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Abstract Predicting the ecosystem effects of inva-
sive species and the best control strategies requires
understanding population dynamics and population
regulation. Invasive bivalves zebra and quagga mus-
sels (Dreissena spp.) are considered the most aggres-
sive invaders in freshwaters and have become major
drivers of ecosystem processes in the Laurentian Great
Lakes. Combining all lake-wide studies of Dreissena
spp. conducted in the Great Lakes, we found that
invasion dynamics are largely governed by lake
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morphometry. Where both species are present, quagga
mussels generally become dominant in 8-13 years.
Thereafter, zebra mussels remain common in shallow
lakes and embayments and lake-wide Dreissena
density may remain similar, while in deep lakes
quagga led to a near-complete displacement of zebra
mussels and an ensuing dramatic increase in overall
dreissenid density. In deep lakes, overall Dreissena
biomass peaked later and achieved ~ threefold
higher levels than in shallow lakes. Comparison with
21 waterbodies in North America and Europe colo-
nized by both dreissenids confirmed that patterns of
invasion dynamics found in the Great Lakes are very
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consistent with other waterbodies, and thus can be
generalized to other lakes. Our biophysical model
predicted that the long-term reduction in primary
producers by mussel grazing may be fourfold less in
deep compared to shallow lakes due to thermal
stratification and a smaller proportion of the epil-
imnion in contact with the bottom. While this impact
remains greatest in shallow areas, we show that when
lakes are vertically well-mixed, dreissenid grazing
impact may be greatest offshore, revealing a poten-
tially strong offshore carbon and phosphorus sink.

Keywords Invasive species - Population dynamics -
Dreissena - Lake morphometry - Bathymetry - Great
Lakes

Introduction

Population dynamics and regulation underpin both the
ecological role of threatened and invasive species and
successful management strategies (Yokomizo et al.
2009; Jackson et al. 2015; Strayer et al. 2019; White
2019). For new invaders, one of the most well-known
hypothesis postulates that an initial slow population
growth is followed by a population explosion accel-
erated by low intra- and interspecific competition, lack
of enemies (predators, parasites and diseases), lack of
defense mechanisms in native plants and animals
(naive prey), and sometimes by ongoing propagule
pressure (continuous introduction of individuals to a
new area) (Lockwood et al. 2013) until some equilib-
rium with the surrounding ecosystem is reached
(Zenkevich 1940; Stanzykowska 1978; Ramcharan
et al. 1992). Another “boom and bust” hypothesis
suggests very high invader density followed by a
population collapse (Simberloff and Gibbons 2004;
Strayer et al. 2017). Other populations do not have
such a distinct pattern but exhibit strong oscillatory
dynamics and large temporal variations in population
density (reviewed in Parker et al. 1999). Regardless of
density pattern, population dynamics and their causa-
tive factors are not well understood (e.g., Crooks 2005;
Strayer and Malcom 2006; Strayer et al. 2017;
Aagaard and Lockwood 2016), preventing general-
izations about which patterns are most common for a
given invader type or habitat (Burlakova et al. 2006;
Strayer et al. 2019). In particular, determining if and
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when an initially abundant invader declines remains
challenging due to environment-specific population
dynamics, competition among invaders, and study-
specific methodology (Magnuson 1990; Strayer et al.
2019).

Invasive bivalves Dreissena polymorpha (zebra
mussel; Pallas 1771) and D. rostriformis bugensis
(quagga mussel; Andrusov 1897) are considered the
most aggressive invaders in freshwater systems of the
Northern hemisphere (reviewed in Nalepa and
Schloesser 1993, 2014; Karatayev et al.
2002, 2007, 2015). Both species continue to spread
in Europe and North America (Karatayev et al.
2007, 2011; Pollux et al. 2010; Benson 2014) causing
large ecological and economic impacts on invaded
waterbodies  (reviewed in Karatayev et al.
1997, 2002, 2015; Vanderploeg et al. 2002; Hecky
et al. 2004; O’Neill 2008; Higgins and Vander Zanden
2010; Nakano and Strayer 2014). It is well established
that shortly after their introduction, both dreissenid
species spread rapidly across invaded ecosystems in
Europe and North America, with zebra mussels
exhibiting higher initial rates of spread (reviewed in
Karatayev et al. 2011, 2015). However, we do not
know if or when Dreissena populations reach their
peak abundance and start declining, with recent meta-
analysis finding inconclusive results partly due to
system-specific methodologies and partly due to
system-specific environmental conditions (Strayer
et al. 2019). Further, the two dreissenid species differ
in habitat requirements, growth, and population
dynamics, and the more competitive quagga mussels
typically dominate zebra mussels in waterbodies
where they have both invaded (reviewed in Karatayev
et al. 2011, 2015).

Higher primary production, temperature, and wave
stress in shallower areas all represent ubiquitous
sources of environmental variation in lake ecosystems
(Wetzel 1983; Jonasson 2004). Benthic invertebrates
particularly face large gradients in population growth
and turnover, with most species limited to a particular
depth zone (Brinkhurst 1974). Although zebra and
quagga mussels both have a high reproductive poten-
tial, planktonic larvae and an attached benthic adult
stage, zebra mussels are usually limited to hard
substrates in the littoral zone, where the surface mixed
layer intersects the bottom and temperature varies
dramatically during the year. In contrast, quagga
mussels have a higher bioenergetic efficiency, can
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spawn at lower temperatures, and are more efficient
suspension feeders (reviewed in Karatayev et al.
2015). Additionally, quagga mussels can colonize
soft sediments of the profundal zone (located below
the thermocline) where temperatures are continuously
cold and where high-quality food resources (phyto-
plankton) are generally limited (Karatayev et al.
2018a). Therefore, quagga mussels in the profundal
zone have slower growth, longer life span, and
different time of reproduction compared to mussels
in the shallow well-mixed littoral zone (Nalepa et al.
2010; Karatayev et al. 2015; 2018a). As a result,
ecosystem-wide dreissenid distribution, abundance,
and ecological impacts may depend on the relative
proportions of the littoral and profundal zones (re-
viewed in Karatayev et al. 2011, 2015).

The Laurentian Great Lakes have a unique set of
characteristics to address the effect of morphometry
on Dreissena spp. invasion dynamics as they are the
only freshwater ecosystems in the world that have
broad environmental gradients (depth and trophic
status), have long-term environmental and biological
monitoring data, and have been colonized by both
dreissenid species. Both zebra and quagga mussels
were found for the first time in Lake Erie (Carlton
2008; Mills et al. 1993) and in the next few years
spread into lakes Ontario, Michigan, and Huron (Mills
et al. 1993; Marsden et al. 1993; Nalepa et al. 2001)
(Fig. 1). Early in the invasion, the Great Lakes were
dominated by zebra mussels, however later, they were
almost completely replaced by quagga mussels in
most of the Great Lakes (Javis et al. 2000; Patterson
et al. 2005; Watkins et al. 2007; Nalepa et al. 2010;
Karatayev et al. 2011, 2014).

In this study we analyzed all available lake-wide
data on distribution, density and biomass of dreis-
senids in the Great Lakes from 1990 to 2018, and
applied a statistical and a mechanistic biophysical
model to address the following questions: (1) How
different are dreissenid population dynamics across
deep Great Lakes and shallow lakes and embayments?
(2) How do population distribution, biomass and filter-
feeding impacts on phytoplankton progress with time
for shallow and deep lakes? (3) Which mussel species
will win in competition and will the outcome depend
on lake morphometry? and (4) How do all these
processes affect dreissenid impacts on ecosystems?
Finally, to check if our results can be relevant for
shallow and deep lakes around the world, we

compared invasion dynamics of Dreissena spp. in
the Great Lakes to other North American and Euro-
pean lakes to reveal potential similarities and
differences.

