Sub-Indicator: Dreissenid Mussels
Overall Assessment
Status: Poor
Trends:
10-Year Trend: Deteriorating
Long-term Trend (1989-2019): Deteriorating
Rationale: The status of dreissenid mussels (quagga mussel- Dreissena rostriformis bugensis, and zebra mussel- D.
polymorpha) varies among water depths and lake regions. In general, dreissenid densities in Lakes Michigan, Huron,
and Ontario appear to have stabilized or are decreasing at depths < 90 m. However, dreissenids remain the
dominant component of the benthos and it is not clear if their impacts are lessening as a result of observed declines.
The deep zone (>90 m) appears to be a continuing invasion front for quagga mussels; density and biomass have
been gradually increasing, though at a slower population growth rate. In these three lakes, quagga mussels have
displaced zebra mussels except in shallow, nearshore areas and bays. Dreissenid populations in eastern Lake Erie
have been relatively stable at moderate levels for the past decade, very low in the central basin and declining in the
western basin. Dreissenid populations in Lake Superior remain at low levels. The data presented here are primarily
based on lake-wide surveys conducted over time by the US Environmental Protection Agency (EPA) and National
Oceanic and Atmospheric Administration (NOAA), and the Canadian Department of Fisheries and Oceans (DFO).
Since 2002, lake-wide benthic surveys have been a part of the Cooperative Science and Monitoring Initiative
(CSMI), which occurs every 5 years for each lake on a rotating cycle. New to this reporting cycle are data from
regional assessments and the Canadian Ontario Ministry of the Environment, Conservation and Parks (MECP)
Nearshore Great Lakes Monitoring Network from 1992-2016 (https://data.ontario.ca/dataset/benthic-invertebratecommunity-great-lakes-nearshore-areas).

Lake-by-Lake Assessment
Lake Superior
Status: Good
10-Year Trend (2009-2019): Unchanging
Long-term Trend (1989-2019): Unchanging
Rationale: Zebra mussels were first found in Duluth-Superior Harbor in 1989, and quagga mussels were
subsequently found in the same area in 2005 (Grigorovich et al. 2008). Since then, the spread and population
growth of both dreissenid species has been minimal. Both species are most abundant in the Duluth Harbor area or
just outside the harbor in the immediate vicinity of nearshore Lake Superior. Canadian nearshore sampling reveals
dreissenids to be largely absent (Figure 1), with the exception of a few specimens found at a site near Lake Superior
Provincial Park in eastern Lake Superior in 1992 (MECP). Other discovered populations include in an Isle Royale bay
in the northwest in 2009, Whitefish Bay in the east in 2002, the Apostle Islands, and a veliger from Nipigon Bay in
the north (Trebitz et al. 2019). EPA GLNPO Long-term Monitoring surveys found one small quagga mussel in 2019
near Silver Bay in the western end (Burlakova unpub. data). Veligers are highly uncommon in the EPA GLNPO
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zooplankton surveys; only 16 occurrences were recorded for 2002-2017- one veliger was found in eastern Lake
Superior in 2018, and none found in 2019 (J. Watkins pers. comm.). The broad spatial coverage but low densities of
these occurrences indicate that Lake Superior is likely marginally habitable for dreissenids. Low calcium and other
water quality characteristics pose a challenge to spawning success and veliger survival (Trebitz et al. 2019). The
next lake-wide CSMI benthic survey is planned for 2021.

Lake Michigan
Status: Poor
10-Year Trend (2005-2015): Deteriorating
Long-term Trend (1994-2015): Deteriorating
Rationale: Results from the most recent lake-wide survey (2015) reveal depth-specific trends in dreissenid density
and biomass. All mussels collected in 2015 were quagga mussels. While there were notable declines in density at
depths 31-90 m between 2010 and 2015 (Figures 2-4), biomass held fairly steady (Figure 3). The overserved
differences in abundance and biomass are a result of mean mussel size increasing. Dreissenid density and biomass
continued to increase at depths > 90 m (Figures 2-4). Despite declines at sites in the 31-90 m interval, the quagga
mussel population still well exceeds maximum densities previously reached by zebra mussels in that interval. The
next lake-wide CSMI benthic survey is planned for 2021.

