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Coastal waters of Lake Superior are generally inhospitable to the establishment of
invasive Dreissena spp. mussels (both Dreissena polymorpha and Dreissena bugensis).
Dreissena have inhabited the Saint Louis River estuary (SLRE; largest commercial port
in the Laurentian Great Lakes) for over three decades, but only in the last few years
have small colonies been found in the Apostle Islands National Lakeshore (APIS, an
archipelago situated 85 km to the east of SLRE) A 2017 survey determined a low
abundance Dreissena spatial distribution in APIS, with the largest colonies on the
north and west islands which suggested potential veliger transport from the SLRE via
longshore currents. Our objective in this study was to determine if Dreissena veligers
are transported by currents at low densities along the south shore of Lake Superior
from the SLRE to APIS. To do so, we used both eDNA (water and passive substrate
samples) and zooplankton collection methods at eight sites evenly spaced between the
SLRE and APIS with three sampling times over five weeks. Dreissena veligers were
consistently detected along the south shore, although at low abundances (veligers
per m3 range = 0–690, median = 8), and for every 1 km increase in distance from
the SLRE, both veliger counts and water eDNA copy numbers decreased on average
by 5 and 7%, respectively. D. polymorpha (suited to estuary habitats) was detected
two times more than D. bugensis (better suited to deep-lake habitats). There was not
a trend in the veliger size distribution along the south shore, and temperature and
calcium concentrations fluctuated around the threshold for Dreissena veliger and adult
development, averaging 11.0◦C and 14.8 ppm, respectively. Three zooplankton taxa
representative of the estuary community–Daphnia retrocurva, Diaphanosoma birgei,
and Mesocyclops copepodites–decreased as the distance from the SLRE increased
mirroring Dreissena veliger abundance patterns. Findings represent multiple sources
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of evidence of a propagule “conveyor belt” for Dreissena along the south shore
of Lake Superior. We conclude that veligers are functioning as a propagule, using
coastal currents to spread from the point of invasion, thereby traversing coastal habitat
previously reported as inhospitable to distant habitats suitable for colonization.

Keywords: Dreissena, Lake Superior, current transport, eDNA, qPCR

INTRODUCTION

Currents can drive larval transport of invasive species to new
habitats. Many aquatic benthic organisms have a two-part life
history with a sedentary adult phase and a drifting larval
phase. This larval phase disperses via currents, which leads to
invasion “source-sink” processes (Pineda et al., 2007). Long-
distance dispersal may occur when physical conditions allow
drift across long distances to new suitable habitats (Hastings
et al., 2005; Kinlan et al., 2005). Marine benthic invertebrate
dispersal can range from tens to hundreds of kilometers
(Kinlan and Gaines, 2003).

Environmental characteristics can limit or expand the
dispersal of invasive invertebrate larvae. For example, surface
currents drove dispersal through unsuitable to suitable
environments of the invasive jellyfish Phyllorhiza punctata
in the Gulf of Mexico (Johnson et al., 2005), red king crab
Paralithodes camtschaticus larvae in Norway’s northern coast
(Pedersen et al., 2006), and the Chinese mitten crab Eriocheir
sinensis in the Delaware Bay (Tilburg et al., 2011). Additionally,
the European green crab Carcinus maenas was transported
by currents across the west coast of North America bridging
temporal and temperature limitations (See and Feist, 2010). The
furthest north expansion of this invasive species occurred during
the fall of an El Niño year, demonstrating temporal variability in
the spread, and current velocity had a two times greater effect on
transport than temperature (See and Feist, 2010).

The Laurentian Great Lakes (hereafter, Great Lakes) contain
freshwater coastal habitat with differences and similarities to
traditional oceanic coastal habitat that make an interesting basis
of comparison for larval transport. Although a salinity gradient
is not present in Great Lakes estuarine habitat, the meso-
physical processes of upwelling and currents are comparable
to oceans (Bedford, 1992), and the scale of coastal habitat is
similarly large, with the Great Lakes containing as much coastline
length as the Atlantic seaboard (Young and Janssen, 2009). The
coastal habitat of oceans and the Great Lakes are considered a
hot spot for aquatic invasive invertebrates, with many similar
anthropological vectors, such as large ship traffic and recreational
boating (Ricciardi, 2006; O’Malia et al., 2018). Yet in the Great
Lakes, there are not nearly as many taxa that have pelagic
early life stages compared to oceans, so current-driven transport
has been less explored. One Great Lakes case study predicted
larval transport from major harbors in lakes Michigan and Erie
for potential invader golden mussels using a three-dimensional
particle transport model (Beletsky et al., 2017). It predicted that
in 2 weeks of drift time mussels can travel over 200 km, and larval
advection may be important for aquatic invasive species (AIS)
dispersal in the Great Lakes.