Methods
Study area

Shallow lakes and embayments (later termed as
“shallow lakes™) of the Great Lakes analyzed in this
paper include Lake St. Clair, Saginaw Bay of Lake
Huron, and the western basin of Lake Erie. These
waterbodies are vertically well-mixed in summer with
the entire bottom exposed to a large variation in
temperature from about 3-4 °C in winter and to
20-25 °C in summer (Schelske and Roth 1973; Burns
1985; Mortimer 1987; Edsall et al. 1988; Leach 1991;
Skubinna et al. 1995) (Table 1). They have short
retention time and are among the most productive
waterbodies in the Great Lakes due to the large inputs
of nutrients (Schelske and Roth 1973; Burns 1985;
Barbiero and Tuchman 2004; Edsall et al. 1988; Leach
1991; Nguyen 2014). In contrast, deep lakes and lake
basins (later termed as “deep lakes”) include Lake
Ontario, Lake Michigan, the Lake Huron main basin,
and the eastern basin of Lake Erie. These waterbodies
are dimictic, with periods of complete vertical mixing
in spring and autumn, and with summer stratification
that usually develops in late May or early June (Burns
1985; Rowe et al. 2015). In these lakes most of the
bottom area and hypolimnetic waters are located in the
deep and consistently cold (temperatures range about
4-10 °C over the year) profundal zone, isolated by the
thermocline from the warm productive surface waters
for much of the growing season (Table 1). The warm
well-mixed epilimnion varies among lakes but usually
starts from a few meters after the establishment of
stratification and reaches 10-20 m by the end of
autumn (Barbiero and Tuchman 2001; Beletsky et al.
2006, 2013; Scofield et al. 2017). The metalimnion
thickness is about 8 m, so the hypolimnion usually
commences at a depth of about 28-30 m (Schelske
and Roth 1973; Burns 1985; Rowe et al. 2015).
Maximum surface temperature in summer also varies
among lakes and reaches 20-25 °C, while the near
bottom temperature during summer is about 4-6 °C
and typically does not exceed 10 °C (Schelske and
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Fig. 1 First records of Dreissena polymorpha and D. rostriformis bugensis across Great Lakes (data from Hebert et al. 1989; Griffiths
et al. 1991; Mills et al. 1993; Nalepa et al. 2001; Hunter and Simons 2004)

Roth 1973; Beletsky and Schwab 2001; Rowe et al.
2015; Karatayev et al. 2018a). The proportion of the
total lake area with a depth zone > 30 m (area roughly
located below the thermocline) is very similar in lakes
Ontario, Michigan, and Huron (77.6-79.1%). In the
eastern basin of Lake Erie, although well stratified in
summer, < 36% of the bottom is located below
thermocline while > 64% of the bottom is exposed
to warm epilimnetic temperatures. Therefore, in our
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study we considered this basin as an intermediate
waterbody between shallow and deep lakes. We
omitted the central basin of Lake Erie from our
analysis, where Dreissena populations are low and
fluctuate predominantly in response to intermittent
hypoxia rather than invasion processes (Karatayev
et al. 2018b).
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Table 1 Physical characteristics of the Great Lakes (Chapra and Sonzogni 1979; Nalepa et al. 1995; The Great Lakes an Envi-
ronmental Atlas and Resource Book 1995; Leach 1991; Nguyen 2014)

Lake Surface, Volume, Maximum Average Proportion of the Retention time,
km? km® depth, m depth, m bottom > 30 m, % year

Shallow lakes and basins

St. Clair 1113 34 6.4 3.0 0 0.025

Huron, Saginaw Bay 2770 24.5 13.7 8.9 0 0.32

Erie, western basin 3680 28.0 19 7.6 0 0.14

Deep and intermediate lakes and basins:

Ontario 18,960 1631.0 244 86.0 78.4 6.21

Michigan, excluding 53,537 4846.0 282 90.5 77.6 95.21
Green Bay

Huron, main basin 43,086 2842.0 229 66.0 79.1 15.22

Erie, eastern basin 6150 166.0 64 27.0 35.8 0.75

Dreissena population dynamics

We compared the timing of zebra and quagga mussel
introductions into the Great Lakes, using published
data of the first reported year of D. polymorpha and D.
r. bugensis invasion (Hebert et al. 1989; Griffiths et al.
1991; Mills et al. 1993; Nalepa et al. 2001; Hunter and
Simons 2004; Carlton 2008). The first zebra mussels in
North America were found in Lake St. Clair (Hebert
et al. 1989) and at several locations in Lake Erie in
1988 (Leach 1993; Garton and Haag, 1993). However,
Carlton (2008) later reported that the first D. poly-
morpha were found in Lake Erie two years earlier.
This difference indicates that the timing of the first
report in Lake Erie is questionable, but for the purpose
of this study we used 1988 as the first year of zebra
mussel record in Lake Erie (Fig. 1; Table 2). In the
following year zebra mussels had been found in lakes
Ontario, Michigan, and Huron (Griffiths et al. 1991). It
took longer for quagga mussels to spread from Lake
Erie, where they were found for the first time in 1989
(Mills et al. 1993), into lakes Ontario (1990, Mills
et al. 1993), Michigan, and Huron (both in 1997,
Nalepa et al. 2001) and St. Clair (2001, Hunter and
Simons 2004) (Fig. 1). The gap between these two
introductions ranged from one year in lakes Erie and
Ontario to 8 years in lakes Michigan and Huron, and to
13 years in Lake St. Clair (Table 2).

For assessment of zebra and quagga mussel pop-
ulation dynamics we analyzed all available lake-wide
studies on their distribution, density and biomass

conducted in the Great Lakes from 1990 to 2018
(Online Resource 1). To increase the spatial resolution
of surveys we added data from the U.S. EPA Great
Lakes National Program Office (GLNPO) long-term
monitoring stations (in cases where these stations were
not originally included into sampling designs) to each
survey conducted in Lake Ontario starting from 2003
(10 stations per survey) and in Lake Michigan starting
from 2005 (14 stations per survey, 2 stations from
Green Bay were excluded). It should be mentioned
that shallow areas (< 10 m) in all lakes were not
sampled during all of these surveys, with the exception
of western Erie, Saginaw Bay, and St. Clair.