Lake Huron (including St. Marys River)
Status: Poor
10-Year Trend (2007-2017): Deteriorating
Long-term Trend (2000-2017): Deteriorating
Rationale: The most recent data available from a lake-wide survey of dreissenid populations in Lake Huron is from
2017. Between 2007 and 2012, dreissenid densities (all quagga) appeared to have stabilized at 31-90 m, but then
increased slightly between 2012 and 2017 (from 1100/m2 to 1980 /m2; Figure 2, upper panel; Karatayev et al.
2020). From 2007 to 2017, decreased densities at 31-50 m were offset by increased densities at 51-90 m.
Densities continue to increase at depths > 90 m (Figures 2 and 5), notably to the point that the deep-water
dreissenid density in Lake Huron has caught up with that in Lakes Michigan and Ontario (Figure 2, lower panel). In
Canadian nearshore waters of Lake Huron, dreissenids increased between 1991 and 2002 and have since held at
moderate densities (~350-650/m2; Figure 1; MECP). Dreissenids offshore in Georgian Bay are found at overall lower
densities than in the main basin, but have followed similar depth-specific changes over time. In the Georgian Bay
nearshore, dreissenid densities peaked in 2002 and then sharply declined (1230/m2 in 2002 to 187/m2 in 2015;
Figure 1; MECP). While mussels were not present in North Channel at the sites sampled in 2007 and 2012, a few
small quagga mussels and one zebra mussel appeared in the 2017 survey. No dreissenids have been found in the
St. Marys River or North Channel in Canadian nearshore waters (Figure 1; MECP). The next lake-wide CSMI benthic
survey is planned for 2022.

Lake Erie (including St. Clair-Detroit River Ecosystem)
Status: Fair
10-Year Trend (2011-2019): Unchanging
Long-term Trend (1992-2019): Improving
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Rationale: The most recent data available is from a CSMI lake-wide survey of dreissenid populations in Lake Erie in
2019 (Karatayev et al. 2021a). Overall, lake-wide densities of dreissenids were much lower in 2019 compared to
the peaks in 1993 (zebras) and 1998 (quaggas) and similar to densities observed in 2011. The three basins of Lake
Erie exhibit different dreissenid mussel trends. In the western basin both species declined since 2004 and in 2019
reached minimum density and biomass (Figure 6). Canadian nearshore data from Lake Erie reflect this trend; peak
density was recorded in 1991 (141,057/m2) followed by declines through the 1990’s and consistently low densities
since (Figure 7; MECP). Nearshore surveys in the St. Clair-Detroit River Ecosystem show consistent low densities in
the Detroit River and high variability over time in Lake St. Clair and the St. Clair River (Figure 7; MECP). In 2019,
zebra mussels were dominant over quagga mussels in the western basin for the first time since the 1990’s (72% of
the combined dreissenid density). In contrast, zebra mussels are largely absent in the eastern basin (1% of all
mussels) and are not abundant in the central basin (20% of all mussels). Dreissenid populations in the western
basin are dominated by small mussels, which, along with overall low mussel densities, suggests periodic die-offs
every 2-3 years most likely due to occasional hypoxia. In the central basin, dreissenid densities have declined 5-fold
since their peak in 2002. Similar to the western basin, Dreissena population in the central basin is now largely
dominated by small mussels, especially at depths >20 m which are subject to seasonal hypoxia. The eastern basin
consistently supports the largest population of Dreissena, though there has been a strong decline since a peak in
2002 (Figure 6). The size structure of the eastern basin mussels indicates a lack of hypoxia events and consistent
recruitment at depths < 40 m, while at deeper areas the population is dominated by mussels >16 mm suggesting
lack of successful recruitment (Burlakova et al. 2017; Karatayev et al 2021a). The next lake-wide CSMI benthic
survey is planned for 2024.

