2021b). It was estimated that quagga mussels’ bottom
coverage among deep Great Lakes was the highest
in Lake Ontario, and the lowest in Lake Huron, and
ranged from 0.6 to 25.3% at <30 m zone, 13.6-58%
at 30-100 m zone, and 6.3-16.1% in the deepest zone
(>100 m) (Fig. 2; Karatayev et al., 2018a, 2020,
2021b). In nearshore areas with abundant food sup-
plies, quagga mussels are limited by physical dis-
turbance (wave and currents) to areas with suitable

Depth, m

ing Lake Huron where Dreissena density was very low (B).
Dashed lines denote 30 m and 100 m depth ranges. Upper pho-
tos represent typical Dreissena coverage in depth zone <30 m,
30 - 100 m, and > 100 m

substrate for attachment (e.g. gravel, rocks, bedrock).
Here they typically exhibit heterogeneous distribution
with large multilayer aggregations on stable rocky
substrates bordering areas with little or no mussels
on unconsolidated sediments (Fig. 2). In the mid-
depth zone where food is still available but physical
disturbance is lower, mussels usually form the largest
aggregations. However, these are mostly single layer
aggregations with less habitat complexity compared
to the shallowest zone. In the deepest zone, quagga
mussels densities are usually the lowest, and single
mussels or very small druses are almost evenly dis-
tributed on the surface of bottom sediments. This dis-
tribution pattern is likely beneficial to mussels in the
profundal zone because it reduces food competition
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Fig. 3 Dreissena percent
coverage analyzed from 600
randomly selected screen
shots recorded at 120 m
depth in Lake Michigan in
2015 and corresponding
representative screen shots
for a flat part of the bottom

25
20
15
10

Bottom coverage (%)

9562

(A) and a trench (B) 0 100

where resources are scarce. In this deepest zone,
mussels form sizable aggregations only along ridges,
trenches, or on rocks emerging above the sediment
surface (Fig. 3). These irregularities in the bottom
floor create turbulence that can deliver additional
food to the area, thus supporting higher densities of
mussels than the flat bottom areas (Karatayev et al.,
2018a, 2020, 2021b). Similarly in marine environ-
ments, the presence of enclosure walls enhanced Mer-
cenaria mercenaria (a suspension feeding bivalve
that is common across a variety of estuarian habitats
along the Atlantic and Gulf coasts of North America)
growth by 15-21%, perhaps because hydrodynamic
roughness of projecting walls increased mixing into
the otherwise depleted bottom waters (Peterson &
Beal, 1989).

These patterns of quagga mussel distribution in
deep Great Lakes were not possible to predict based
on European or North American studies from inland
lakes as virtually no such research is known in deep
waterbodies. Later, however, similar high quagga
mussel densities were reported from the profun-
dal zone of several deep stratified North American
inland lakes, including Cayuga, Seneca, Skaneateles,
and Canandaigua (NY, USA) (Watkins et al., 2012),
confirming that results obtained on the Great Lakes
are relevant to inland lakes with similar morphom-
etry. Overall, in all deep stratified lakes, quagga mus-
sels may form higher maximum densities and spread
deeper than zebra mussels.

Population dynamics
Zebra mussels
Usually in inland lakes in Europe and North

America it takes between 1 — 4 years (on average
2.5+0.2 years, mean+standard error, Karatayev
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et al., 2015a) for zebra mussels to reach their popu-
lation maximum after being first detected in a water-
body. Observations from the local shallow areas of
deep Great Lakes suggest that zebra mussels have
population dynamics similar to those in the inland
lakes. In shallow areas of Lake Ontario (Stewart &
Haynes, 1994) and Lake Michigan (Marsden et al.,
1993) zebra mussels reached high density in 1991
and 1992, respectively, two to three years after they
were first reported from these lakes (Griffiths et al.,
1991). However, it took much longer for zebra mus-
sels to reach lake-wide population maximum in these
lakes. Thus, zebra mussel lake-wide population max-
imum in Lake Ontario was recorded in 1995 and in
lakes Michigan and Huron in 2000, respectively 6
and 11 years after they were first found in these lakes
(Nalepa et al., 2007; 2009a, 2010; Watkins et al.,
2007; Karatayev et al., 2021a, 2022). It should be
mentioned, however, that the low frequency of the
lake-wide surveys (usually every 5 years) precludes
establishing accurate timing of population maximum.
In addition, shallow areas suitable for zebra mussels
were largely under sampled during lake-wide Dre-
issena surveys in all Great Lakes (Karatayev et al.,
2021a). Another caveat is that in all deep Great Lakes
zebra mussel population densities declined right after
the initial peak (Nalepa et al., 1995, 2001, 2003,
2007, 2009a, 2010; Watkins et al., 2007; Karatayev
et al.,, 2014a, 2021a, 2022), as they were outcom-
peted by quagga mussels (See “Interspecific compe-
tition”) preventing analysis of long-term zebra mus-
sels’ dynamics alone, without the impact of quagga
mussels.

Quagga mussels
The average time required for quagga mussels from

the first record in a waterbody to population maxi-
mum is 6 — 19 years (average 12.2 + 1.5 years), about
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fivefold longer than that for zebra mussels (reviewed
in Karatayev et al., 2011a, 2015a; Ginn et al., 2018).
In deep stratified inland lakes, quagga mussels spread
much deeper than zebra mussels (Watkins et al.,
2012; Ginn et al., 2018), however there is no suffi-
cient long-term data to reveal the pattern of quagga
mussels’ population dynamics in these lakes. Exten-
sive studies conducted in the Great Lakes over the
last 30 years have greatly improved our knowledge of
distribution and population dynamics of quagga mus-
sels in deep lakes (Watkins et al., 2007; Nalepa et al.,
2010, 2020; Karatayev et al., 2021a, 2021c¢).

Analysis of the long-term population dynamics
of quagga mussels in the deep Great Lakes reveal
remarkably similar depth-wise changes (Fig. 4). In
the shallow (<30 m) regions of all lakes, quagga
mussels overshot their carrying capacity and began
to decline within 13 — 15 years after first detection.
However, after 20 years there was another increase

in density suggesting boom and bust dynamics
in the shallow polymictic zone (Karatayev et al.,
2021b) where quagga mussels are characterized by
fast growth and short longevity (Elgin et al., 2022).
This recent increase, however, was recorded so far
only in Lake Ontario, and thus requires further
confirmation. In the intermediate zones (>30-50
and > 50-90 m), quagga mussel densities increase
more slowly, peak later, and subsequently decline
from their maximum levels, but to a lesser extent.
In the deepest and coldest zone (>90 m) where
mussel growth is the lowest but longevity is the
highest, quagga mussel populations continue to
increase in all deep lakes. This population growth
in deep areas coupled with population declines
in shallow areas results in the overall shift of dre-
issenid presence toward greater depths (Nalepa
et al., 2010, 2020; Karatayev et al., 2020, 2021a,
2022). This is an ongoing process indicating that

0-30m >30-50m >50-90m
S 4 o T o |
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Years since Dreissena invasion

Fig. 4 Population dynamics of quagga mussels at different
depth zones in lakes Huron, Michigan, and Ontario. Lines
denote splines of z-score changes in mussels density (x-axes).