Dreissena is a genus of mussels containing Dreissena
polymorpha (zebra mussel) and Dreissena bugensis (quagga
mussel), both of which are native to eastern Europe and western
Asia and invasive in the Laurentian Great Lakes (Nalepa and
Schloesser, 2013; U.S. Geological Survey, 2020). Adult Dreissena
colonize benthic structures and filter feed, and immature veligers
disperse in the zooplankton community, with D. polymorpha
and D. bugensis occupying similar ecological niches (Karatayev
et al., 2015), although D. bugensis tends to occur in deeper
and colder waters and is better able to colonize soft sediments.
D. polymorpha first invaded Lake Erie in 1986, spreading to
all the Great Lakes by 1990. After D. bugensis invaded in
1989, it spread across the great lakes, overtaking D. polymorpha
populations as the dominant mussel in both deep and soft
substrate habitats. There is a wide range of negative effects
reported from Great Lakes Dreissena populations, including
alterations to food webs, community structure, water clarity,
and nutrient availability, making these invasions a significant
conservation concern over the past >30 years (Higgins and
Zanden, 2010; Karatayev et al., 2015). Most published studies on
Dreissena impacts in the Great Lakes focus on the bottom-settled
stages, but veliger abundances are seasonally high enough in the
lower Great Lakes that impacts on zooplankton are also suspected
(Bowen et al., 2018).

In contrast to the other four Laurentian Great Lakes –
whose bottoms are blanketed with Dreissena – Lake Superior
presently has only a few spatially limited Dreissena colonies in
the lake proper, which is thought to be because of its inhospitable
environmental conditions. One factor limiting Dreissena
colonization may be lower calcium (Ca++) concentrations in
Lake Superior compared to other great lakes, which limits shell
growth (Lafrancois et al., 2018). Additionally, Lake Superior is
colder (in the summer) and more oligotrophic than the other
great lakes, and Dreissena is limited by the low productivity
and temperature (Grigorovich et al., 2003). Yet, small and
scattered Dreissena colonies have been recorded in recent
years at several locations around the Apostle Islands National
Lakeshore (APIS). The one established Dreissena population
is in the barrier-beach protected Saint Louis River estuary
(SLRE; also known as the Duluth-Superior harbor), which is
located at the far western end of Lake Superior and has had
Dreissena present since 1989 (Trebitz et al., 2010). The SLRE
has warmer summer temperatures and higher productivity
and calcium concentrations than Lake Superior (Loken et al.,
2016), explaining the ability of Dreissena to establish and
persist there. We know less about Dreissena establishment
potential in APIS and along the south shore (at mouths of
rivers), where productivity is only slightly elevated above levels
of open Lake Superior, and Ca++ concentrations are on the
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upper end of the limit of uncertainty in veliger survivability
(Lafrancois et al., 2018).

A 2017 APIS survey was implemented because of concerns
over reported adult Dreissena on shipwrecks and native mussels
by the National Park Service.A small number of D. polymorpha
colonies (<20 adults) were found within and near APIS from
2015–2017 (Lafrancois et al., 2019). The goal of the survey was to
determine Dreissena prevalence and distribution and the baseline
and potential impacts on zooplankton and benthic communities
(Trebitz et al., 2019). No settled juvenile or adult Dreissena were
detected on passive samplers when retrieved (rock bags, Hester
Dendy plates, cinder block anchors, lines, and buoys). Dreissena
veligers were present in 43 zooplankton samples (44% of tows)
but at low densities. Only 6/43 samples had densities greater
than 5 specimens per m2. Dreissena DNA was found on 6 mesh
substrates (16.2%).