Lake Ontario (including Niagara River and International section of the St. Lawrence River)
Status: Poor
10-Year Trend (2008-2018): Deteriorating
Long-term Trend (1994-2018): Deteriorating
Rationale: According to the 2018 lake-wide survey of dreissenid populations in Lake Ontario, quagga mussel
densities at 31-90 m were lower than in 2008 and very similar to 2013 (Figure 2; Nalepa and Baldridge 2016;
Karatayev et al. 2021b). Densities at this depth interval appear to have peaked in 2003. Nearshore data along the
Canadian shore of Lake Ontario also show a peak in dreissenid density in the early 2000’s, followed by a decline
(Figure 8; MECP). Despite declines in density, biomass at depths of 31-90 m has increased since 2008 as a result of
an increase in average mussel length (Karatayev et al. 2021b). The population at > 90 m appears to be expanding,
with continued, yet gradual increases observed since 1999 (Figure 2). In fact, the lake-wide dreissenid mussel
density and biomass estimates in 2018 were the highest ever recorded (Karatayev et al. 2021b). No zebra mussels
have been collected in a lake-wide survey since 2003 (Karatayev et al. 2021b) and nearshore monitoring has
produced only a few zebra mussels in Lake Ontario since 2006, though zebra mussel densities were very high in the
Bay of Quinte in 2009 and 2012 (MECP). Dreissenid densities in the St. Lawrence River have ranged from low to
moderate since the early 1990’s (Figure 8; MECP). The next lake-wide CSMI benthic survey is planned for 2023.

Status Assessment Definitions
Since there are no known methods to eliminate mussels, these status assessments are relative to historical
population data collected in the Great Lakes.
Good: no or few mussels
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Fair: moderate abundance
Poor: high abundance
Undetermined: Data are not available or are insufficient to assess condition of the ecosystem components

Trend Assessment Definitions
Improving: change towards more acceptable conditions, i.e., a statistically significant decrease in dreissenid
density/biomass
Unchanging: little or no change in density/biomass compared to previous data, with a preference for a time span of
at least 10 years to indicate if the population is showing signs of stabilizing.
Deteriorating: change away from acceptable conditions, i.e., a statistically significant increase in dreissenid mussel
density/biomass
Undetermined: Metrics do not indicate a clear overall trend, or sufficient data are not available to report on a trend

Endpoints and/or Targets
A quantitative endpoint has not been established. A proposed endpoint of zero dreissenids is unrealistic. A new
reference point under consideration for future SOGL reporting cycles is when a dreissenid population becomes
stable or varies within a given range, which is likely to be system-specific. A reference point such as this may
change how we assess status and trends. Ultimately, identifying system-specific thresholds will better facilitate the
modeling of dreissenid population dynamics and inputs to predictive ecosystem models. Such models are a
necessary precursor to effective resource management.

Sub-Indicator Purpose
The purpose of this sub-indicator is to assess the population status of the invading Dreissena rostriformis
bugensis (quagga mussel) and Dreissena polymorpha (zebra mussel) in the Great Lakes.

Ecosystem Objective
Dreissenids have actively changed the integrity of Great Lakes ecosystems by increasing water clarity, altering
nutrient and energy cycling, promoting nuisance levels of benthic algae, and negatively impacting some native
species of invertebrates and fish. The intensive filtering activity of quagga mussels has been implicated in the
reduction of the spring diatom bloom in Lake Michigan (Vanderploeg et al. 2010). Further, selective feeding by
dreissenids on phytoplankton has been linked to changes in phytoplankton community composition, which may
have consequences for harmful algal blooms (Tang et al. 2014). Such changes to ecosystem integrity create
uncertainty in effective resource management. Thus, the sub-indicator addresses the objective of maintaining
healthy and sustainable ecosystems.
This sub-indicator best supports work towards General Objective #7 of the 2012 Great Lakes Water Quality
Agreement which states that the Waters of the Great Lakes should “be free from the introduction and spread of
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aquatic invasive species and free from the introduction and spread of terrestrial invasive species that adversely
impact the quality of the Waters of the Great Lakes.”