Detailed sampling protocol could be found in the
primary papers (Karatayev et al., 2014, 2018b; 2020;
Nalepa et al. 2018, 2020). In short, Dreissena samples
were collected from 7 to 175 stations depending on the
lake (or lake basin) size and study design (Online
Resource 1). At each station, usually three replicate
samples were collected using a grab (either regular or
petite Ponar, or Ekman). Hard substrates were occa-
sionally sampled by SCUBA divers using a quadrat.
Dreissena mussels were identified to species, when
possible. All individuals retained in samples elutriated
using 500 pum sieve were counted, and data reported as
densities (ind.m~?). In shallow lakes densities were
calculated as average (£ standard error of the mean),
while in deep lakes we calculated lake-wide Dreissena
spp. density and biomass (% standard error) as a
weighted average using means of stations located at 4
depth zones (< 30 m, 31-50 m, 51-90 m, and > 90
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Table 2 First records of Dreissena polymorpha (zebra mus-
sels) and D. rostriformis bugensis (quagga mussels), their lake-
wide densities and biomass (ash-free tissue dry weight,
AFTDW), P-value of ANCOVA comparing the maximum
zebra mussel density and biomass with most recent combined

dreissenid density and biomass, and most recent relative
abundance of zebra mussels from all Dreissena spp. in the
Great Lakes. Cell values are lake-wide averages =+ standard

errors

Lake, First Zebra mussels First Time for quagga Recent Dreissena spp. Recent relative

basin record of maximum (year, record of  to replace zebra  abundance (year, density, abundance of

zebra density, biomass) quagga mussels (years) biomass) and ANCOVA zebra mussels
mussels mussels P-value

Shallow lakes/basins

St. Clair 1988 1994 (3243 + 845 m™2, 2001 13 2018 (3579 + 1533 m™2, 31% density,

2.73 £ 0.51 gm™?) P =0.08; 2.15 £ 047 12% biomass
gm 2, P =0.24)

Erie 1988 1993 (1201 + 615 m™2, 1989 8 2014 (2844 + 1324 m ™2, 13% density,
western 4.42 + 2.60 gm’z) P=0.37;7.16 + 2.79 15% biomass
basin gm™2 P = 0.28)

Saginaw 1990 1992 1997 9 2017 (2574 + 800 m~2, 33% density,
Bay (17,692 £ 7102 m~2, P =0.39; 3.98 £ 2.39 6% biomass

31.93 £ 12.33 gm™?) gm™> P = 0.09)
Deep lakes/basins
Ontario 1989 1995 (676 + 242 m™2, 1990 7 2013 (3114 £ 368 m 2, No zebra
1.97 £ 0.70 gfz) P < 0.001; mussels
16.15 4+ 2.09 g2, found
P = 0.0001)
Michigan 1989 2000 (550 4 120 m™2, 1997 8 2015 (4428 + 398 m 2, No zebra
0.33 + 0.07 g_z) P < 0.001; mussels
13.76 £ 1.22 72, found
P < 0.001)

Huron, 1989 2000 (82 £+ 72 m ™2, 1997 6 2017 (1510 £ 278 m ™2, No zebra
main 0.42 + 037 g P < 0.001; mussels
basin 8.58 + 1.66 g2, found

P < 0.001)

Intermediate lakes/basins

Erie 1988 1992 1989 2014 (2287 + 469 m 2, 0.19% density,
eastern (4544 £ 2120 m 2, P =0.07; 0.04%
basin 9.86 + 4.77 g7?) 4451 + 6.57 g2, biomass

P =0.003)

m), considering the proportion of the total lake area
represented by each zone (Manly 2009).

While Dreissena densities are available for all lake-
wide surveys used in this study, mussel weight was not
always measured directly (Online Resource 1). In
Lake Ontario Dreissena spp. were not weighed from
1990 to 2003, but weight was estimated using an
average of 3.34 mg tissue dry weight (TDW) per
mussel following Birkett et al. (2015) with some
adjustments (Karatayev et al. 2020). In the main basin
of Lake Huron, Dreissena biomass was not recorded
from 2000 to 2007 (Nalepa et al. 2007, 2018) and was
estimated using an average of 5.19 mg ash-free tissue
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dry weight (AFTDW) per mussel, as calculated from
2012 samples. Although these data may not account
for potential differences in relative mussel weights
over time, and in some cases by depth, we recon-
structed the population dynamics of dreissenid
biomass to follow their changes across different lakes
and depth zones.

Over the years different authors reported Dreissena
biomass in different units. For consistency across
studies, all historic and current data on Dreissena
biomass were converted into AFTDW (Online
Resource 1). In Lake Erie (1992, 1993, 1998, 2009,
2014, reviewed in Burlakova et al. 2017) and St. Clair
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(2001, Hunter and Simons 2004; 2014, Great Lakes /
Huron-Erie Corridor data from Theodore Angradi,
U.S. EPA, Angradi.Theodore @epa.gov; 2018), Dreis-
sena was measured as shell and tissue wet weight
(STWW). To convert STWW into AFTDW, we used
the equation: AFTDW (g) = 0.0274 x STWW (g); to
convert TDW into AFTDW, we used the equation:
AFTDW (g) = 0.8711 x TDW (g) (both equations
are based on Dreissena collected from Lake Michigan
in 2014 by A. Elgin following the sites and methods
described in Glyshaw et al. 2015). For Lake Michigan
2015, we used the equation AFTDW (g) = 0.01996 x
STWW (g) published by Nalepa et al. (2018).
Dreissena biomass in Lake Ontario 2008 and 2013,
Lake Huron 2012 and 2017, and Lake Michigan pre-
2015 were calculated as AFTDW by determining
relationships between AFTDW and shell length for
different depth zones, and then applying these rela-
tionships to size frequency distributions at each station
(see Nalepa et al. 2014, 2020; Karatayev et al. 2020 for
more detail). We compared the maximum density and
biomass of D. polymorpha in each waterbody with the
most recent total density and biomass of combined
Dreissena spp. using ANCOVA with depth as covari-
ate on log-transformed data.

To visualize lake-wide changes in the spatial
distribution of zebra and quagga mussels, average
densities from each sampling station were interpolated
using ‘Natural Neighbor Interpolation’ within the
Spatial Analyst tool in ArcMAP 10.7.1. For a given set
of points (i.e. sampling stations), this technique
constructs a Voronoi diagram by partitioning the
space into cells, one cell for each point. A new
Voronoi polygon is constructed around the point to be
interpolated. Weights are applied based on the
proportion of overlap between the initial and new
polygon to calculate the value of the interpolated point
(Sibson 1981).

General regression model of population dynamics

We compared the effects of depth, time since the first
record, and lake-specific effects on Dreissena biomass
by fitting generalized additive models to primary data
(1) all shallow lakes and (2) all deep lakes. This
approach allowed us to account for non-linear effects
of depth or time in each lake type using splines, as well
as an interaction between depth and time (e.g., peak
biomass moving offshore) using 2-dimensional

splines. We accounted for lake-specific effects, by
including lake identity as an additive factor represent-
ing the difference in average biomass in a lake from
the average biomass across all lakes. To evaluate the
effects of each factor (lake, depth, time, and depth-
time interaction), we compared how well models
incorporating each factor explained the data. For this,
we used a fully nested set of models and evaluated
model performance using the Akaike Information
Criterion (AIC, with lower values indicating better
performance) to avoid overfitting. Following conven-
tion, we considered models with AIC difference > 2
to statistically differ in performance (Burnham and
Anderson 2002). Throughout, we fitted models to total
Dreissena AFTDW biomass assuming a Tweedy error
distribution and used the gam function in the package
mgcv 1.8-27 (Wood 2017) in R 3.5.2 (R Core Team
2018) (Online Resource 2). Given the limited number
of lakes in our analyses, we constrained the basis
dimension & (i.e., smoothness) of fitted splines to 10 in
order to avoid over-fitting; however, greater values of
k=100 for depth and depth-time interactions
improved AIC values of all models by < 0.5%
(authors’ unpublished data). We note that large
(> 5 km) distances between adjacent sampling sta-
tions limited the potential for spatial autocorrelation
among samples.