One of the interesting findings was a spatial pattern from east
to west in the islands, with greater densities in the west and north
side of the islands and primarily absent from southeast islands
(Trebitz et al., 2019). This pattern suggests that veligers could be
transported from SLRE (largest, most established population in
Lake Superior) to APIS (∼100 km away) via summer currents
(Beletsky et al., 1999, 2017; Bennington et al., 2010). Dreissena
may be able to complete the veliger life stages over the three weeks
to transport from SLRE to APIS, and many of these individuals
would be predated on in the process, decreasing their abundance
along the gradient from SLRE to APIS (Ackerman et al., 1994).
Alternatively, there are coastal habitats and wetlands along
the south shore of Lake Superior that may act as sources of
veligers and other zooplankton species, although a much smaller
scope than the SLRE.

The 2017 survey used genus-level identification, yet
eDNA methods have expanded to identify Dreissena at the
species level to determine whether zebra (more suitable for
SLRE habitat) or quagga (more suitable for APIS habitat)
dominate. Although eDNA methods are robust for aquatic
invasive species detection, there may still be uncertainties in
whether detection represents species presence or establishment
(Sepulveda et al., 2020). Therefore, multiple lines of evidence,
including multiple gear types and paired morphological and
molecular datasets, are needed to assess Dreissena populations at
low abundances.

We hypothesized that Dreissena veligers are transported by
currents at low densities along the south shore of Lake Superior
from the SLRE to the APIS. Specifically, we predicted that (1)
D. polymorpha will dominate Dreissena detections because it is
more suited to the estuary habitat. Additionally, with increased
distance from the SLRE: (2) Dreissena DNA detection will
decline in eDNA water and passive samples, with detection
dropping off as density is very low; and (3) veliger density will
decline; (4) “SLRE”-type zooplankton density will decline as
no more individuals are locally added to the population and
natural mortality due to predation and low resources reduces the
population size; (5) veliger size will increase as they are growing
during transport and no small veligers are locally added to the
population. (6) Water quality (Ca++ and temperature) will shift
from the estuary to the open lake consistent with mixing the

warmer, Ca++ rich waters in the estuary to colder, Ca++ poor
waters in the open lake.

MATERIALS AND METHODS

Survey Description
In this study, eight sites (depth of 10–15 m) from the SLRE to the
APIS were surveyed for Dreissena, zooplankton community, and
environmental parameters (Figure 1 and Table 1). The four sites
closest to the SLRE were grouped ∼7 km apart with the first site
in the Superior Bay area of the SLRE serving as a positive control
(known Dreissena population). The four furthest east sites along
the south shore to Sand Island, APIS were grouped ∼17.5 km
apart. There were three sampling time points over summer 2019:
August 12–14th (week 1), August 29 (week 3), and September 16–
17 (week 5). This collection coincided with peak veliger dispersal
in the Great Lakes (Bowen et al., 2018).

Environmental Datasets
Surface current patterns (time-averaged velocity) were
determined by averaging the surface current velocity and
direction for 2 weeks prior to the last sampling day of a sampling
trip using data from the Great Lakes Coastal Forecasting System
(GLCFS) database. Two-week averages were used because that is
the estimated transportation time from the SLRE to APIS along
longshore surface currents, determined by a glider deployed
concurrently with the first sampling week that measured surface
current velocity from the SLRE to APIS (Austin, 2013). The
GLCFS forecasts numerous environmental variables for the
Great Lakes based on stationary information derived from
observation buoys throughout the Great Lakes forecasted in
hourly increments. One dimensional depth averaged forecasted
output datasets including time, latitude, longitude, east surface
water velocity, and north surface water velocity at 10 km cells in
the western arm of Lake Superior were downloaded as NetCDF
files and plotted.

Additional environmental parameters were obtained
during each sampling station visit. Temperature, conductivity,
fluorescence, corrected photosynthetically active radiation
(PAR), depth, pH, specific conductance, and dissolved oxygen
concentration measurements were obtained via a SeaBird profile
that was post-processed to bin values into 1 m depth intervals.
Because calcium (Ca++) is thought to be a limiting factor for
Dreissena shell formation, its concentration was measured via
atomic absorption spectrophotometry in a filtered (0.45 µm
hydrophilic nylon filter) and acidified (pH < 4) water sample
obtained by combining near-surface and near-bottom water
collected with Niskin bottles (Hoffman et al., 2010).