Measure
This sub-indicator will report the density (number/m2) and, when available, biomass and size distribution of
dreissenid mussels in near to offshore benthic habitats of the Great Lakes. These metrics can be used to assess the
status of mussels on both the population and individual levels. Annual sampling in environments with newly
introduced populations and/or rapidly changing conditions is valuable. It is also important to sample in deeper
regions of the lakes (>90 m), as this is the depth of continued population growth for quagga mussels.
The most recent lake-wide conditions reported for Lakes Michigan, Huron, Ontario, and Erie are based on
Cooperative Science and Monitoring Initiative (CSMI) data collected in 2015, 2017, 2018, and 2019, respectively.
Data are usually summarized by depth zone because dreissenid mussel dynamics are strongly influenced by depth.
Offshore data collected by DFO in the 1990’s provides reference data for the beginning of the dreissenid mussel
invasion in Lake Ontario. Included for the first time in this subindicator are data from the MECP Nearshore Great
Lakes Monitoring Network, which includes benthic data collected from the 1990’s – 2016 in nearshore regions and
connecting waterways in Canadian waters across the Great Lakes basin.
The U.S. EPA Great Lakes National Program Office (GLNPO) long-term monitoring program assesses density of
Dreissena (and other benthos) in offshore regions of each of the lakes on an annual basis. In CSMI years, data from
some of the GLNPO stations are included in with the lake-wide survey results. Otherwise, some GLNPO data are
included anecdotally here (e.g., the few adult and veliger Dreissena observations in Lake Superior), but are not
included in the figures. GLNPO data generally follows similar trends within each lake and are accessible by request
from the GLNPO data portal GLENDA.

Ecological Condition
Dreissenid populations in the Great Lakes are presently in various stages of change. In many offshore regions,
populations are increasing, but in most nearshore regions, populations seem to be declining or exhibit high levels of
variability. While some year-to-year variability can be expected, a goal of this sub-indicator is to determine at what
level of density/biomass populations become stable and at equilibrium with the surrounding environment. Such
levels, along with associated degrees of uncertainty, can then be used in predictive models to better manage Great
Lakes resources. The data for Lake Erie suggests that Dreissena may have reached a carrying capacity and are
declining, but we need a longer data record for the other lakes to see where the Dreissena populations will land.
Lake and depth-specific carrying capacities are expected. For example, food availability, temperature and oxygen
regimes, and water movement (e.g., wave energy and currents) vary by depth and region, and will influence local
Dreissena populations. These factors are already implicated in the success of quagga mussels over zebra mussels
because quagga mussels have higher energetic efficiency and can persist in areas with lower food availability
(Wilson et al. 2006) and tolerate colder temperatures. Predation by fish may also alter dreissenid populations
(Rudstam and Gandino 2020). Lake whitefish and round goby are well documented predators on dreissenid
mussels (Foley et al. 2017; Pothoven and Madenjian 2008). Round goby have been connected to localized
population reductions in Onondaga Lake (Rudstam and Gandino 2020), but their consumptive effects were deemed
to be low in Saginaw Bay (Foley et al. 2017). We do not have sufficient data on round goby in Western Lake Erie to
draw solid conclusions about what role they may play in the observed dreissenid population declines.
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Recent research connects the observed distribution of Dreissena in Lake Erie to hypoxia events (Karatayev et al.
2018; 2021a). Regular and long-lasting summer hypoxia in the hypolimnion of the central basin of Lake Erie may
explain why the Dreissena population is all but absent at sites >20m. The western basin experiences infrequent and
brief hypoxia events that may only affect the mussels every couple of years. However, these events are sufficient to
cause mass mortality and thereby reduce Dreissena longevity (Karatayev et al., 2021a). In contrast, the eastern
basin does not experience hypoxia and contains the most stable mussel populations in Lake Erie. As a result, the
presence, density, and size structure of dreissenid populations can be good indicators of hypoxic conditions.
Dreissena populations are exposed to hypoxia in other shallow, productive areas in the Great Lakes, such as Green
Bay in Lake Michigan and Hamilton Harbour in Lake Ontario.
Biomass and size-distribution data can be used to assess population dynamics and predict the direction of
populations over time. For example, a population with a large number of individuals and a size distribution skewed
toward smaller individuals demonstrates high recruitment and possibly low survivability (or if survivability is not
compromised then it may illustrate recent colonization). In contrast, populations showing a size-frequency
distribution skewed towards larger individuals with fewer numbers suggests an aging population with relatively
lower recruitment and greater survivability. Traditional population ecology suggests that stable populations move
from a size-frequency distribution of low mean biomass towards one of higher mean biomass. As a population
colonizes a new area, high resource availability promotes high recruitment. As resources are sequestered into the
population, recruitment decreases with decreasing resource availability and mean biomass increases as fewer new
(low biomass) individuals are added to the population and surviving members continue to grow.