We visualized the effects of depth and time by
plotting their effects estimated in models incorporat-
ing all factors. For reference, we plotted the
(smoothed) fraction of total Dreissena biomass repre-
sented by quagga mussels across years. To quantify
the potential impact of observed biomass, we addi-
tionally estimated the intensity of dreissenid filter-
feeding on phytoplankton during vertically well-
mixed spring and fall isothermal periods. The filter-
feeding intensity, or fraction of the water column
cleared per day by mussel filter feeding, was calcu-
lated as clearance rate multiplied by biomass, divided
by water column depth, and compared to a benchmark
phytoplankton growth rate of 0.06/day (Rowe et al.
2017; Vanderploeg et al. 2010). We used values of
biomass and water column depth and moderate
estimates of dreissenid clearance rate (10 mL/mg
AFTDW/h; Vanderploeg et al. 2010) reflecting tem-
peratures near 4 °C and moderate food quality.
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General biophysical model

We applied the biophysical model of Rowe et al.
(2017) to investigate the influence of lake bathymetry
on the progression of dreissenid biomass over time in a
theoretical framework consisting of a phosphorus-
limited lower food web and dreissenid bioenergetic
model linked to a three-dimensional fine-resolution
hydrodynamic model. We applied the finite volume
community ocean model (FVCOM) to an idealized
circular lake of 50-km radius, centered at the geo-
graphic location of southern Lake Michigan (Lon.
—87.03, Lat. 42.57). FVCOM (v. 3.1.6) is an unstruc-
tured grid, finite-volume, free surface, three-dimen-
sional primitive equation ocean model that solves the
momentum, continuity, temperature, salinity (set to
zero here), and density equations (Chen et al. 2003).
External and internal time steps were 20 s. The
unstructured grid consisted of 3019 nodes and 5856
elements, with 20 terrain-following vertical (sigma)
layers of uniform thickness. Mean element side
lengths 1.2 km (0.73-1.3 km). The lateral boundaries
were closed, and ice cover was not simulated. Rowe
et al. (2017) described the lower food web in detail.
Briefly, the phosphorus-limited lower food web
included state variables representing dissolved phos-
phorus, and biomass of phytoplankton, zooplankton,
detritus, and dreissenid mussels, with fixed phospho-
rus:carbon ratio (0.016). The phytoplankton photo-
synthesis-irradiance functions were reported by
Fahnenstiel et al. (2016) and temperature-dependent
dreissenid clearance rates were reported by Vander-
ploeg et al. (2010). Model simulations were initialized
on January 1, at4 °C, velocities at zero, dissolved P at
3.2 pg/L, detritus at 1.6 mgC/L, phytoplankton and
zooplankton at 0.04 mgC/L, Dreissena at (.02
gAFTDW m 2. Lakewide-mean total P was 7 pg/L
and remained constant over the simulations. Hourly
meteorologic variables were interpolated from sta-
tions surrounding Lake Michigan (Rowe et al. 2017).
Meteorology of the year 2010 was repeated over the
20-year simulations.

Relevance to other lakes
For comparison of Dreissena spp. invasion dynamics
in the Great Lakes and other waterbodies, we

compiled a dataset of 8 lakes from North America
and 13 lakes and reservoirs from Europe colonized
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with both zebra and quagga mussels, including
Dnipro-Bug Liman in the native range of Dreissena
where the two species have co-existed for thousands of
years (Online Resource 3). For each waterbody,
whenever possible, we collected data on the surface
area, average and maximum depths, year of the first
record of quagga and zebra mussel invasion, their
density and relative proportion of species from all
dreissenids for all available years. From these 21
waterbodies six were deep stratified lakes, two lakes
were medium stratified, and the remaining 13 water-
bodies were polymictic. All waterbodies were colo-
nized with zebra mussel before quagga mussel
invaded, except one: Dnieper-Bug Liman located in
the native range of both Dreissena species.

Results
General population dynamics

Dreissena spp. density and biomass dynamics
depended on lake, year, and depth in all lakes, but
their distribution across depths changed through time
only in deep lakes (Table 3, Figs. 2, 3,4, 5, 6 and 7).
Zebra mussels colonized all waterbodies first, quickly
reaching their population maximum in shallow lakes
and basins and in the littoral zones of deep lakes and
basins (Figs. 1, 2 and 3. Table 2). Thereafter, lake- and
basin-wide biomass trends diverged as quagga mus-
sels became more common. In shallow lakes, dreis-
senid biomass changed synchronously across all
depths and our best-performing model in shallow
lakes did not include an interaction between depth and
year. We note that the post-2010 increase at 8—15 m
depths in shallow lakes (Fig. 7a) arises predominantly
from patterns in Saginaw Bay (Online Resource 4) and
reflects the dominance of quagga mussels in Lake
Huron.

Conversely, in deep lakes, total Dreissena biomass
continued to grow as mussels expanded from shallow
to deep regions (Figs.4, 5, 7b), and our best-
performing model (based on AIC score) included
lake-specific, year, and depth effects, as well as an
interaction between depth and year. Dreissena bio-
mass also increased much more slowly in the profun-
dal zone than in the shallow zone of deep lakes and in
shallow lakes (Fig. 7b). Following this, Dreissena
lake-wide biomass peaked at least 15 years later in
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Table 3 Comparison of models predicting Dreissena spp.
biomass that incorporate effects of lake-specific means
(“Lake”), water depth (“Depth”), time since invasion
(“Year”), and/or an interaction between Year and Depth
(“YxD”). Models are listed from best to worst performing, in
terms of Akaike information criterion (AIC). R-squared
denotes the squared correlation between observed and pre-
dicted biomass

Model components AIC  Degrees of freedom R-squared

Deep lakes

All 7369 14 0.45
Lake, Year, Depth 7456 20 04
Year, Depth, YXD 7558 12 0.32
Year, Depth 7601 17 0.32
Year, Lake 7777 14 0.26
Year 7838 12 0.21
Lake, Depth 7916 11 0.17
Depth 7950 9 0.12
Lake 8113 5 0.05
Shallow lakes

Lake, Year, Depth 2138 19 0.18
All 2144 14 0.13
Lake, Depth 2152 14 0.17
Year, Depth, YxXD 2172 19 0.14
Year, Depth 2178 12 0.11
Depth 2217 11 0.03
Year 2230 10 0.03
Lake, Year 2235 11 0.01
Lake 2247 5 0.01

deep lakes compared to shallow lakes. We noted that
higher maximum biomass in deeper rather than in
shallow lakes in the population model (Fig. 7a, b)
arises only from the effect of averaging population
trends across shallow lakes, which exhibited greater
variation in the timing of peak mussel biomass
compared to deep lakes (Online Resource 4).

Interspecific Dreissena competition

Dreissenid competition also depended on lake mor-
phometry (Table 2, Fig. 4). While zebra mussels were
initially dominant in all lakes (Table 2, Fig. 4), in deep
lakes this species was largely limited to a narrow band
in the nearshore zone (> 99% of lake-wide popula-
tions at < 50 m depths in Lake Michigan and at <

30 m in Lakes Ontario and Huron, Figs. 5, 6).
Subsequently, quagga mussels replaced zebra mussels
faster and more completely in deep lakes than in
shallow lakes (6-8 years in deep, vs. 8—13 years in
shallow). As the species spread across the entire
bottom of deep lakes (Fig. 5, 6), quagga mussels
reached significantly higher lake-wide presence than
zebra mussels (5—17-fold higher biomass and 8-42-
fold higher density in recent data in lakes Ontario,
Huron, and Michigan; Table 2). As a consequence,
quagga mussels in deep lakes caused almost complete
extirpation of zebra mussels (Fig. 4), and no zebra
mussels were found in lake-wide surveys in Lake
Ontario in 2008 and 2013, in Lake Michigan in 2015,
or in the Lake Huron main basin in 2017 (although
zebra mussels can still occur at low densities in poorly
sampled < 10-18 m depths; Karatayev et al. 2013).
Conversely, in shallow lakes the outcome of dreis-
senid competition did not cause significant changes in
the lakes-wide average dreissenid density (Table 2),
but varied widely across lakes depending on the
prevalent substrate (e.g., twofold increase in the
western basin of Lake Erie dominated by soft
sediments and sevenfold decline in Saginaw Bay with
abundant rocky substrates; non-significant changes).
Taken together, quagga mussels became dominant in
about 8—13 years of dreissenid coexistence, but even
so, after 20 + years of coexistence, zebra mussels
remain common and comprised 13-33% of all dreis-
senid density and 6-15% of biomass.