Line colors denote significant increases in red, significant
decreases in blue, and no significant change in black. Gray
shading denotes 95% confidence intervals of the mean
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the maximum of densities at the greater depths has
yet to occur, and that the shift will likely become
more pronounced over time. Although mussels may
already have reached population maximum in the
nearshore areas, due to the ongoing increase in deep
areas as well as lake-wide, quagga mussel popula-
tions still have not reached lake-wide maximum
even 20-30 years after colonization, making these
population trends dramatically different from those
in shallow lakes. Again, these patterns of quagga
mussel dynamics were unexpected from previous
European experience due to relatively recent quagga
mussel invasion and the lack of studies on the lake-
wide population dynamics in deep waterbodies.

It is not entirely clear what mechanisms allowed
quagga mussels in the profundal zone to prevail over
the nearshore population, or how deep the bulk of
mussel population will eventually spread in the Great
Lakes. Early in the invasion the majority of Dreissena
occurred in the well mixed littoral zone where abundant
food supply coupled with warm temperature during the
growing season resulted in high mussel growth rates,
short longevity, and fast population growth (Karatayev
et al., 2018b, 2021a; Elgin et al., 2022). In addition,
mussels in the nearshore area require hard substrates
and need to produce enough byssus threads for attach-
ment to prevent dislodgement by waves. Both the high
growth rate and the high rate of byssus production are
costly. In the profundal zone mussels live in a much
more stable environment with no wave disturbance and
at constantly low temperature, resulting in slow growth
and long-life span (Karatayev et al., 2018b; Elgin et al.,
2022). These mussels exhibit slow population growth
but require less energy and may survive at lower food
concentrations than nearshore mussels.

Early in the invasion food resources are usually
sufficient to maintain a large nearshore mussel popu-
lation, as well as to support a slow but steady popu-
lation growth of offshore mussels. Mussels in the
nearshore environment retain phosphorous and car-
bon from offshore and allochthonous sources at the
expense of the offshore communities (see “Ecologi-
cal Impacts” below). With time, the population in the
mid-depth zone (>30-50 m) reaches high enough
densities to deplete food resources in the entire lake
to a level that is neither sufficient for the zebra mus-
sels, nor for the fast-growing nearshore populations
of quagga mussels. Mid-depth mussels are compet-
ing for food resources with both nearshore and deeper
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populations, but the deep mussels that exhibit even
slower individual and population growth and can
survive at lower food concentrations than mid-depth
mussels can eventually win the competition.

Growth and longevity
Zebra mussels

There is abundant literature on the zebra mussel’s
growth in inland lakes (Walz, 1978a, b; Lvova, 1980;
Smit et al., 1992, 1993; Sprung, 1992, 1995; Dor-
gelo, 1993; Dall & Hamburger, 1996; Bitterman
et al., 1994; Burlakova, 1998; Allen et al., 1999;
Horvath & Lamberti, 1999; Yu & Culver, 1999;
Garton & Johnson, 2000; Karatayev et al., 2011b).
In contrast to inland lakes, few studies were con-
ducted on the growth of zebra mussels in the Great
Lakes (Maclsaac, 1994; Stoeckmann & Garton, 1997,
Karatayev et al., 2011b) and, to our knowledge, there
is no data available on longevity of quagga mussels
that live below the thermocline of stratified Great
Lakes. Based on seasonal observation of zebra mus-
sels’ growth in temperate regions, it was established
that mussel growth stops in the winter and resumes
in the spring after water temperatures warm up to
10 °C, suggesting that this is a lower temperature
threshold for growth (Morton, 1969a, b; Alimov,
1974; Karatayev, 1983; Mackie, 1991; Jantz & Neu-
mann, 1992). However, these conclusions were based
on field observations during the winter, when low
temperatures are coincident with low phytoplankton
abundance and contradict with the occasional field
records of zebra mussels 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). Although near-bottom tempera-
ture at these depths never reaches 10 °C, zebra mus-
sels grew to the adult stage, though the growth rate
was very slow.

The importance of food versus temperature limi-
tation on dreissenid growth was studied in the lab
experiment where zebra and quagga musses were
kept in flow-through tanks for 289 days with Lake
Erie surface water at two temperature treatments,
including ambient temperature that mimicked the
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littoral temperature regime (range 4-25 °C, average
11.940.6 °C), and chilled water (range 5-8 °C, aver-
age 6.2+0.6 °C) that mimicked hypolimnion condi-
tions of Lake Erie (Karatayev et al., 2011b). Neither
species grew during winter in both treatments when
cold water coincided with low food supply. However,
during the growing season both species showed sig-
nificant positive growth both at the littoral regime
(zebra mussels grew an average of 46% and quagga
mussels 106%) and at the profundal regime (27 and
77%, respectively), suggesting that the lack of food,
rather than low temperatures per se, limits the growth
of both dreissenid species during winter. It is an open
question which factor—temperature, or food, or a
combination of both—Ilargely limits zebra mussels to
the well-mixed areas, preventing establishment of a
sizable population in the cold profundal zone, though
exceptions do occur. Another open question is what
constitutes the lowest temperature threshold for zebra
mussels growth, as it became clear that mussels may
grow way below 10 °C if sufficient food is available.

In shallow areas of the lower Great Lakes, zebra
mussels’ longevity was very similar to inland lakes
(3-5 years) (Lvova, 1980; Jantz & Neumann, 1992;
Burlakova, 1998; Garton & Johnson, 2000; Karatayev
et al., 2006), and ranged from 2 to >4 years (Chase &
Bailey, 1999). Since the early 2010s, zebra mussels in
all deep Great Lakes were virtually outcompeted by
the quagga mussels, preventing further study on the
growth and longevity in profundal environment on
these lakes.

Quagga mussel

Less studies were done on quagga mussels’ growth
and longevity compared to the zebra mussels
(Karatayev et al., 2014b). Outside deep Great Lakes,
quagga mussels’ growth was studied in the west-
ern basin of Lake Erie (Maclsaac, 1994; Stoeck-
mann & Garton, 1997; Stoeckmann, 2003), in Lake
Mead (Wong et al., 2012), in the St. Lawrence River
(Casper et al., 2014), in the Meuse River (Marescaux
etal., 2015), as well as in laboratory conditions (Bald-
win et al., 2002; Karatayev et al., 2011b; Metz et al.,
2018). In all cases, except Lake Mead colonized by
quagga mussels alone, authors compared both Dreis-
sena species, and all reported faster growth in quagga
mussels. Although there are no data on quagga mus-
sel longevity, based on their faster growth rate and

similarity to zebra mussels’ maximum sizes, we
may suggest that their typical longevity in polymic-
tic waters is about 3—4 years. The longevity, however,
may vary depending on the environmental conditions
like food, temperature, oxygen, etc. (Karatayev et al.,
2006).