Field Sample Collection and Processing
Three sampling methods were used to obtain Dreissena DNA:
mesh substrate, water samples, and zooplankton tows. Mesh
substrates were deployed on August 12–14 (week 1) and retrieved
September 16–17 (week 5). Banners were constructed using a
1.2 m× 1.2 m 4′×4′ section of high-density polyethylene (HDPE)
construction fencing. The 1.2 m × 1.2 m section was folded in
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FIGURE 1 | Maps displaying sampling sites and surface current patterns over the three sampling periods, with legend at right (in meters per second). Timed average
velocity for two weeks prior to sampling (obtained from Great Lakes Coastal Forecasting System) were used to generalize the current patterns of the zooplankton
community exiting the St. Louis River estuary (SLRE) would experience. Currents in week 1 and week 3 sampling trended eastward from the SLRE to the Apostle
Islands (APIS), while they trended westward in the two weeks prior to Week 5.

TABLE 1 | Summary of survey methods.

Gear Method Analysis intent Sample size

GLFS Currents inferred from two-week average prior
to sampling

Match current trends to Dreissena and other
zooplankton detection

3

Calcium water sample Bottom and surface combined Cation analysis method 24

CTD sonde Vertical profile with 0.25 m depth bins for
temperature (C) and other water chemistry
parameters.

Match values to Dreissena development stages 24

Mesh substrate 2, 0.6 × 1.2 m mesh substrates sampled at
bottom (2 m above benthos) and surface (2 m
below surface).

qPCR targeting Dreissena (markers for genera
and species specific: D. polymorpha and
D. bugensis).

8 bottom and 8 surface

eDNA water sample 1L water collected at bottom (2 m above
benthos) and surface (3 m below surface)

qPCR targeting Dreissena (markers for genera
and species specific: D. polymorpha and
D. bugensis).

24 bottom, 24 surface, and 6
controls

Zooplankton tow Composite four vertical tows per sample
starting 2 m from bottom. Decanted ethanol
from preserved samples used for DNA analysis.

qPCR targeting Dreissena (markers for genera
and species specific: D. polymorpha and
D. bugensis), morphological enumeration for
veliger densities, zooplankton community.

24

The eight stations were sampled three times over 5 weeks; mesh substrates were deployed over 5 weeks and retrieved at the end of the study period. The Great Lakes
Forecasting System (GLFS) dataset was obtained from the NOAA database and not generated from the survey.

half to create a 2-ply, 0.6 m wide × 1.2 m long banner. Each
banner was secured to a mooring line through the center of the
banner with ties at the bottom, center, and top. Two banners were
secured per line [bottom (1 m from lake bottom) and surface
(1 m from lake surface)] and attached to two buoys and concrete
anchor. One buoy was positioned 1/2 to 1 m below the surface of
the water for stability in minimizing drag during flow events, and
another buoy was positioned at the surface to mark the location
and assist with retrieval. Retrieved banners were placed into
separate large ziplock bags (1 banner/bag) and stored at −80◦C
until processing. Each frozen mesh substrate was scraped on each

side with a clean rubber squeegee to remove contents, rinsed,
and filtered through a 63 µm sieve. Contents were preserved
with 95% ethanol.

Water samples (1 L) were collected at the bottom (2 m above
benthos) and surface (3 m below surface) using a certified clean
HDPE collection bottle. Additionally, 1 field control was collected
per day of sampling by filling a sample bottle with sterile water
on the back deck of the boat where sample water was collected.
eDNA water samples were filtered immediately after collection
in the research vessel laboratory. Prior to sampling, the ship’s lab
was thoroughly cleaned (all surfaces wiped with bleach solution),
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and the lab space was isolated from the surrounding area by
taping heavy plastic sheeting from floor to ceiling to prevent
contamination. To filter, water samples and controls were poured
into sterile, single-use 250 ml Nalgene filter cups and filtered
through a 1.2 µm polycarbonate filter membrane. Sample water
was poured into the same filter cup until 1 L of water was
filtered. If a filter clogged, an additional filter was used to finish
filtering the sample. Two lab controls (before and after filtering
all samples) were obtained each filtering day by filtering 250 ml of
sterile water. Filters from samples and controls were put in sterile
2 ml microcentrifuge tubes and stored at −80◦C until they could
be vacuum desiccated.