These results from shallow Great Lakes and lake
basins are in line with 8 shallow inland North
American and European waterbodies, where quagga
mussels became dominant in about 4-12 (6.5 £ 0.9)
years of coexistence (Oneida Lake: 4y, Lake Balaton:
4y; Lake Miiggelsee: S5y; Main Bay of Rybinskoe
Reservoir: 6y; Kuybyshev Reservour: 12y; Saratov
Reservoir: 9y; Volga Delta: 7y; Lake Eem: 5y; Online
Resource 3). In every case, despite their dominance,
quagga mussels did not appear to fully replace zebra
mussels, with zebra mussels accounting for
13.9 £ 2.1% of all dreissenids (range 4 to 22%) after
many years of coexistence (range 6 to 23 years, mean
11.8 years; Online Resource 3). Also paralleling our
results, in deep stratified inland lakes (lakes Keuka,
Canandaigua, Skaneateles, Constance), the switch
from zebra to quagga mussel dominance occurred
significantly earlier (after 1.3 & 0.2 years of coexis-
tence) than in polymictic shallow lakes (4—12, average
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Fig. 2 Long-term dynamics of Dreissena polymorpha (dashed
lines, triangles) and D. rostriformis bugensis (black lines,
circles) density and biomass in shallow lakes, including western

6.5 £ 0.9 years of coexistence; P < 0.001, two tail #-
test assuming unequal variances). Finally, in other
deep lakes with long-term invasion data, quagga
mussels almost completely replaced zebra mussels,
comprising 99.8% of density of all Dreissena in Lake
Cayuga in 2013 and in Lake Seneca in 2010.

Dreissena ecosystem impacts
In deep lakes observed shifts in peak biomass from

shallow to deep areas translate to a shift in peak
impacts of filter-feeding by Dreissena (as estimated by
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basin of Lake Erie, Lake St. Clair, and Saginaw Bay of Lake
Huron. Vertical bars are standard errors

the daily fraction of water column filtered) from
shallow (< 30 m) to intermediate (3090 m) depths.
However, in deeper areas filter-feeding intensity
remained low relative to the benchmark phytoplank-
ton growth rate (Fig. 7). Conversely, in shallow lakes
estimated filtration intensity remained high over all
depths but has declined by ~ 50% 10 years after the
peak in Dreissena spp. biomass.

In the biophysical model simulations, dreissenid
biomass grew over time from a uniform initial seed
level to approaching a steady-state biomass over a
period of years (Fig. 8, see Online Resource 5 for lake
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Fig. 3 Spatial distribution of Dreissena polymorpha (upper panels) and D. rostriformis bugensis (lower panels) in shallow lakes,
expressed as density (ind.m~2). Red dots indicate sampling stations

specific results). A seasonal cycle in dreissenid growth approximately March—April and November—Decem-
occurred in the model, with growth occurring when the ber, and biomass loss occurring when stratification
surface-mixed layer is in contact with the bottom, suppresses turbulent exchange of phytoplankton
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«Fig. 4 Long-term dynamics of Dreissena polymorpha (dashed
lines, triangles) and D. rostriformis bugensis (black lines,
circles) density (ind.mfz) and biomass (g m~2 AFTDW) in
lakes Ontario, Michigan, main basin of Lake Huron, and eastern
basin of Lake Erie. Vertical bars are standard errors. Lake-wide
densities for lakes Ontario, Michigan, and Huron were
calculated as weighted averages from 4 depth zones

between the surface-mixed layer and bottom, approx-
imately June-September and January—February,
although the exact timing will vary with bathymetry
and meteorology. Even though the model simulated
dreissenids as a single biomass pool and neglected
population dynamics, due to differences in food
supply and temperature, the time to reach a steady-
state biomass varied among shallow and deep lakes,
and by depth zone. Steady-state biomass was reached
in less than five years in the shallow lake, in
5-10 years in the < 50-m zones of the intermediate
and deep lakes, and was not fully reached after
20 years in the 51-90 and > 90 m zones (Online
Resource 5).

Our key model result showed lower Dreissena
impacts on lake-wide mean chlorophyll concentra-
tions in deeper lakes compared to shallow lakes even

though total Dreissena biomass was greater after
20 years (Fig. 8). Suppression of vertical mixing
during thermal stratification reduces filtering impacts
of mussels on epilimnetiuc phytoplankton in deeper
habitats > 30 m. As a result of decreasing food supply
and temperature with depth, both the growth rate and
steady-state mussel biomass declined with depth
(especially > 50 m) in deeper lakes. Nevertheless,
lakes with 36% and 78% of the bottom deeper than the
seasonal thermocline (~ 30 m) supported two-times
the steady-state lake-wide biomass of the shallow
lakes (10 m). Chlorophyll concentration in the < 30
m depth range increased with mean lake depth due to
supplement by horizontal transport from deeper off-
shore waters with less mussel impact. Due to this
resource subsidy to shallow areas from the offshore
epilimnion, mussel biomass in the < 30 m zones of
deep lakes was two to five-times the biomass of
shallow lakes (< 30 m). However, our biophysical
model did not reproduce the boom-and-bust dynamics
of mussel biomass (observed in shallow lakes and <
30 m zones of deep lakes, Fig. 7a, b) and the resulting
decline of mussel filtering impacts in the littoral zone
(Fig. 7c, d), suggesting that the decline may be caused
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Fig. 5 Dreissena polymorpha and D. rostriformis bugensis density distribution in lakes Ontario, Michigan and Huron. Please note
different scale for Lake Huron densities
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Fig. 7 Dynamics of Dreissena spp. biomass and the resulting
mussel filtering activity during isothermal periods in the Great
Lakes across time and space. Colors are predictions of
generalized additive models incorporating all effects (Lake,
Depth, Year, and Depth-Year interaction, Table 3) fitted to
AFTDW biomass a, b and the estimated fraction of the water
column cleared per day ¢, d in each sample. Bottom inset panels
in a, b give the fraction of biomass represented by quagga (red)

by processes not included in the model, such as
population demographic shifts or predators.

Discussion

Morphometry determines Dreissena population
dynamics

We found that Dreissena biomass increases at a slower
rate in deeper lakes and is characterized by a gradual
shift in dreissenid species present from shallow to
deeper areas. In shallow lakes and in shallow zones of

Year

1990 1995 2000 2005 2010 2015

and zebra mussels (gray) across time; note that quagga mussel
relative abundance in shallow lakes peaks at 87%. Red contour
line in ¢, d indicates the benchmark phytoplankton growth rate
of 0.06 d'. Early dreissenid biomass, species composition, and
impacts (pre-1995) predominantly represent conditions in Lake
Ontario, which was invaded and sampled earlier than Michigan
and Huron. Note that the depth range for deep lakes in d is
truncated for clarity

deep lakes, dreissenids (predominantly zebra mussels)
reached maximum density soon after initial coloniza-
tion (see Initial invasion below) and then declined
(Figs. 2, 4). However, in intermediate zones of deep
lakes (30-50 m), Dreissena densities (predominantly
quagga mussels) increased more slowly, peak later
(13-15 years since initial invasion), and subsequently
declined from their maximum levels to a lesser extent
(Fig. 4). In the deepest zone (> 90 m) quagga mussel
density and biomass continued to increase in all deep
lakes which, coupled with population declines in
shallow areas earlier in the invasion, results in the
overall shift of dreissenid presence toward deeper
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Fig. 8 Biophysical model simulations showing the influence of
three bathymetry scenarios on dreissenid biomass and chloro-
phyll-a reduction in an idealized circular lake with a phospho-
rus-limited lower food web and dreissenid bioenergetics model
linked to a fine-resolution hydrodynamic model. For each

areas. Given a peak at the deepest depths has yet to
occur, this shift will likely become more pronounced
over time.