In the deep Great Lakes, the growth rate of
quagga mussels declines with increasing depth, fol-
lowing declines in food availability and temperature
(Karatayev et al., 2018b; Elgin et al., 2022). The
annual linear growth of 12 mm quagga mussels in
cage experiments in Lake Ontario declined 1.7-fold
from 10.2+0.8 mm at 15 m depth to 5.9+0.2 mm at
45 m, and 15-fold (to 0.7+0.4 mm) at 90 m depth
(Elgin et al.,, 2022). In addition, it is likely that
quagga mussels’ growth depends on the time since
invasion. It was suggested (Karatayev et al., 2018b)
that early in the invasion food resources in the pro-
fundal zone of stratified lakes are abundant and
mussel growth is higher. Dreissenids are known to
reduce food resources (e.g., seston and chlorophyll
concentrations) through their feeding and filter-
ing activities both lake-wide (reviewed in Karatayev
et al., 1997, 2007b; Higgins & Vander Zanden, 2010;
Pothoven & Fahnenstiel, 2013; Rowe et al., 2015)
and locally, within lake basins during thermal strati-
fication (Maclsaac et al.,, 1992; Ackerman et al.,
2001; Edwards et al., 2005), and especially below
the thermocline (Karatayev et al., 2018b, 2021a). In
the eastern basin of Lake Erie seston concentrations
early in the invasion (before 2006) were similar in
the surface and near bottom layers across all stations
at>40 m depths, coinciding with the similar mean
mussel length in littoral and profundal habitats [with
bulk of mussels in 9-13 mm size range and abundant
size group of 3-5 mm, Roe & Maclsaac (1997)],
and abundant recruitment in both zones (Karatayev
et al., 2018b). After 2006, there was a three-fold dif-
ference between surface and bottom summer seston
concentrations, suggesting a strong depletion of food
resources in the hypolimnion during stratification,
coinciding with a strong increase in average mussel
length in the profundal zone due to the lack of young
(<5 mm) mussels. Since 2009, no successful recruit-
ment and growth of young-of-the-year mussels were
recorded in the deep profundal (Karatayev et al.,
2018b, authors unpublished data), and the length-
frequency distributions between 2009 and 2019 were
remarkably similar (with majority of 20-30 mm

@ Springer



Hydrobiologia

mussels) with no noticeable growth or mortality.
According to Karatayev et al. (2018b), quagga mus-
sels with an initial length of 6.1 mm (average of 139
mussels) in cages installed in the eastern basin of
Lake Erie at>50 m depth grew during the growing
season (May—November) on average 1 mm. Simi-
larly, the low mussel growth rate recorded at 90 m
(0.7 mm/year) in Lake Ontario in 2018-2019 (Elgin
et al., 2022). Based on these data Elgin et al. (2022)
suggested that the largest mussels found in the lake
in 1992 may have been present in the lake a decade
earlier than being first reported in 1990 (Mills et al.,
1993). Obviously, these estimations of the initial col-
onization of the Great Lakes contradict with the well-
established time of the introduction of quagga mus-
sels to North America (late 1980s). It is much more
likely that, early in the invasion, mussels grew faster,
but depleted food resources greatly slowed down both
the growth and recruitment, and increased mussel
longevity.

Reproduction

As already mentioned above, almost all lakes with
quagga mussels were originally colonized by zebra
mussels, with the exception of several inland water-
bodies in the western USA. This makes it very hard,
if not impossible, to study quagga mussel larvae
dynamics in plankton, as larvae of the two dreissenid
species are morphologically undistinguishable, and
genetic analysis is needed to separate them. There
are some indications, however, that quagga mussel
larvae, in contrast to zebra mussels, can be present
in plankton of deep European lakes year-round (Piet
Spaak, personnel communications). Studies in inland
lakes colonized by only quagga mussels in California,
where water temperature was always>12 °C, found
veligers present year-round, but their densities some-
what correlated with the temperature, being the low-
est during winter, and the highest when epilimnetic
temperature exceeded 22 °C (Reid et al., 2010; Ger-
stenberger et al., 2011).

In the profundal zone of the Great Lakes quagga
mussels have been found to spawn at colder water
temperatures (Roe & Maclsaac, 1997; Claxton
& Mackie, 1998; Nalepa et al., 2010; Glyshaw
et al., 2015). In the eastern basin of Lake Erie, Roe
and Maclsaac (1997) reported evidence of gonad
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development and spawning at 55 m depth at tempera-
ture 4.8 °C in July 1996. In Lake Michigan in 2008
at 25 m where the mean bottom temperature was
10 °C (max 19.7 °C recorded in early September),
all females had mature oocytes from April through
August, and the spawning occurred from early Sep-
tember to November (Nalepa et al., 2010). In contrast,
at 45 m (average temperature 5.6 °C, max 11.2 °C in
early November) the spawning occurred three months
earlier: spent females were observed in early June,
and all females were spent by early August (Nalepa
et al., 2010). In 2013 in Lake Michigan at 25 m, mus-
sels did not have ripe gametes until later in the sea-
son, while mature mussels at 45 m and 93 m were
found in April (the mean bottom temperatures were
respectively 6.8 °C at 25 m (range 3.9-9.1 °C), 5.0 °C
at 45 m (range 2.4-5.9 °C), and 4.0 °C at 93 m (range
2.5-4.5 °C)) (Glyshaw et al., 2015).

The seasonal trends in veliger density also varied
along the depth gradient, but with somewhat contra-
dicting results. Veliger density in Lake Michigan at
15 m depth peaked in mid-summer and then declined.
At 45 and 110 m density tended to be greater in the
fall with maximum in December (although the sea-
sonal peaks in veliger abundance were less apparent),
and no veligers were found at all three depths from
mid-March to late May (Glyshaw et al., 2015). How-
ever, veligers in small quantities are routinely found
in April in Long-Term Monitoring samples in lakes
Ontario and Michigan (GLNPO data, Watkins per-
sonal communications), suggesting year-round pres-
ence of quagga mussel larvae in plankton of Great
Lakes.

It is unclear what triggers spawning in cold profun-
dal zone with relatively stable temperatures. Accord-
ing to Glyshaw et al. (2015), spawning at 45 m and
93 m in Lake Michigan could be triggered by even a
slight temperature increase in spring followed by sta-
ble temperatures, while at 25 m the wide temperature
fluctuations may have delayed spawning until later in
the season. Alternatively, the increase in food during
spring mixing can potentially trigger the spawning in
deep-water mussels living at constant temperature.
It is obvious that more work is needed to determine
spawning cues in quagga mussels, especially those
found at different water depths.

Another critically important piece of miss-
ing information is quagga mussel fecundity. While
zebra mussel fecundity was estimated directly
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(275,000-300,000 eggs/year, Lvova, 1980; up to
1,000,000 eggs/year, Sprung, 1991), we still do not
have estimations of quagga mussel fecundity either in
shallow or deep environments. Considering the many
differences in general biology and ecology of these
congeners, it will be too speculative to assume that
their fecundity is similar.