Dreissena veligers and the zooplankton community were
sampled by vertical net (0.5 m diameter, 64 µm mesh) at each site.
Four vertical tows (2 m from bottom to surface) were composited
into 1 sample. Afterward, each tow net contents were rinsed
into a collection cup (a bucket rinsed with site water) and then
the composite sample was transferred to a clean storage bottle
and preserved in 70% ethanol. After at least 24 h, ethanol from
the initial field preservation was decanted into HDPE Nalgene
sample jars for subsequent DNA analysis.

DNA Extraction and Analysis
Mesh substrate contents, water sample filters, and decanted
ethanol were extracted for DNA and analyzed with qPCR using
Dreissena species-specific markers to determine if zebra, quagga,
or both species were present in each sample because veligers
cannot be identified to species using morphology. Ethanol used
to preserve mesh substrate contents was evaporated and DNA
from samples collected at sites 2–8 was extracted using (Qiagen
DNeasy Blood and Tissue Kit, Valencia, CA, United States) per
manufacturer’s instructions. Due to the much larger biomass
collected in the SLRE control site, ethanol preservative was
filtered and extracted with the same methods used for water
sample filters (see below). Although DNA results can be variable
based on filtration and extraction methods as demonstrated
by Eichmiller et al. (2016), polycarbonate filters and (Qiagen
kits, Valencia, CA, United States) used in this study optimize
invertebrate DNA yield and are common practice in the field
(Piggott, 2016; Hinlo et al., 2017).

Using the (Qiagen DNeasy PowerWater kit, Valencia,
CA, United States), DNA was extracted from filtered water
samples with the manufacturer’s protocol modified by using a
(Retsch Mixer Mill MM300, Haan, Germany) to beat the bead
tubes. Dreissena genus-specific PCR assay was conducted on
all samples, and species-specific assays (D. polymorpha and
D. bugensis) were conducted for only those samples that were
positive for Dreissena in the genus-specific PCR assay (at least 4
out of 8 replicates had measurable Ct values and the average of
those Ct values were less than or equal to 40). The genus-specific
qPCR used 16S primers developed by Gingera et al. (2017)
(forward primer: TGGGGCAGTAAGAAGAAAAAAATAA,
reverse primer: CATCGAGGTCGCAAACCG; probe:
CCGTAGGGATAACAGC). Zebra mussel-specific COI primers
(forward primer: GTGGTTGAACCTTATAYCCTCCTTT;
reverse primer: AAATTGATGACATCCAGCACG; and probe:
CAGGSCCTGAATGTCCTATAACTCTAGA) and quagga

mussel specific cytochrome B primers (forward primer:
CATTTCCTTATACCGTTTATTCTATTAGTACTCCT; reverse
primer: AGGAGCTGTTTCGTGAGAAATATCA; and probe:
TAGGATTTCTTCACACTACCGGG) were applied to samples
determined to be positive for Dreissena DNA. Tests were
conducted to ensure species specificity for D. polymorpha
and D. bugensis PCR primers as described in Supplementary
Document 1 following established guidelines (Goldberg et al.,
2016). PCR conditions for all qPCR assays were 10 µl (TaqMan
Environmental Master Mix 2 Applied Biosystems, Foster City,
CA, United States), 1 µl of each forward and reverse primer at
10 µM (except for quagga, forward primer 1.8 µl), 2 µl of the
probe at 2.5 µM, 3 µl of DNA template, and sterile water to
bring the total volume to 20 µl. Eight qPCR replicates were run
for each sample with the Dreissenid general marker, and 4 qPCR
replicates were run per sample with species-specific markers.
qPCR was conducted on a (QuantStudio 6 Flex Real-Time PCR
System Applied Biosystems, Foster City, CA, United States),
and cycling conditions consisted of an initial denaturation for
10 min at 95◦C then 45 cycles of 95◦C for 15 s and 60◦C for
1 min. The reaction was monitored for fluorescence, indicating
the presence of Dreissena, D. polymorpha, or D. bugensis DNA
in the sample. Inhibition tests were conducted using Applied
Biosystems R© (TaqMan R© Exogenous Internal Positive Control
Reagents, Foster City, CA, United States) on all controls and
samples. All qPCR tests were negative for inhibition, except for
one mesh substrate sample from the SLRE. Two bottom eDNA
water samples collected during week 1 at sites 4 and 5 were
positive for target DNA using the general Dreissenid markers,
but no signal was detected using species-specific markers. For
these two samples, DNA copy #/µL for species-specific markers
was inferred based on samples with a similar number (4–6) of
positive replicates and a mean Ct 39–40.