Linkages
Linkages to other sub-indicators include:
•

Benthos (open water) – the relative abundance of the benthic community other than dreissenids can be
affected by dreissenids.

•

Cladophora – Dreissena influences Cladophora by multiple main mechanisms: (1) Dreissena filtering
increases water clarity, which allows more light to reach Cladophora and promotes growth at deeper
depths; (2) local nutrient enrichment by mussel feces and pseudofeces; and (3) mussel beds provide
additional substrate for algal attachment.

•

Diporeia (open water) – Diporeia is an important component of the native benthic community that has
been affected by dreissenids. Dreissena has replaced Diporeia as the dominant benthic organism in
offshore habitats.

•

Harmful Algal Blooms – although algal blooms are mainly caused by the input of dissolved reactive
phosphorus (Scavia et al. 2014), the mechanisms of selective filtering and, to a lesser extent, nutrient
excretion by dreissenids have the potential to increase frequency, distribution and severity of algal
blooms and favour the predominance of toxin-producing cyanobacteria (Tang et al. 2014).

•

Phytoplankton – the abundance and composition of phytoplankton has dramatically changed in areas of
the Great Lakes where dreissenids have become abundant

•

Nutrients in Lakes – A recent study estimated that dreissenid mussels have become a major agent of
phosphorus cycling in all four of the invaded Great Lakes, and their tissues and shells now contain nearly
as much phosphorus as the entire water columns above (Li et al. 2021). If the phosphorus dynamics in
the Great Lakes are now regulated by dreissenid mussel populations, it is important to continue
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monitoring dreissenid biomass and distributions and recognize that extreme changes in dreissenid
populations in either direction will have wide-spread ecosystem consequences.
•

Impacts of Aquatic Invasive Species – Dreissenid mussels are two of the most impactful invasive species
to enter the Great Lakes. The presence of Dreissena may enable the success of other invasive species,
particularly those from the Ponto-Caspian assemblage.

A change in the thermal regime of the lakes, as realized by changes in the timing of lake stratification and mixing
events, could substantially impact dreissenids. Dreissenids have the greatest access to the phytoplankton
community when the water column is fully mixed in the spring and fall. During stratification, the grazing potential of
mussels is therefore reduced. If increased water surface temperatures in the spring and summer extend the
stratified period, mussels may experience reduced food supplies. Further, increasing water temperatures in shallow
bays could increase the probability of hypoxia, which would in turn reduce available suitable habitat.

Assessing Data Quality
Data Characteristics
Data are documented, validated, or quality-assured by a
recognized agency or organization
Data are from a known, reliable and respected generator
of data and are traceable to original sources
Geographic coverage and scale of data are appropriate to
the Great Lakes Basin
Data obtained from sources within the U.S. are
comparable to those from Canada
Uncertainty and variability in the data are documented
and within acceptable limits for this sub-indicator report

Data used in assessment are openly available and
accessible

Agree

Neutral or
Unknown

Disagree

Not
Applicable

X
X
X
X
X

Yes

Data can be found here:
Lake Michigan Data: NOAA GLERL
Technical Memo 164 (1994-2010) and
NOAA GLERL Technical Memo 175
(2015).
Lake Huron Data: NOAA GLERL
Technical Memo 140 (1972, 2000-2003);
NOAA GLERL Technical Memo 172
(2006-2012),
Lake Ontario Data: Burlakova et al.
Accepted 2021. Ecology Data Paper
(1964-2018). Compilation of Canadian
and U.S. data.
https://esajournals.onlinelibrary.wiley.com/
doi/10.1002/ecy.3528
MECP Canadian Nearshore Data:
https://data.ontario.ca/dataset/benthicinvertebrate-community-great-lakesnearshore-areas