Interspecific competition

The introduction of quagga mussels into lakes and
reservoirs previously colonized by zebra mussels
often caused dramatic decline of zebra mussel popu-
lations (Orlova et al., 2004, 2005; Karatayev et al.,
2011a, 2015a; Heiler et al., 2013; Noordhuis et al.,
2016; Balogh et al., 2018; Hetherington et al., 2019;
Strayer et al., 2019). The outcome of this competi-
tion in the Great Lakes depends chiefly on lake mor-
phometry (Karatayev et al., 2015a, 2021a). In shal-
low polymictic Great Lakes basins and embayments
quagga mussels became dominant 4—12 years after
coexistence but did not fully replace zebra mussels
even after 30 years of coexistence (Karatayev et al.,
2015a, 2021a, c). The actual outcome of zebra vs.
quagga mussel competition may depend on the preva-
lent substrate in a waterbody as zebra mussels require
hard substrate for their attachment, while quagga
mussels may colonize soft sediments (Karatayev
et al., 2021a). Zebra mussel population in the shal-
low Saginaw Bay of Lake Huron declined dramati-
cally in 1997 when the bay was colonized by quagga
mussels, and by 2017 the combined dreissenid den-
sity was eightfold lower than in 1992, but zebra
mussels still comprised~41% density of all dreiss-
enids after 20 years of coexistence. Similarly in Lake
St. Clair, after 16 years of coexistence with quagga
mussels, zebra mussels are still common and com-
prise about 33% density of all dreissenids. The com-
bined zebra and quagga mussel density in this lake
in 2018 (3579+984/m?) was very similar to 1994
(3243 +845/m?), when only zebra mussels were pre-
sent in the lake. In the western basin of Lake Erie,
quagga exceeded zebra mussel density in 1998, eight
years after the coexistence, and was dominant for
about 20 years until, in 2019, zebra mussels reached
72% of the combined dreissenid density, suggest-
ing that results of interspecific competition could be
reversed (Karatayev et al., 2021c). In this basin over

98% of all Dreissena spp. were<18 mm in length
(e.g.,<3 years old) due to mortality events most
likely caused by periodic massive die-offs that occur
once every 2-3 years and followed by recolonization
from adjacent shallow areas unaffected by hypoxia,
or from upstream tributaries (e.g. Detroit River)
(Karatayev et al., 2018c, 2021c).

In contrast to shallow, in deep Great Lakes quagga
mussels became dominant faster at greater depths,
form much higher density, and drive zebra mussels
to virtual extirpation (Nalepa et al., 2010; Madenjian
et al., 2015; Karatayev et al., 2021a). In Lake Ontario
in 1997, seven years after species coexistence, D. r.
bugensis lake-average population density was already
exceeding that of D. polymorpha (338 vs. 292/m?),
and by 1999 quagga mussels formed 99% of com-
bined dreissenid density. After 13 years of invasion
quagga mussels reached the maximum lake-wide
population density (4477/m? in 2003) which was 6.6-
fold higher than that of zebra mussels during their
population maximum in 1995, and no zebra mussels
were found during lake-wide surveys since 2008.

In Lake Michigan in 2005, after eight years
of coexistence, zebra mussels were almost com-
pletely outcompeted by quagga mussels that rep-
resented >98% of the lake-wide dreissenid density
(Nalepa et al., 2009a). By 2010, 13 years after the
initial discovery, quagga mussels reached lake-wide
population maximum (7862/m?), which was 15 times
higher than zebra mussels population maximum in
2000, and zebra mussels were virtually extirpated
from the lake. In the main basin of Lake Huron,
quagga mussels became dominant (82% of all dreis-
senids) six years after coexistence, in 2003, and zebra
mussels were not recorded in surveys since 2007.

We should mention, however, that although zebra
mussels were not recorded during lake-wide sur-
veys in lakes Ontario, Michigan, and Huron since
the late 2000s, they are still present in very shallow
areas, navigational buoys, the mouths of inflowing
rivers, bays, and upper littoral zone of open shores
where water motion gives them an advantage over
quagga mussels due to higher attachment strengths
(Karatayev et al., 2013, 2018b; Burlakova et al.,
2014). Location of many marinas in the river mouths
and bays allow zebra mussels to attach to resident
boats, and they survive better than quagga mussels
on boat hauls. Thus, despite the overwhelming domi-
nance of quagga mussels in deep Great Lakes, they
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continue to be a potential source for the spread of
zebra mussels (Karatayev et al., 2013).

Ecological impacts

Ecological impacts of dreissenids on invaded water-
bodies are well documented both locally and lake-
wide (reviewed in Karatayev et al., 1994, 1997, 2002,
2007a, 2007b; Higgins & Vander Zanden, 2010; Kel-
ley et al., 2010). The system-wide effects of Dreissena
spp. are associated with their role as suspension feed-
ers (Karatayev et al., 1997, 2002, 2007a, b, 2015b;
Beekey et al., 2004; Higgins & Vander Zanden, 2010;
Kelley et al., 2010; Burlakova et al., 2012). Suspen-
sion feeding not only affects planktonic communities,
it also transfers materials from the water column to
the benthos, enhancing the coupling between plank-
tonic and benthic components of the ecosystem,
which can trigger a suite of changes that increase the
relative importance of the benthic community—a
process referred to as "benthification" (Mayer et al.,
2014)—resulting in redistribution of invertebrate bio-
mass and secondary production from pelagic to ben-
thic environment (reviewed in Karatayev et al., 1997,
2002). Most studies agree that the Dreissena spp.
introduction is associated with the increase in water
transparency and reduction in the concentration of
seston, phosphorous, chlorophyll, and phytoplankton
(reviewed in Karatayev et al., 1997, 2002, 2022; Ibel-
ings 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 trans-
parency enhances macrophyte biomass and coverage
as macrophytes grow deeper in the lake (reviewed
in Karatayev et al.,, 1997, 2002; Higgins & Vander
Zanden, 2010; Zhu et al., 2006; Ibelings et al., 2007;
Mayer et al., 2014; Noordhuis et al., 2016; Wegner
et al., 2019). The intensity and extent of system-wide
effects depend on many factors, including mussel
population density and distribution in a waterbody,
mussel dominant species, water mixing rates, reten-
tion time, lake morphology, and time since the initial
invasion (Karatayev et al., 1997, 2002, 2015a, 2021a;
Reed-Andersen et al., 2000; Kelly et al., 2010).
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Impact on pelagic communities