Laboratory Processing
Zooplankton was enumerated using the EPA Great Lakes
National Program Office method (Great Lakes National Program
Office [GLNPO], 2016), with the important modification that
veligers were also enumerated using the crustacean protocol
(not the microzooplankton protocol), which greatly increases the
probability of detecting low-density occurrences because a much
larger proportion of the total sample is searched. The length was
measured for the first 20 veligers encountered within each line
attached to the Sedgewick-Rafter slides so that measurements
were not skewed. For three samples, zooplankton ethanol qPCR
analysis detected that Dreissenid DNA was present, yet no
veligers were found in the sample using the GLNPO method
which involves subsampling. Therefore, these positive DNA but
negative veliger search samples were examined again, with the
entire sample searched rather than a subset. In two of the
three samples, veligers were found (and measured) using the
whole sample search method and added to the counts in the
zooplankton community dataset.

Data Analysis
The Python programming language package “quiver” was used
to determine direction and intensity from the east and north
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FIGURE 2 | Dreissena veliger length (up to 20 measured individuals), mean water temperature, and Ca++ concentration over the three sampling weeks across the
spatial gradient from the SLRE to APIS. Black points represent data obtained during this survey, and colored lines represent standard values for Dreissena
development recorded in previous literature. Dreissena polymorpha veligers settle to grow as adults at 0.17 mm (green, Martel et al., 1994). D. polymorpha veligers
require a temperature range of 12–24◦C to develop (blue, McMahon, 1996). Dreissena spp. Require Ca++ concentrations greater than 12 and 15 ppm as veligers
(purple) and adults (red), respectively (McMahon, 1996; Davis et al., 2015). We do not see a trend in size along the gradient from the SLRE to APIS, and some
veligers collected during each sampling week met the size threshold for settling to the benthos to begin adult development. During each sampling week, multiple
sites did not meet the temperature and calcium thresholds for veliger and adult development, respectively, but all sites had greater than the calcium concentrations
necessary for veliger development.

vectors supplied through the GLCFS NetCDFs. Individual time
points were averaged over two weeks to get an estimate of
two-week direction and intensity prior to the last sampling
event of a sampling trip. The averaged vectors incorporating
direction and velocity were plotted through the python package
matplotlib. Plots were generated to get a general understanding
of the velocity and direction of currents prior to each
sampling trip.

Means and SE were determined for DNA copy numbers for
D. polymorpha and D. bugensis in each gear method. Surface and
bottom samples were pooled because there was no difference in
the DNA quantities among the different habitats. Trends over
distance from SLRE were examined using linear modeling and
visualized using ggplot in R (R Core Team, 2021).

Within the zooplankton community, veliger volumetric
density (number per m3) means and standard errors were
determined for each sampling site to determine trends as the
distance from the SLRE increased. Additionally, to determine
if veligers were traveling along the surface currents similarly
to estuarine zooplankton taxa several representative taxa that
typically inhabit estuarine but not offshore waters of Lake
Superior were identified. We did so by eliminating from
consideration any zooplankton taxa in our dataset that also
had regular occurrences in the offshore-focused 2006–2016
Lake Superior Cooperative Science and Monitoring Initiative
surveys (Pawlowski and Sierszen, 2020), and from the taxa
that remained, choosing three from diverse phylogenetic groups
for visualization: Daphnia retrocurva, Diaphanosoma birgei,
and Mesocyclops copepodites. Densities of these taxa were

plotted alongside densities for Dreissena veligers, and Pearson’s
correlation tests (considered significant at p < 0.05) were
conducted to quantify the association between the estuarine
zooplankton taxa and veligers. The association is a measure of
how closely the veligers mimic the dilution pattern of estuarine
zooplankton with distance from the SLRE and is potentially
diagnostic of local sources or sinks along the south shore.
Veliger lengths for each sampling time point were compared
over distance from SLRE to determine trends in growth and
compared to growth-limiting environmental parameters calcium
and temperature.

RESULTS

The Physical and Chemical Environment
During the two weeks prior to sampling, currents in week 1
and week 3 trended eastward from the SLRE to APIS, whereas
they trended westward during week 5 (Figure 1). Nearshore
current velocities ranged from roughly 0.02 to 0.8 m/s during
the sampling period, which equates to 1.7 to 6.9 km/d. The
long-shore distance between the westernmost and easternmost
sampling station is about 90 km, so under steady-flow conditions,
current-driven transit times between the two range from
roughly 13 to 52 days.