The delayed increase in Dreissena spp. at greater
depths can arise from poor growth conditions during
thermal stratification and reduced recruitment. Mus-
sels were virtually absent at > 130 m depth in any of
the deep lakes before 2003 and 2007 (Fig. 4),
suggesting low propagule supply. Concomitantly,
lower food availability might cause starvation mor-
tality of young mussels; this process can explain the
absence of recruitment over the past decade at > 40 m
depths in eastern Lake Erie (Karatayev et al. 2018a).
Lower food availability and consistently low temper-
atures at greater depths reduce growth rates of
established mussels, an effect that was reproduced
by our biophysical model (Fig. 8). Greater longevity
of established mussels in deeper areas (due to reduced
temperature, wave stress, and perhaps predation)
allows mussels to reach larger individual sizes
(Karatayev et al. 2018a). This is especially evident
when biomass is measured directly: for instance, the
mean weight of an individual mussel increased
fivefold in Lake Michigan (2000-2015) and tenfold
at > 30 m in the profundal zone of eastern Lake Erie
(1998-2014), where increasing biomass and no

recruitment have Dbeen observed since 2009
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bathymetry scenario a annual mean values of dreissenid
biomass b and percent reduction in surface chlorophyll-a,
relative to the first year of invasion c are plotted at steady-state,
20 years after invasion, averaged over bathymetric depth zones
(< 30, 31-50, 51-90, and > 90 m) and lake-wide (Mean)

(Karatayev et al. 2018a). Slow individual growth and
high supply of propagules from shallow areas might
allow many mussels to establish before biomass
(proportional to filtration intensity) becomes high
and inhibits recruitment by depleting food, creating
density dependence that ultimately limits dreissenid
abundance (Karatayev et al. 2018a). Thus, slower
individual growth at greater depths may explain why
peak mussel biomass (over all years) was observed in
deep (50-100 m) rather than shallow areas (Fig. 7b).

Over time, a larger biomass is formed by fewer but
substantially larger mussels, and the increasing indi-
vidual size in deep areas leads to the observed
discrepancy between biomass and density trends
(e.g., 4.5-fold biomass growth but continuous density
decline in eastern Erie from 1998 to 2014). As
individuals grow slowly and live for many years,
biomass changes in our data follow density dynamics
with a large time lag. As a result, Dreissena biomass
continues to increase in almost all deep lakes and
across all depth zones (except the shallowest 0-30 m
zone; Fig. 4) despite decreasing densities, while in
shallow lakes and shallow zones of deep lakes biomass
has declined over the last 15 years (Figs. 2, 4, 7a, b).
Observed boom-and-bust trends in biomass in shallow
areas and in density in deep areas suggest that lake-
wide Dreissena biomass in deep lakes may eventually
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decline as well. However, our biophysical model
suggested that at steady-state, deeper lakes might
support greater lake-wide dreissenid biomass than
shallower lakes (given the same trophic status, i.e.
total P concentration; Fig. 8), likely due to the food
supplement by horizontal transport from deeper off-
shore waters with less mussel impact.

Morphometry determines the outcome
of Dreissena competition

We found that the outcome of zebra and quagga
mussel competition depends on lake morphometry and
is dramatically different in shallow vs. deep lakes
(Figs. 2, 3, 4, 5, 6 and 7). In shallow lakes both zebra
and quagga mussels over time colonize the entire
bottom (although zebra mussel distribution may be
more heterogeneous as they usually do not form high
density on soft substrates (reviewed in Karatayev et al.
1998), and, most importantly, the two species can
coexist (Table 2). In general, quagga mussels became
dominant 8-13 years after coexistence, but zebra
mussels remain common, comprising 13-33% of
Dreissena spp. combined density and 6-15% of
biomass. The percentage of zebra mussels in a
particular lake increases with the availability of hard
substrates in hydrologically active zones where they
survive better and achieve higher densities due to their
better resistance to dislodgment (as a result of higher
initial byssal production rates, attachment strength,
and flattened ventral edge, Mackie 1991; Dermott and
Munawar 1993; Claxton and Mackie 1998; Peyer et al.
2009, 2010). For instance, on hard substrates in
Saginaw Bay zebra mussel average density during
their population maximum in 1992 was 22 times
higher (although non-significant due to high variation
in data) than quagga mussel density recorded in 2017,
although on soft substrates quagga mussel density was
always higher than that of zebra mussels (Fig. 2). This
shows that quagga mussel dominance in shallow
waterbodies can homogenize dreissenid distribution
across space, but do not result in significant changes in
lake-wide dreissenid density (Table 2).

Our findings on Dreissena competition in the Great
Lakes parallel findings in other North American and
European waterbodies. In other shallow, polymictic
lakes quagga mussels became dominant in about
4-12 years of coexistence but do not appear to
completely replace zebra mussels (Online Resource

3). However, multiple system-specific factors can
influence the outcome of competition, including
selective predation by fish (e.g. higher predation
pressure on quagga mussels, Bowers et al. 2005;
Casper and Johnson 2010; Zhulidov et al. 2006, 2010;
Rudstam and Gandino 2020). In Oneida Lake quagga
mussels became dominant in 2009, four years after the
first record, reached 97% of density of all dreissenids
by 2015 (Hetherington et al. 2019), but then declined
to 78% by 2019, most likely due to the selective
predation by another Ponto-Caspian invader, the
round goby (Barton et al. 2005; Patterson et al.
2005; Hetherington et al. 2019). Within their native
range in the Dnieper River Delta and Dnieper-Bug
Liman where dreissenids coexisted for thousands of
years, the two species have been dominant in different
areas of waterbodies or in different years in the same
waterbody (Markovskiy 1954; Moroz and Alekseenko
1983). In agreement to our results from the Great
Lakes, quagga replaced zebra mussels in other deep
stratified lakes significantly earlier (1-2 years, aver-
age 1.3 £ 0.2 years of coexistence) than in polymictic
shallow lakes (Online Resource 3) and the competition
leads to the virtually complete displacement of zebra
mussels.