Early in the invasion in the 1990s when mussel den-
sities in lakes Michigan and Huron were low and
dreissenids were almost exclusively represented by
zebra mussels, their impacts in the deep Great Lakes
were restricted to a narrow nearshore zone and shal-
low embayments (Fahnenstiel et al., 1995; Johen-
gen et al., 1995; Skubinna et al., 1995; Vanderploeg
et al., 2010). Thus, no substantial lake-wide changes
in water clarity, total phosphorous, and silica concen-
trations were recorded in the 1990s in lakes Michi-
gan and Huron when these lakes were colonized by
zebra mussel 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), suggesting very limited system-wide
effects. We should mention, however, that because the
zebra mussel period was of short duration, its effect
on benthic and other communities in the Great Lakes
was largely overlooked (Karatayev et al., 2021a; Bur-
lakova et al., 2022a) making it difficult to separate the
effects of zebra and quagga mussels.
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Fig. 5 Total wet biomass of zooplankton and zoobenthos (g/
m?) in the Great Lakes before and after the establishment of
Dreissena (biomass data from Makarewicz, 1993; Makare-
wicz et al., 1995a, b; Barbiero et al., 2019; Dermott, 1994;
Burlakova et al., 2014; Karatayev et al., 2020; Karatayev et al.,
2021b)
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After the expansion of quagga mussels into deeper
areas, the average lake-wide dreissenid biomass in
lakes Michigan and Huron has increased 22—-45-fold
(Karatayev et al., 2021a). Before Dreissena spp. inva-
sion, the wet biomass of plankton invertebrates in
the Great Lakes exceeded benthic biomass on aver-
age almost sixfold (Fig. 5). After the proliferation
of quagga mussels, benthic wet biomass (includ-
ing dreissenids shells, comprising 30 — 50% of the
whole mussel wet weight) increased about two orders
of magnitude and it currently exceeds zooplankton
biomass > 40-fold.

This dramatic change in the ratio of planktonic to
benthic biomass due to expansion of extremely pow-
erful populations of benthic filter-feeder caused pro-
nounced and continuous impacts on the ecosystems
of lakes Michigan and Huron, including increase in
Secchi depth (Mida et al., 2010; Barbiero et al., 2012,
2018; Pothoven & Fahnenstiel, 2014; Dove & Chapra,
2015; Pothoven & Vanderploeg, 2020) and a decline
in total phosphorus (Mida et al., 2010; Barbiero et al.
2012, 2018; Pothoven & Fahnenstiel, 2014; Dove
& Chapra, 2015; Pothoven & Vanderploeg, 2020),
chlorophyll (Barbiero et al., 2012, 2018; Pothoven &
Fahnenstiel, 2014; Pothoven & Vanderploeg, 2020),
phytoplankton primary production (Pothoven & Fah-
nenstiel, 2014), phytoplankton (Barbiero et al., 2018)
and zooplankton biomass (Barbiero et al., 2012,
2018). The nearly complete loss of winter and spring
diatom blooms (Fahnenstiel et al., 2010; Kerfoot
et al., 2010; Barbiero et al., 2012) caused an increase
in silica concentrations (Barbiero et al., 2012, 2018;
Dove & Chapra, 2015). Changes in the phytoplankton
community of Lake Michigan in 2007-2008 as com-
pared to 1983-1987 (pre-Dreissena) and 1995-1998
(when lake was colonized by zebra mussel alone)
included the dramatic reduction in all phytoplank-
ton groups, with the exception of cyanobacteria and
chlorophytes during spring isothermal period along
with the decline in the deep chlorophyll layer (Fah-
nenstiel et al., 2010). Changes in zooplankton com-
munity included the declines in cladocerans and the
increased importance of calanoids (Barbiero et al.,
2012, 2018).

Somewhat similar changes in water quality vari-
ables were recorded in Lake Ontario after the intro-
duction and expansion of dreissenids in the 1990s,
including the increase in Secchi depth (Dobiesz
& Negel, 2009; Dove & Chapra, 2015), a decline

in spring total phosphorous (Dove, 2009; Dove &
Chapra, 2015), and an increase in soluble reactive sil-
ica that is happening across the Great Lakes exclud-
ing Lake Superior (Dove, 2009; Dove & Chapra,
2015). Although there was no strong evidence of the
decline in spring diatom bloom or chlorophyll con-
centration in Lake Ontario associated with Dreissena
activity (Watkins et al., 2013; Dove & Chapra, 2015),
increase in silica concentration may suggest at least
some decline in diatoms, or transport of released sil-
ica from Lake Erie. In the eastern basin of Lake Erie,
dreissenid expansion was associated with the increase
in Secchi depth and dissolved silica concentration
and declines in turbidity, total phosphorus, and total
dissolved phosphorus concentrations (Makarewicz
et al., 2000; Barbiero & Tuchman, 2004; Barbiero
et al., 2006; Dobiesz & Negel, 2009; Karatayev et al.,
2018d). The increase in spring dissolved silica in the
eastern basin of Lake Erie coincided with dramatic
declines in total phytoplankton biomass and a shift
towards a limited number of centric diatoms (Barbi-
ero et al., 20006).

In Oneida Lake, New York, the secondary invasion
and dominance of quagga mussels corresponded to
significantly greater visibility and lower chlorophyll
concentrations during early spring and late fall but
not in warmer months, compared to years of zebra
mussel dominance (Karatayev et al., 2021d). This
helps explain findings in lakes Michigan and Huron,
where the spring diatom blooms disappeared only
after quagga mussel invasion (Nalepa, 2010; Vander-
ploeg et al., 2002; Barbiero et al., 2018). These pat-
terns likely arise from higher physiological activity of
quagga mussels compared to zebra mussels at colder
temperatures (Baldwin et al., 2002; Stoeckmann,
2003) and explain the higher per-biomass impact of
the species on phytoplankton.

The significant decline in total phosphorus con-
centrations associated with the dreissenid activ-
ity resulted in oligotrophication of lakes Michi-
gan and Huron (Evans et al., 2011; Barbiero et al.,
2011a, 2012, 2018; Dove & Chapra, 2015), Lake
Ontario (Dove, 2009; Chapra & Dolan, 2012; Dove
& Chapra, 2015) and the eastern basin of Lake Erie
(Dove & Chapra, 2015; Karatayev et al., 2018d). The
quagga mussel is now the primary regulator of phos-
phorus cycling in the lower four Great Lakes, repre-
senting a dramatic example of large-scale reorgani-
zation of a geochemical cycle by a single invader (Li
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et al., 2021). In dreissenid-free lakes total phosphorus
concentrations mainly reflect the balance between
external inputs and phosphorus removal to outflow
and net sedimentation, but in invaded lakes the post
invasion phosphorus concentrations respond strongly
to changes in mussel biomass, transferring the control
of phosphorus dynamics away from external inputs
(Li et al., 2021). Thus, dreissenid filter feeding now
exceeds > tenfold the passive sedimentation as a sink
for phosphorus in Lake Michigan; mussel-colonized
sediments exchange phosphorus with the water col-
umn orders of magnitude faster than mussel-free sedi-
ments, and mussel excretion and egestion resupply
phosphorus from sediments into the water column
an order of magnitude faster than the preinvasion
transport. At ~8 times the rate at which phospho-
rus enters the lake from watershed, these fluxes now
dominate not only the sediment—water exchanges of
phosphorus, but also the phosphorus balance for the
entire lake (Li et al., 2021). A growing quagga mussel
population can rapidly deplete particulate phospho-
rus from the water column: thus, sequestration into
mussel tissues and shells accounted for 20 to 40% of
the total benthic phosphorus sink in Lake Michigan
since around 2010, and if the growth is unimpeded,
would continue depleting total phosphorus from the
water column even if the external phosphorus inputs
returned to their high 1970s levels. In contrast, when
Dreissena populations decline, phosphorus from
decaying biomass could quickly increase the total
phosphorus concentration in the water column. Thus,
the substantial decline in Dreissena density in the
central basin of Lake Erie in the late 1990s was con-
comitant with the increase in the total phosphorus in
the water (Karatayev et al., 2018d).