STATE OF THE GREAT LAKES 2022 TECHNICAL REPORT

7

Data Limitations
Because of the rapid rate at which Dreissena populations have expanded in many areas, and because of the ability
of dreissenids to cause ecosystem-wide changes, documenting trends and reporting data needs to be completed in
a timely manner. Besides density, biomass should be routinely monitored and determined using common protocols
(e.g., Nalepa et al. 2014). This allows comparisons across lakes and other food web components, and is most useful
for predictive models. Since dreissenids are found on hard as well as on soft substrates, various sampling methods
may be needed to truly assess population mass in a given lake or lake region. New, video-based methods are being
developed that are showing promise for increasing sampling coverage and also reducing the lag time between collection and reporting (Karatayev et al. 2021a). The data presented here are entirely from Ponar samples collected in
areas with soft substrate. Hard substrate areas in the nearshore are typically under-sampled and there is the potential for zebra mussels, which prefer hard substrate, to be underrepresented in these surveys. Also, these assessments are focused on the main basins of the lakes, but some data for connecting channels is available from the
MECP Nearshore Great Lakes Monitoring Network. Physical factors in connecting channels such as substrate variability, current patterns, etc. can result in high interannual variations in population that make it more difficult to interpret temporal trends. The available U.S. and Canadian data sources are comparable over time because both countries have performed whole-lake benthic surveys. In more recent years, the data sources are more complementary
than comparable because they cover different depth zones and sampling locations. The benthic monitoring program
conducted by MECP primarily covers nearshore areas (typically <3 km from shore) and DFO no longer conducts
long-term offshore monitoring. However, the CSMI lake-wide surveys include data from both U.S. and Canadian
waters, with site depths ranging from ~10 m to >200 m, depending on the lake.