The temperature averaged 11.0 (± 0.1) ◦C and ranged from
4.3–20.3◦C (Figure 2). In weeks 1 and 5 temperature generally
decreased along the south shore distance gradient, as would be
expected with the mixing of water from the warmer estuary to the
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FIGURE 3 | Mean DNA sequence abundance [log10(copies/µL + 1) ± SEM]
of the quagga mussel (Dreissena bugensis: brown) and zebra mussel
(D. polymorpha: blue) determined via qPCR from passive (mesh substrate)
samples across the spatial gradient from the SLRE to APIS (in km). The
distance 0 station is inside the SLRE. Surface and bottom samples had similar
abundances and were pooled to determine means and SEs. D. polymorpha
DNA abundance was greater than or equal to D. bugensis in all but one
sample, and DNA copy numbers decreased as the distance from the SLRE
increased.

cooler lake. The highest temperature in week 3 was also recorded
in the estuary, but there was not a consistent decrease along the
shore. Calcium concentration (Ca++) averaged 14.8 (± 0.3) ppm
and ranged from 13–17.5 ppm. During all sampling weeks, Ca++
was highest in the estuary and decreased as distance from the
SLRE increased. Ca++ levels were lower in week 5 than in weeks
1 and 3 at all stations except the one inside the SLRE.

Dreissena DNA
Mesh Substrates
Dreissena polymorpha DNA was detected in the ethanol
preservative of 87.5% of mesh substrate samples, and D. bugensis
DNA was detected in the ethanol from 50% of mesh substrate
samples (Figure 3). For every 1 km increase in distance
from the SLRE, mesh substrate DNA copy numbers decreased
on average 8 and 9% for D. polymorpha and D. bugensis,
respectively. D. polymorpha abundance was greater than or equal
to D. bugensis in all but one sample, and D. polymorpha was on
average 8 (± 2) times more abundant than D. bugensis.

Water Samples
Dreissena polymorpha and D. bugensis eDNA as detected in 62.5
and 37.5% of water samples, respectively (Figure 4). For every
1 km increase in distance from the SLRE, water sample eDNA
copy numbers decreased on average 5 and 4% for D. polymorpha
and D. bugensis, respectively. D. polymorpha abundance was
greater than or equal to D. bugensis in all water samples, and
D. polymorpha was on average 11 (± 1) times more abundant
than D. bugensis. The lowest detections were found in week
5, with only 12.5% of samples detecting D. polymorpha or
D. bugensis eDNA, compared to 62.5 and 100% in weeks 1 and
2, respectively.

Zooplankton Ethanol
Dreissena polymorpha and D. bugensis DNA as detected in 96
and 67% of zooplankton samples, respectively (Figure 4). For
every 1 km increase in distance from the SLRE, DNA copy
numbers determined from the ethanol in which zooplankton
were preserved decreased on average 2 and 3% for D. polymorpha
and D. bugensis, respectively. D. polymorpha abundance was
greater than or equal to D. bugensis in all but two ethanol DNA
samples, and D. polymorpha was on average 10 (± 1) times more
abundant than D. bugensis. The lowest detections occurred in
week 5 (September), with 3 (± 1) times greater copy numbers
per µL in weeks 1 and 3 compared to week 5.

Zooplankton Community
Dreissena veligers (N = 304) were measured for length, averaging
122 (± 2) µm and ranging from 85–261 µm (Figure 2). There
was no trend of increasing or decreasing size as the distance
from SLRE increased. Dreissena veligers were present in all
morphologically enumerated samples except for one sample
collected in week 5 at the distance of 55 km from SLRE (Figure 5).
For every 1 km increase in distance from the SLRE, veliger
volumetric density (number per m3) decreased on average 5%
(assuming a linear trend), although that decrease happened
most quickly in the first 20 km and more slowly thereafter.
There was no discernable difference in the rate of decrease
or overall volumetric density of Dreissena veligers between the
three sampling weeks.