Impact on benthos

Lake Ontario, due to intensive surveys and the longest
history of dreissenid invasion among other deep Great
Lakes, provides one of the best examples of the effect
of quagga mussel on benthic community (reviewed
in Burlakova et al., 2022a). The short period of zebra
mussel dominance in Lake Ontario in the early 1990s
coincided with the increase in density of amphi-
pod Diporeia, other Amphipoda, Oligochaeta, Hir-
udinea, Gastropoda, and Trichoptera (Haynes et al.,
1999; Dermott & Geminiuc, 2003; Lozano & Nalepa,
2003; Burlakova et al., 2022a). These quantitative
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changes were not accompanied by changes in taxo-
nomic structure of the community which was not
significantly different between the pre- and early Dre-
issena period (1964-1990) and the period of zebra
mussel dominance in the 1990s. The same domi-
nant species (Diporeia and Oligochaeta) were still
present throughout the community until 1999 when
zebra mussels were almost completely replaced with
quagga mussels (Burlakova et al., 2022a).

The replacement of zebra by quagga mussels in
nearshore regions was first observed in 1995 (Mills
et al.,, 1999) and was complete at depths <30 m by
1998-1999. The dramatic expansion of quagga mus-
sels coincided with declines in Diporeia, Sphaerii-
dae, and Oligochaeta (Watkins et al., 2007; Burlakova
et al., 2022a). In the shallow zone Diporeia started
to decline in the 1990s and was no longer recorded
after 1999 (Dermott, 2001; Watkins et al., 2007); in
the intermediate depths Diporeia densities sharply
declined from 1995-1997 (Lozano et al., 2001; Der-
mott & Geminiuc, 2003; Watkins et al., 2007); and
in the deepest zone density declined to<1/m” by
2013-2018 (Burlakova et al., 2022a). Diporeia was
historically the dominant macrozoobenthic species
in the Great Lakes largely feeding on spring diatom
bloom (reviewed in Edlund et al., 2021). Food com-
petition with Dreissena is one of the leading hypoth-
eses of Diporeia decline across all deep Great Lakes
colonized with quagga mussels (Nalepa et al., 2009a;
Barbiero et al., 2011b, 2018; Ryan et al., 2012; Wat-
kins et al., 2012), as both species feed on the settling
spring diatoms (Vanderploeg et al., 2010). Pre-dreis-
senid Diporeia in Lake Michigan fed selectively and
exclusively on more nutritious and highly preferred
large and filamentous-centric diatoms but has shifted
to less nutritious small-centric and araphid diatoms
after offshore expansion of quagga mussels (Edlund
et al.,, 2021). The decline in Diporeia likely started
after the arrival of zebra mussels but was exacerbated
by the arrival of quagga mussels in both Lake Ontario
(Dermott, 2001; Watkins, 2007, 2013) and in Lake
Michigan (Nalepa et al., 2006, 2009a). An alterna-
tive explanation could be the impact of a pathogen
(Hewson et al., 2013), however, searches for viral or
bacterial pathogens have not yet identified a likely
candidate (Winters et al., 2014, 2015; Bistolas et al.,
2017) and the exact mechanism of Diporeia decline
is still unclear (reviewed in Watkins et al., 2012,
2013). Sphaeriidae, previously found in abundance in
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Lake Ontario at all depths, followed the same trend
as Diporeia and are currently found at low densi-
ties only at depths>90 m (Burlakova et al., 2022a).
A strong decline in Sphaeriids was also recorded in
the eastern basin of Lake Erie along with the com-
plete extirpation of Diporeia after the proliferation of
Dreissena in the mid-1990s, but in the central basin
where Dreissena density is very low due to periodic
hypoxia, sphaeriid densities were always high and in
2019 reached the highest level ever recorded in the
basin (1229/m?).

Dramatic decline of Diporeia in the Great Lakes
contradicts with the inland stratified Finger Lakes
(New York). Watkins et al. (2012) reported abun-
dant Diporeia populations in all six lakes sampled,
including Owasco Lake that has only zebra mussels

Fig. 6 Changes in lake-

Diporeia density
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with the progression of quagga mussel invasion, while
oligochaetes and chironomids did not exhibit any sub-
stantial trends (Fig. 6). These substantial declines and
even extirpation of Diporeia and, to a lesser extent,
of Sphaeriidae were associated with, and likely driven
by, quagga mussel proliferation in the Great Lakes
(Dermott, 2001; Lozano et al., 2001; Dermott &
Geminiuc, 2003; Watkins et al., 2007; Nalepa et al.,
2006, 2009a, b, 2014; Vanderploeg et al., 2010;
Karatayev et al., 2015a; Burlakova et al., 2018, 2022a;
Barbiero et al., 2018). However, although quagga
mussels population in the Great Lakes varied by three
orders of magnitude, from the highest in lakes Michi-
gan (4,347/1112, average for 2000-2015) and Ontario
(2,196/m?, average for 1995-2018) to only 177/m>
in Georgian Bay and 2.7/m? in North Channel (both
averaged for 2002-2017), the scale of the decline in
Diporeia was not proportional to Dreissena popula-
tion densities and was second largest (547-fold) in
Georgian Bay with very low mussel abundance. Both
decline in Diporeia and Sphaeriidae exhibit higher
correlation with time since quagga rather than zebra
mussel invasion (r2=0.52—0.78 vs. 0.35-0.57, cor-
respondingly), suggesting stronger system-wide
impacts of quagga mussels on Great Lakes benthos.
Observed system-wide impacts of quagga mussels
on benthic community of deep Great Lakes contra-
dict with the previously reported increase in diver-
sity and density of non-dreissenid benthos in inland
lakes (Karatayev et al., 1983, 1997, 2002, 2007a,
2007b; Mayer et al., 2002; Gutierrez et al., 2003;
Beekey et al., 2004; Ozersky et al., 2011; Burlakova
et al., 2012), but most of these studies were done
on lakes invaded by zebra mussels. Quagga mussels
may have a different impact, especially in sublitto-
ral and profundal areas of deep lakes where epifau-
nal invertebrates that may take advantages of Dreis-
sena habitat modifications (e.g. amphipods other than
Diporeia sp.) are scarce, while food resources for
filter-feeders are much more limited than in the litto-
ral zone (reviewed in Karatayev et al., 2015a). While
the introduction of zebra mussels in lakes Ontario
and Erie was followed by an increase in amphipods,
gastropods, chironomids, and oligochaetes, the sharp
decline of many non-dreissenid benthic taxa in both
lakes was associated with the replacement of zebra
with quagga mussels (Barrett et al., 2017; Burlakova
et al., 2022a; Karatayev et al., in review) and poten-
tially with some other factors. We hypothesize that