Additional Information
Dreissenid mussels may be responsible for adverse impacts to several other sub-indicators. Dreissenid mussels
have directly or indirectly impaired native species and therefore have negatively impacted biological integrity.
Further they have impaired several beneficial uses listed under Annex 1 of the Great Lakes Water Quality
Agreement (GLWQA) including fish and wildlife consumption, and fish and wildlife populations. Aquatic invasive
species, including dreissenid mussels, have been given a high priority in the renewed GLWQA.
In 2014, the Invasive Mussel Collaborative (http://invasivemusselcollaborative.net/) was formed to advance
scientifically-sound technologies to control invasive mussels. The IMC includes representatives from Federal,
Provincial, State, tribal, industry, not-for-profit, and academic organizations. The Collaborative aims to improve
communication and coordination among researchers and resource managers. To this end, the IMC administers an
email list and maintains a comprehensive website with access to resources, such as research publications, a
decontamination guide, and management plans. In 2019, the IMC coordinated a demonstration control project on
Good Harbor Reef in northern Lake Michigan to test the efficacy of covering mussel beds with benthic mats and
injecting Zequanox® underneath the mats. Mussel mortality was greater than 90% one month after treatment and
post-treatment monitoring will reveal the speed and degree of recolonization. Wide-spread removals remain
unfeasible, but targeted efforts to control dreissenid mussels in high-value habitats are being explored.
Monitoring programs collect data on density, biomass, size-frequency distributions, and length-weight relationships
for dreissenid mussels. Methods for estimating abundances of Dreissena are generally similar across the Great
Lakes. Samples of bottom substrates are collected with a Ponar grab and contents are washed through a screen (or
net mesh) of 0.5-mm openings (0.6-mm for the MECP Nearshore surveys). While abundances are the most
common reporting measure of population status, biomass is more valuable for assessing ecological impacts and for
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input to predictive models. Biomass has been measured using a few different methods. One approach is to only
measure the mussel soft tissue with the thought that this best represents the biologically active portion of the
organism. Some protocols call for separating soft tissue from shell and directly determining soft tissue weight, while
others determine the size frequency of the populations (shell length) and infer tissue biomass based upon a
predetermined relationship between shell length and soft tissue weight (e.g., Nalepa et al. 2014). Tissue weight can
be expressed as dry weight or ash free dry weight (as in Figure 2). Another approach is to measure the wet weight
of the whole mussel (shell and tissue), which is consistent with the US EPA Standard Operating Procedure for
Benthic Invertebrate Laboratory Analysis (SOP LG407, Revision 09, April 2015; e.g., Nalepa et al. 2020, Karatayev
et al. 2020). It is important to pay attention to the metric used for biomass so that comparable values are used when
combining data sources. Values may require conversion using available regressions (e.g, Nalepa et al. 2020 for Lake
Michigan and Karatayev et al. 2020).
Ideally, the dreissenid population should be assessed in offshore lake regions every ~3-5 years and more frequently
(every ~1-2 years) in areas with higher temporal variability such as nearshore regions including shallow bays and
basins, and connecting channels. This level of sampling requires a considerable amount of resources and support.
Presently, the main data sources are the lake-wide CSMI surveys conducted in each of the lakes every 5 years, the
annual offshore EPA GLNPO benthic survey, the NOAA/GLERL annual southern Lake Michigan benthic survey, and
the MECP Nearshore Great Lakes Monitoring Network surveys. Other programs assess dreissenid populations in
specific locales as related to different program goals. On the whole, the current monitoring programs are adequate
to detect population changes, though it would be beneficial to add more sampling of regions with hard substrates.
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List of Figures
Figure 1. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Superior
and Lake Huron. Lake Superior = purple Xs; St. Mary’s River = orange diamonds; North Channel = green triangles;
Georgian Bay = blue squares; Lake Huron = red circles. Note that points for Lake Superior, St. Mary’s River and
North Channel all cling to the x-axis due to mostly zero values.
Data Source: MECP Nearshore Great Lakes Monitoring Network.
Figure 2. Mean densities (number per square metre) of Dreissena from sites at 31-90 m (upper panel) and >90 m
(lower panel) in Lakes Michigan, Huron, and Ontario. Data are from lake-wide surveys conducted mostly at 5-year
intervals. Lake Michigan = blue triangles, long-dashed line; Lake Huron = red squares, short-dashed line; Lake
Ontario = black circles, solid line. Note the difference in scale between the two figures.
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Data Sources: Great Lakes Environmental Research Lab, NOAA; Great Lakes Center, SUNY Buffalo; Dermott and
Geminiuc 2003; Lozano et al. 2001; Watkins et al. 2007; Birkett et al. 2015; Nalepa et al. 2014, 2018, 2020;
Karatayev et al. 2020 and 2021b; Burlakova et al. 2021.
Figure 3. Long-term trends of total Dreissena in Lake Michigan in 1994/1995, 2000, 2005, 2010, and 2015. Values
given are lake-wide means (± SE) at four depth intervals: < 30 m (black, circles), 31-50 m (red, triangles), 51-90 m
(blue, squares), and > 90 m (green, diamonds). Upper panel = density (number per square meter); lower panel =
biomass (ash-free dry weight of mussel tissue in grams per square metre).
Data Sources: Great Lakes Environmental Research Lab, NOAA; Nalepa et al. 2014, 2020
Figure 4. Densities (number per square metre) of zebra (upper panel) and quagga (lower panel) mussels in Lake
Michigan from 1994/5-2015.
Data Sources: Great Lakes Environmental Research Lab, NOAA; Nalepa et al. 2014, 2020
Figure 5. Densities (number per square metre) of zebra (upper panel) and quagga (lower panel) mussels in Lake
Huron from 2000-2017. Data
Sources: Great Lakes Environmental Research Lab, NOAA; Nalepa et al. 2018; Karatayev et al. 2020
Figure 6. Long-term dynamics of Dreissena density (number per square metre; red squares) and biomass (grams
wet weight per square meter; black triangles) in Lake Erie (means ± SE). Data represent a variety of non-randomly
selected sampling stations and differing sampling methods over the years. Note the differences in scale among the
panels.
Data Sources: Great Lakes Center, SUNY Buffalo; Karatayev et al. 2021a (and references therein)
Figure 7. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Erie and
the St. Clair-Detroit River Ecosystem. First axis (higher values): Lake Erie = red circles, solid line. Second axis: Lake
St. Clair = orange diamonds, dashed line; Detroit River = green triangles, dashed line; and St. Clair River = blue
squares, dashed line.
Data Source: MECP Nearshore Great Lakes Monitoring Network.
Figure 8. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Ontario and
the St. Lawrence River. Lake Ontario = red circles; Hamilton Harbour = orange diamonds; Bay of Quinte = blue
squares; St. Lawrence River = green triangles.
Data Source: MECP Nearshore Great Lakes Monitoring Network.
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Figure 1. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Superior
and Lake Huron. Lake Superior = purple Xs; St. Mary’s River = orange diamonds; North Channel = green triangles;
Georgian Bay = blue squares; Lake Huron = red circles. Note that points for Lake Superior, St. Mary’s River and
North Channel all cling to the x-axis due to mostly zero values. Data Source: MECP Nearshore Great Lakes
Monitoring Network.
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Figure 2. Mean densities (number per square metre) of Dreissena from sites at 31-90 m (upper panel) and >90 m
(lower panel) in Lakes Michigan, Huron, and Ontario. Data are from lake-wide surveys conducted mostly at 5-year
intervals. Lake Michigan = blue triangles, long-dashed line; Lake Huron = red squares, short-dashed line; Lake
Ontario = black circles, solid line. Note the difference in scale between the two figures. Data Sources: Great Lakes
Environmental Research Lab, NOAA; Great Lakes Center, SUNY Buffalo; Dermott and Geminiuc 2003; Lozano et al.
2001; Watkins et al. 2007; Birkett et al. 2015; Nalepa et al. 2014, 2018, 2020; Karatayev et al. 2020 and 2021b;
Burlakova et al. 2021.
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Figure 3. Long-term trends of total Dreissena in Lake Michigan in 1994/1995, 2000, 2005, 2010, and 2015. Values
given are lake-wide means (± SE) at four depth intervals: < 30 m (black, circles), 31-50 m (red, triangles), 51-90 m
(blue, squares), and > 90 m (green, diamonds). Upper panel = density (number per square meter); lower panel =
biomass (ash-free dry weight of mussel tissue in grams per square metre). Data Sources: Great Lakes
Environmental Research Lab, NOAA; Nalepa et al. 2014, 2020.
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Zebra Mussels