A suite of demographic and physiological traits
allows quagga mussels to colonize the large cold
profundal zone of deep lakes unsuitable for zebra
mussels, including the ability to colonize soft sub-
strates, higher filtration rate at low food concentra-
tions, greater assimilation efficiency (Diggins 2001;
Baldwin et al. 2002; Stoeckmann 2003), and greater
plasticity in shell production allowing more energy be
allocated to growth and reproduction (Mills et al.
1999; Karatayev et al. 2010; Nalepa et al. 2010;
Pryanichnikova 2012). Quagga mussels can also
reproduce at lower temperatures, a demographic
advantage in the profundal zone where zebra mussels
will not reproduce (Roe and MaclIsaac 1997; Claxton
and Mackie 1998; Nalepa et al. 2010). Furthermore,
indirect competition with quagga mussels via lake-
wide food depletion may contribute to the loss of
shallow, dense zebra mussel reefs (prominent early in
the invasion, Dermott et al. 1993; Nalepa et al. 1995;
Chase and Bailey 1999) and accelerate the net shift in
Dreissena presence offshore. Alternatively, other
factors like fish predation may also cause decline in
zebra mussel densities in shallow areas (Bowers et al.
2005; Casper and Johnson 2010; Zhulidov et al.
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2006, 2010; Rudstam and Gandino 2020). We should
mention, however, that although zebra mussels were
not recorded during recent lake-wide studies that
rarely sample < 10 m depths, they are still present in
very shallow areas of deep lakes, marinas, river
mouths, and on navigational buoys (Karatayev et al.
2013, 2018a; Burlakova et al. 2014).

Morphometry determines Dreissena ecosystem
impacts

Our biophysical model highlighted a much lower
impact of dreissenids on phytoplankton concentrations
in deep lakes due to two factors. First, in deeper areas
greater biomass is required to filter the same fraction
of the water column due to greater volume per unit
bottom habitat. Thus, during well-mixed spring and
fall periods, we show that mussel filtering had the
greatest local impact in shallow lakes (Fig. 7¢) and in
shallow areas of deep lakes early in the invasion
(Fig. 7d), despite that the highest biomass was
observed most recently at 30-90 m (Fig. 7b). Second,
in deep regions thermal stratification further limits the
impact of filtration by mussels on phytoplankton in the
epilimnion by preventing mixing of the entire water
column and thereby denying bottom-dwelling mussels
access to such phytoplankton (Rowe et al. 2015;
Waples et al. 2017; Karatayev et al. 2018a). Combin-
ing the effects of these features over time, our
biophysical model suggested that the decline in lake-
wide primary producers is fourfold greater in shallow
lakes compared to deep lakes (chlorophyll-a declines
0.2 ugL ™" in deep and 0.9 ugL ™" in shallow lakes,
Fig. 8).

In shallow lakes, Dreissena spp. typically has
homogeneous ecological impacts across space
because shallow lakes experience weaker thermal
stratification and shallow depths allow abundant
mussels to easily filter the entire water column
(Fig. 7c). As a result, the change in dominance from
zebra to quagga mussels had little effect on lake-wide
population density and ecosystem impact (Fig. 2;
Table 4). Conversely, in deep lakes ecological impacts
of Dreissena spp. gradually shift offshore throughout
the invasion (Fig. 7d). Early in the invasion dreis-
senids were limited to the shallow zone (< 30 m;
Figs. 5, 6), directly impacting littoral communities
throughout the growing season (reviewed in Kara-
tayev et al. 1997, 2002, 2015; Hecky et al. 2004;
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Fig. 8), but having less impact on offshore areas
(Fahnenstiel et al. 1995; Vanderploeg et al. 2010;
Fig. 8). Also, littoral communities of dreissenids and
associated benthic invertebrates and algae alter nutri-
ent cycling and retain phosphorus from allochthonous
sources in the nearshore and hence impact offshore
pelagic communities through the process known as a
“nearshore phosphorus shunt” (Hecky et al. 2004).
Therefore, early in the invasion dreissenid effect on
profundal and epilimnetic communities could be
characterized as remote (horizontal, i.e., nearshore to
offshore) and continuous during the entire growing
season (Table 4). The most dramatic consequence of
this remote impact was the sharp decline in amphipod
Diporeia in profundal areas of all deep Great Lakes
long before these areas were colonized with dreis-
senids (reviewed in Vanderploeg et al. 2010; Kar-
atayev et al. 2015; Burlakova et al. 2018; Barbiero
et al. 2018), although other reasons for the decline of
Diporeia were also suggested (Barbiero et al. 2011;
Nalepa et al. 2006; Watkins et al. 2007; Hewson et al.
2013).

The replacement of zebra with quagga mussels in
deep Great Lakes in mid 2000s was associated with an
order of magnitude increase in lake-wide population
density and biomass and a shift in the bulk of
Dreissena spp. from the nearshore zone to depths >

30 m (Figs. 5, 6 and 7). Similarly to the Great Lakes,
in Lake Skaneateles just one year after the first record
of quagga mussels, the combined density of all
dreissenids was already eightfold and in Lake
Canandaigua 13-fold higher than density of zebra
mussels (Online Resource 3).

Our analysis indicated that during the spring and
fall isothermal periods, filter-feeding intensity is more
likely to exceed the benchmark phytoplankton growth
rate at 30-90 m depths than at <30 m depths
(Fig. 7d). Accordingly, Vanderploeg et al. (2010)
estimated that the fraction of water column cleared per
day in Lake Michigan in the 30-50 m zone in
2007-2008 greatly exceeded phytoplankton growth
and suggested a hypothesis of a mid-depth carbon and
phosphorus sink caused by quagga mussel activity that
also affected the offshore region “downstream” of the
mid-depth zone. Thus, the expansion of quagga mussel
populations in mid-depth zone in the mid-2000s was
associated with increased transparency and silica
concentrations, decreases in seston, chlorophyll, phy-
toplankton, zooplankton, and benthos (excluding
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Table 4 Ecosystem impacts of Dreissena polymorpha (zebra mussels) and D. rostriformis bugensis (quagga mussels) in shallow vs.

deep Great Lakes

Dreissena  Distribution  Lake-wide Competition outcome Ecological impacts
species density
Shallow lakes
Zebra Colonize the Medium Decline as a result of Direct and continuous on benthic and pelagic
mussels whole competition communities (short-range facilitation and long-range
bottom competition)
Quagga Colonize the Similar to Dominate, but do not cause Same
mussels whole zebra zebra mussels extirpation
bottom mussels
Deep lakes
Zebra Colonize Small Replaced by quagga Direct, continuous on littoral communities
mussels only mussels after 6-8 years [ ong range, continuous on profundal benthic and
nearshore epilimnetic communities
Quagga Colonize the Large (x 10 of Cause virtually complete Littoral mussels:

mussels whole zebra

bottom mussels) mussels *

extirpation of zebra

Direct, continuous on littoral communities

Remote (horizontal), continuous on profundal benthic
and epilimnetic communities.

Profundal mussels:
Direct, continuous on profundal communities

Pulse (during spring and fall turnover) and remote
(vertical) on epilimnetic communities

*Although zebra mussels were not recorded during recent lake-wide studies that rarely sample < 10 m depths, they are still present in
very shallow areas of deep lakes, marinas, river mouths, and on navigational buoys

dreissenids), and altered community structure (Fah-
nenstiel et al. 2010; Bunnell et al. 2014; Barbiero et al.
2018; Burlakova et al. 2018). Conversely, the impact
of profundal dreissenids on epilimnetic waters, in
contrast to littoral mussels, is remote and likely limited
to pulses during turnover events (Table 4), while the
effect on benthos is continuous and direct.