@ Springer

the decline in non-dreissenid benthos in the wave-
zone of the eastern basin of Lake Erie (Ratti & Bar-
ton, 2003) could be due to the predation by round
goby (Neogobius melanostomus) whose densities
dramatically increased in the basin during 1999-2002
(Barton et al., 2005; Johnson et al., 2005), and in
Lake Ontario in 1998-2005 (Weidel et al., 2019)
coinciding with the decline in benthos and prolif-
eration of quagga mussels. Gobies actively prey on
benthic invertebrates and were reported to reduce
abundance of small (3—14 mm) dreissenids, amphi-
pods, chironomids, gastropods, mayflies, trichopter-
ans, and leaches (Barton et al., 2005; Johnson et al.,
2005; Brush et al., 2012; Barrett et al., 2017; Foley
et al., 2017), and often prefer non-dreissenid benthic
invertebrates over Dreissena spp. (Walsh et al., 2007;
Brush et al., 2012; Foley et al., 2017).

Due to the ongoing colonization of deep-water
Great Lakes habitat by thriving quagga mussel com-
munities (Karatayev et al., 2021a), it is possible
that local positive interactions, typically observed
nearshore, may be now occurring between Dreissena
and some benthic taxa in offshore communities. Com-
paring recent benthic communities of lakes Michigan
and Huron across depths, Bayba et al. (2022) found
that the total benthic abundance and species rich-
ness increased consistently with quagga mussel den-
sity in the nearshore, while Oligochaeta densities and
biomass increased in dreissenid aggregations across
all depth gradients, patterns that are consistent with
facilitative effects of quagga mussels. Comparison
with historical pre-dreissenid data indicated that,
while Diporeia and Sphaeriidae biomass in both lakes
have declined over the last decades, the biomass of
Oligochaeta increased. As a result, non-dreissenid
benthos in Lake Michigan is now higher than it was
in the 1930s, and in Lake Huron the combined bio-
mass of Oligochaeta, Chironomidae, and Sphaerii-
dae is now higher than in the 1970s. Including dre-
issenids, the total benthos biomass increased at least
two orders of magnitude in both lakes. Therefore, a
deep-water benthic community once characterized by
Diporeia and Sphaeriidae, has shifted to a community
dominated by quagga mussels and Oligochaeta.

Impact on fish

As dreissenids are very recent invaders in North
America, fishes, including benthivorous species, were
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likely at first “naive” to the new potential prey, and
due to limited predation (Johnson et al., 2005) Dreis-
sena were considered as a “dead end” in Great Lakes
food webs (reviewed in Madenjian et al., 2010).
Therefore, the proliferation of dreissenid mussels was
anticipated to be a major loss of energy and potential
production, as food resources were withdrawn from
the pelagia and incorporated into benthos (Johnson
et al., 2005). Moreover, the introduction and expan-
sion of zebra, and especially quagga mussels, into the
lakes caused the decline in the abundance of commer-
cially important whitefish (Coregonus clupeaformis)
through the dramatic decrease in their main food,
Diporeia (Dermott & Kerec, 1997; Lozano et al.,
2001; Pothoven et al., 2001; Nalepa et al., 2009a;
Nalepa, 2010), likely outcompeted by dreissenids (see
above). This outcome cannot be predicted from the
European experience as Dreissena introduction was
always associated with an increase in amphipod abun-
dance (Karatayev & Lyakhnovich 1990; Karatayev
et al.,, 1997, 2002, 2007a, 2007b; 1996; Stewart
et al., 1998a, 1998b, 1999; Burlakova et al., 2012),
and Monoporeia affinis, a European species closely
related to Diporeia, has coexisted with zebra mussels
in Lake Malaren, Sweden since the 1920s (reviewed
in Nalepa et al., 2005). Diporeia decline in the Great
Lakes resulted in a shift in diet of whitefish from the
amphipod to quagga mussels (Nalepa et al., 2009b;
Madenjian et al., 2010). However, again in contrast to
European studies where the shift in the diet of roach
to zebra mussels resulted in faster growth and higher
lipid content, the shift from Diporeia to quagga mus-
sel 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).
The decline in Diporeia was also associated with the
decline of alewife (Alosa pseudoharengus), sculpin
(Cottus cognatus), bloater (Coregonus hoyi), and
other fish that are prey for larger piscivores, including
salmon and trout (reviewed in Nalepa, 2010).

One unexpected effect of the loss of Diporeia in
the Great Lakes can be a potential decline in fish
contamination with polybrominated diphenyl ethers
(PBDESs). The highest concentration of BDE-209
among phyto- and zooplankton, lake whitefish, lake
trout, and Chinook salmon was detected in Diporeia
(Perez-Fuentetaja et al., 2015), which was possi-
bly one of the main dietary sources of BDE-209 for
fish in Lake Michigan. Recent declines in PBDEs

were found in the bloater chub and the slimy sculpin
in Lake Michigan compared to increasing PBDEs
in other fish and biota (Hahm et al., 2009), likely
because the decline in their major food, Diporeia,
may be causing the fish to shift to different benthic
food sources lower in PBDE:s.

The introduction of another Ponto-Caspian
invader, round goby, into the Great Lakes in the
1990s (Jude et al., 1992; Charlebois et al., 1997)
added a very important missing link between dreis-
senids and commercially and recreationally valuable
fish species (Johnson et al., 2005; Madenjian et al.,
2011). Round goby actively feeds on dreissenids both
in their native range (Nekrasova & Kovtun, 1975;
Borcherding et al., 2013) and in North America (Bun-
nell et al., 2005; Kornis et al., 2012; Naddafi & Ruds-
tam, 2014) and, in turn, is actively consumed by some
North American fish including lake trout (Salvelinus
namaycush) (Dietrich et al., 2006), burbot (Lota lota)
(Madenjian et al., 2011), yellow perch (Perca flaves-
cens) (Weber et al., 2011), smallmouth bass (Microp-
terus dolomieu) (Crane & Einhouse, 2016), lake stur-
geon (Acipenser fulvescens) (Jacobs et al., 2017), and
walleye (Sander vitreus) (Pothoven et al., 2017). In
the Niagara River, the round goby was found to be the
primary contributor to the long-term average diet of
lake sturgeon, a species of conservation concern in
many U.S. states and Canadian provinces (Bruestle
et al., 2019). In contrast to other systems, adult lake
sturgeon in the Niagara River are now primarily pis-
civorous, and the high availability of energetically
rich but non-native food resources potentially support
sturgeon recovery. All 6 of these fish species, along
with 9 others, are known to consume dreissenids in
North America (reviewed in Molloy et al., 1997; Bur-
lakova et al., 2022b), however their consumption of
round gobies substantially increased the passage of
energy accumulated by dreissenids in benthic envi-
ronment back to the pelagic, and eventually increased
fish productivity, including commercially important
species.