Quagga Mussels

Figure 4. Densities (number per square metre) of zebra (upper panel) and quagga (lower panel) mussels in Lake
Michigan from 1994/5-2015. Data Sources: Great Lakes Environmental Research Lab, NOAA; Nalepa et al. 2014,
2020
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Figure 5. Densities (number per square metre) of zebra (upper panel) and quagga (lower panel) mussels in Lake
Huron from 2000-2017. Data Sources: Great Lakes Environmental Research Lab, NOAA; Nalepa et al. 2018;
Karatayev et al. 2020.
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Figure 6. Long-term dynamics of Dreissena density (number per square metre; red squares) and biomass (grams
wet weight per square meter; black triangles) in Lake Erie (means ± SE). Data represent a variety of non-randomly
selected sampling stations and differing sampling methods over the years. Note the differences in scale among the
panels. Data Sources: Great Lakes Center, SUNY Buffalo; Karatayev et al. 2021a (and references therein).
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Figure 7. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Erie and
the St. Clair-Detroit River Ecosystem. First axis (higher values): Lake Erie = red circles, solid line. Second axis: Lake
St. Clair = orange diamonds, dashed line; Detroit River = green triangles, dashed line; and St. Clair River = blue
squares, dashed line. Data Source: MECP Nearshore Great Lakes Monitoring Network.

Figure 8. Mean densities (number per square metre) of Dreissena in Canadian nearshore waters of Lake Ontario and
the St. Lawrence River. Lake Ontario = red circles; Hamilton Harbour = orange diamonds; Bay of Quinte = blue
squares; St. Lawrence River = green triangles. Data Source: MECP Nearshore Great Lakes Monitoring Network.
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