Although it was suggested (Vanderploeg et al.
2010) that further expansion of mussels into deep
water would be constrained by the extremely low
phytoplankton biomass and productivity, the most
recent data clearly indicate that the maximum of
quagga mussels density in all deep Great Lakes has
shifted much deeper in the last 5 years and is located
now in lakes Michigan and Huron at 71-90 m and in
Lake Ontario at 51-70 m depth intervals (Fig. 5). This
shift was concurrent with a large 3—4 fold decline of
dreissenid density and 2—18 fold decline in biomass in
the shallowest zone, suggesting that the direct and
continuous impact of dreissenids in the nearshore
areas of the Great Lakes has diminished, while the role

of profundal mussels has increased. Hence, because of
this shift in lakes Ontario and Michigan, dreissenid
filter feeding has the potential to strongly suppress
phytoplankton abundance during isothermal periods in
the 30-90 m depth zones. Conversely, this impact in
the littoral zones has declined from its peak (Fig. 7d)
and is likely lower in Lake Huron compared to other
lakes due to lower Dreissena biomass (Fig. 4). We
hypothesize that mussel populations will likely con-
tinue to grow in even deeper areas calling for further
investigation to understand the ecosystem impact of
this shift. We thus suggest a new “offshore carbon and
phosphorus sink™ hypothesis. We should mention that
two previously described mechanisms of Dreissena
spp. impacts on the ecosystem (“nearshore phospho-
rus shunt” and “mid-depth carbon and phosphorus
sink™) still exist (Fig. 7d), and the relative importance
of all these mechanisms depends on the distribution of
mussels biomass, their clearance rate, and their access
to the epilimnion phytoplankton.

@ Springer
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Biophysical model limitations

The most distinctive difference between the model and
actual observations was the model’s failure to show a
decline in mussel biomass that was observed in
shallow areas later in the invasion. This difference
arose because we model instantaneous mussel biomass
growth and omit mussel size/age structure (Caswell
2001). In reality, young individuals take time to grow
(e.g., years for profundal dreissenids, Karatayev et al.
2018a) and initially have very low individual weight.
Early in the invasion, most individuals are small, total
biomass and competition are low, and recruitment is
high. With time, high densities translate to high
biomass (the ‘boom’) that can inhibit recruitment by
depleting food; poor recruitment then leads to popu-
lation decline (the ‘bust’; e.g., Fig. 4; Caswell 2001).
This population dynamic represents cohort cycles and
can occur in any species including Dreissena spp.,
where high biomass might inhibit recruitment by
depleting food (Karatayev et al. 2018a). Our biophys-
ical model simulated slower biomass increase in deep
areas due to colder temperatures and food limitation,
consistent with observations, but by omitting size/age
structure and recruitment processes, our biophysical
model did not reproduce effects of density-dependent
limitations on recruitment.

Alternative features missing from the model that
might explain observed biomass fluctuations include
predation by the invading round gobies and declines in
mussel carrying capacity over time. In addition to
mortality rates and recruitment, lake trophic status
may influence the dreissenid carrying capacity, but
total P was constant across our modeled bathymetry
scenarios. The total P concentration in the biophysical
model (7 pg/L) was similar to eastern and central Lake
Erie and Lake Ontario (6-8 pg/L), but greater than
Lakes Michigan and Huron (3-7 pg/L) around 2010
(Chapra and Dolan 2012). In contrast, mean total P of
western Erie and Saginaw Bay was 15.5 and 16.5 pg/
L, respectively, in 2010 (Chapra and Dolan 2012). The
mean total P concentration of Lake Michigan declined
from 4.6 to 3.0 pg/L over the course of the quagga
mussel invasion (2000-2010), which may represent
increased transfer of P to the sediment as a result of
mussel filter feeding (Rowe et al. 2017), and cause a
negative feedback on dreissenid carrying capacity, a
process that was not represented in our model.
However, changes in primary production and goby

@ Springer

abundance are unlikely to be as strong and simulta-
neous across all lakes as observed declines in density
and (in shallow lakes and zones) biomass.

A second key difference between our model and
data is that in deep lakes simulated biomass was
greatest in the < 30 m zone while observed biomass
was greatest in the 30-100 m zone (Figs. 4, 7b). This
difference can arise from multiple reasons. As sug-
gested earlier in the Discussion, greater biomass in
mid-depth areas might arise from density-dependent
recruitment and size/age structure (combined with
propagule supply from shallow areas). Littoral mussel
biomass might also be lower in reality than in the
model due to greater mussel mortality (here modeled
as spatially homogeneous) in shallow areas from
greater goby predation, wave stress, or temperatures.
Unstable bottom conditions caused by wave action
and sediment movement might also explain rapid
declines in mussel populations < 30 m (Nalepa et al.
2010). Both zebra and quagga mussels also experi-
enced greater mortality when kept in Lake Erie water
at a warmer temperature representative of littoral zone
conditions relative to colder temperatures representa-
tive of hypolimnetic conditions (Karatayev et al.
2010). Lower water temperatures may also contribute
to the success of quagga mussels in the 30-90 m zone,
as respiration rates decrease with temperature (Stoeck-
mann 2003), thus a lower food intake is required to
maintain biomass at low temperature. Finally, greater
light penetration in deeper areas (due to lower
sediment resuspension) might increase -carrying
capacity in mid-depth zones, but this contradicts
reduced growth of profundal compared to littoral
mussels in in situ experiments (Karatayev et al.
2018a).

Our model results also suggested that littoral zones
of deep lakes supported greater biomass than shallow
lakes, owing to horizontal transport of phytoplankton
from offshore production that was protected from
local benthic filter feeders by stratification and a deep
water column (Rowe et al. 2015; Waples et al. 2017).
Rowe et al. (2015) showed satellite remote sensing
evidence of reduced phytoplankton abundance in Lake
Michigan in areas of high filter-feeding intensity
during the spring isothermal period; these locations
were surrounded by areas of higher phytoplankton
abundance, which likely supplement the depleted
regions by horizontal transport. Waples et al. (2017)
documented particulate organic carbon fluxes to Lake
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Michigan mussel beds in mid-depth regions that were
up to ~ 6 times greater than pelagic primary produc-
tion, further indicating supplement to these regions by
lateral transport. Unfortunately, we were unable to test
the prediction that shallow areas of deep lakes support
higher dreissenid densities than shallow lakes using
our data due to differences in dreissenid carrying
capacity (e.g., lake trophic status), mortality, and
sampling coverage between these habitats.

Conclusions

We provided strong evidence that lake morphometry
determines invasion dynamics of both zebra and
quagga mussels. In shallow lakes dreissenids exhibit
a classic boom-and-bust dynamic but remain common
across all years and water depths. In deep lakes a rapid
colonization of shallow areas by zebra mussels is
followed by a much slower expansion of quagga
mussels to deeper areas where there is less food and
lower temperatures. Overall, the net effect in deep
lakes is a dramatic increase in ecosystem-wide dreis-
senid density, and with time a shift in Dreissena spp.
biomass to deep areas. We also found that where both
Dreissena species co-occur, quagga mussels generally
become dominant in 8-13 years but morphometry
affects the outcome of competition: while zebra
mussels are almost completely displaced in deep
lakes, they remain common in shallow lakes. Com-
parison with 21 waterbodies in North America and
Europe colonized by both dreissenids confirmed that
patterns of invasion dynamics found in the Great
Lakes are very consistent with other lakes and
reservoirs, and thus can be generalized to other lakes.
Our biophysical model reproduced major differences
in Dreissena invasion between shallow and deep lakes
and predicted that the long-term reduction in primary
producers by mussel grazing may be fourfold less in
deep lakes compared to shallow lakes due to greater
water volume and thermal stratification which reduces
relative food availability. Whilst the impact of mussel
grazing remains greatest in shallow areas, we showed
that when lakes are well-mixed during the isothermal
period in spring and fall, dreissenid grazing impact
may be greatest offshore at 30-90 m depths; this
reveals a novel, potentially strong offshore carbon and
phosphorus sink.
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