It is debatable to what extent goby predation
can control Dreissena population density in the
Great Lakes. There are data suggesting that round
goby invasion caused changes in quagga mussels
length frequency distributions as well as declines in
nearshore Dreissena populations (Barton et al., 2005;
Patterson et al., 2005; Wilson et al., 2006). Lake-wide
decline in dreissenid populations were also reported
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in inland North American lakes following round
goby invasion (Rudstam & Gandino, 2020; Jackson
et al., 2020). We found a large decline in dreissenid
populations and other benthos in recent years in Lake
Erie, potentially induced by round goby predation
(Karatayev et al., 2021b; Karatayev et al., in review).
However, even if predation may have notable effects
on the mussels in shallow areas/lakes, it is unlikely
that round goby may have substantial lake-wide effect
in the deep Great Lakes (Bunnell et al., 2005; John-
son et al., 2005; Foley et al., 2017). In spite of almost
two decades of round gobies and mussels coexist-
ing in Lake Huron, quagga mussel density was still
growing as of 2017 across all depth zones>50 m, as
well as lake-wide (Karatayev et al., 2020, 2021a). In
Lake Michigan, although quagga mussel populations
started declining after 2010 at depths <90 m (Nalepa
et al., 2020; Mehler et al., 2020), it is likely that fac-
tors other than round goby predation (e.g. food limita-
tion) have caused this decline.

Conclusions

The introduction and rapid spread of zebra and
quagga mussels across the Northern Hemisphere that
caused significant ecological impacts and damage to
industry triggered a strong spike in their research that
produced valuable information on spread, population
dynamics, biology, and ecological impacts of both
species. Especially intriguing, however, are data on
quagga mussels from the Great Lakes. Thirty years
of research conducted on various aspects of quagga
mussel biology, population dynamics, and distribu-
tion in lakes Michigan, Huron, Erie, and Ontario
resulted in a large body of new information for this
species. These data were not previously available
from Europe, as North American Great Lakes are the
only large fresh waterbodies in the world not only
colonized by both dreissenids, but also a subject of
long-term systematic research and monitoring.

It became clear that lake morphometry determines
competition outcome, distribution, growth rate, and
reproduction of both dreissenid species as well as
the magnitude of their ecological impacts. In shallow
embayments and basins of the Great Lakes, both spe-
cies can colonize the whole bottom and form more
or less similar population density. In the deep Great
Lakes, zebra mussels are largely limited to a narrow
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nearshore zone, while quagga mussels colonize the
whole lake bottom with the maximum abundance
between 50-100 m, and form lake-wide population
densities by an order of magnitude higher than that of
zebra mussels. These patterns of quagga mussel dis-
tribution in the deep Great Lakes were not possible to
predict based on European experience as no similar
research was conducted in deep waterbodies.

Lake morphometry also determines quagga
mussels’ population dynamics. In shallow regions
(<30 m) of the deep Great Lakes, quagga mussels
overshoot their carrying capacity and begin to decline
within 13-15 years after first detection. However,
at the intermediate zone of deep lakes (>30-90 m)
quagga mussels densities increase more slowly, peak
later, and subsequently decline from their maximum
levels, but to a lesser extent. In the deepest zone
(>90 m) quagga mussel populations continue to
increase in all deep lakes even after 35 years of ini-
tial invasion. This increase, resulting in an ongoing
shift of dreissenid populations toward deeper areas,
suggests that a peak at the deepest depths has yet to
occur, and that the shift will likely become more pro-
nounced over time. Again, these patterns were unex-
pected due to recent quagga mussel invasion and the
lack of similar studies in deep European waterbodies.
We would like to emphasize that different depth-wise
dynamics make predictions of mussel population den-
sity and biomass as well as their ecosystem impacts
extremely difficult and require regular Dreissena
monitoring.

In the profundal zone of the Great Lakes, quagga
mussels have been found to spawn at colder water
temperatures, their larvae exhibit different seasonal
dynamics, and are present in plankton year-round.
Growth rate of quagga mussels declines with increas-
ing depth due to lower food availability and tempera-
ture resulting in increased mussel longevity that may
exceed 15 years. It is also likely that quagga mussels’
growth and longevity depend on the time since inva-
sion which is especially evident in the deep profun-
dal zone. Early in the invasion when food resources
are abundant, quagga mussels may grow faster and
live less long than later in the invasion when food
resources are depleted.

After the establishment of quagga mussel popula-
tions, benthic biomass in the Great Lakes increased
about two orders of magnitude and is currently
greatly exceeding zooplankton biomass. This decline
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in the ratio of planktonic to benthic biomass is a
result of strong benthic/pelagic coupling by massive
benthic population of exotic powerful filter-feeders
redirecting food and energy resources from the water
column to the bottom. This “benthification” (Mayer
et al,, 2014) caused pronounced and continuous
impacts on the ecosystems of all deep Great Lakes,
including increase in Secchi depth, and a decline in
total phosphorus, chlorophyll, phytoplankton primary
production, phytoplankton and zooplankton bio-
mass. The nearly complete loss of winter and spring
diatom blooms in lakes Michigan and Huron caused
an increase in silica concentrations. The decline in
total phosphorus concentrations associated with the
dreissenid activity resulted in oligotrophication of
all deep Great Lakes. The quagga mussel is now the
primary regulator of phosphorus cycling in the lower
four Great Lakes, representing a dramatic example of
large-scale reorganization of geochemical cycle by a
single invader. Future changes in quagga mussel pop-
ulations will thus strongly affect phosphorus dynam-
ics in the Great Lakes, making changes in this large
ecosystem less predictable.

The dramatic expansion of quagga mussels in the
Great Lakes coincided with declines and local extir-
pations of Diporeia, most likely due to the food com-
petition as both species feed on the settling spring
diatoms. Sphaeriidae, previously found in abun-
dance in the lower Great Lakes, followed the same
trend as Diporeia and are currently found at very
low densities. With exception of selected taxa (e.g.
Oligochaeta), observed lake-wide impacts of quagga
mussels on the profundal benthic community of
deep Great Lakes contradict the previously reported
increase in diversity and density of non-dreissenid
benthos in other lakes.

The introduction and proliferation of dreissenids
into the Great Lakes caused declines in the abun-
dance of commercially important fishes as a result of
dramatic decrease in their main food, Diporeia—an
outcome that could not be predicted from European
experience as Dreissena introduction was always
associated with increase in amphipod abundance.
However, the introduction of another Ponto-Caspian
invader, the round goby, into the Great Lakes in the
1990s, provided an important missing link between
dreissenids and commercially and recreationally valu-
able fish species, increasing their productivity.
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