Veliger trends over distance from the SLRE were compared to
three phylogenetically diverse zooplankton taxa that are found in
littoral areas but not open Lake Superior waters as an additional
indicator of potential transport and showed a very similar
longshore pattern (Figure 5). Daphnia retrocurva volumetric
density decreased on average 7% and significantly correlated
to Dreissena veliger volumetric density (r = 0.92, p < 0.01,
N = 24). Diaphanosoma birgei decreased on average 5% and
significantly correlated to Dreissena veligers (r = 0.91, p < 0.01,
N = 24). Mesocyclops copepodites decreased on average 4% and
significantly correlated to Dreissena veligers (r = 0.91, p < 0.01,
N = 24).

DISCUSSION

Dreissena Detection
The goal of this study was to use molecular, morphological,
and environmental evidence to determine if conditions were
consistent with Dreissena veligers being out-washed from the
SLRE and transported to a distant archipelago (APIS) via
longshore currents. All Dreissena detection methods found
a log-scale decrease in abundance from the SLRE to APIS,
supporting this hypothesis. Except for the sampling stations near
the SLRE, the veliger densities determined from zooplankton
sample enumeration were very low, less than 10 individuals
per m3. This is very different from the other four Great Lakes
(Lakes Erie, Huron, Michigan, and Ontario) where Dreissena
veliger densities across the summer reproductive season range
from 10,000 to >100,000 individuals per m3 (Bowen et al.,
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FIGURE 4 | DNA sequence abundance [log10(copies/µL + 1)] of the quagga mussel (D. bugensis: brown) and zebra mussel (D. polymorpha: blue) determined via
qPCR from water (H2O, mean ± SEM) and zooplankton ethanol samples over the three sampling weeks across the spatial gradient from the SLRE to APIS in km.
Surface and bottom samples of H2O eDNA had similar abundances and were pooled to determine means and standard errors. D. polymorpha abundance was
greater than or equal to D. bugensis in all but two samples, and detections decreased as the distance from the SLRE increased. Detections were very low in week 5
water eDNA samples when surface currents switched westward toward the SLRE.

FIGURE 5 | Volumetric density (log scale, number per m3) for Dreissena veligers (blue) and three zooplankton taxa representative of the estuary community: Daphnia
retrocurva (red), Diaphanosoma birgei (green), and Mesocyclops copepodites (purple) in zooplankton tow samples over the three sampling weeks across the spatial
gradient from the SLRE to APIS (km). The abundance for all four species decreased as the distance from the SLRE increased during all sampling weeks. The three
zooplankton species correlated strongly (Pearson’s r > 0.9) with Dreissena veligers density.

2018; Burlakova et al., 2018) and further supports that the
veligers found in nearshore Lake Superior are out-washed
propagules being depleted by dilution and predation rather
than being replenished from local production. One exception
to this trend was the mesh substrate D. polymorpha abundance,
which increased slightly at the site closest to APIS. This
may be because it is close to a Sand Island local colony of
D. polymorpha. The sharply declining gradient from west to east
sampling stations was consistent among all sampling techniques,
demonstrating the robustness of eDNA methods in detecting
Dreissena even at low abundances. The highest abundances
were detected in mesh substrate and water samples, compared

to zooplankton ethanol samples; therefore, these methods may
be most useful in future molecular detection surveys for
Dreissena. Future studies may increase replication over space
along the south shore to allow for occupancy modeling of
PCR replicates, which would further characterize the sensitivity
of the PCR assay.

Dreissena polymorpha, which is estuarine adapted (Karatayev
et al., 2015), was more abundant than the open-lake adapted
D. bugensis in samples collected along the south shore of Lake
Superior, further supporting our hypothesis of an estuarine out-
wash. But there was more D. bugensis collected in samples than
expected, especially at the site within the SLRE. In mesh substrate
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samples, D. polymorpha and D. bugensis DNA quantities (copy
numbers) were similar at the SLRE station, although DNA
copy numbers were about an order of magnitude lower for
D. bugensis than D polymorpha at the other sampling stations.
DNA copy numbers at the SLRE station were also similar between
the two species for some (but not all) of the weeks in the
zooplankton ethanol and eDNA water data. This pattern was
unexpected because recent formal benthos surveys from the
SLRE –a ∼600 sample effort by the University of Minnesota–
Duluth’s Natural Resources Research Institute in 2013 through
2015 (Dr. Valerie Brady, personal communication), a ∼40-
sample effort by EPA in 2015 (unpublished data), and a ∼200-
sample effort by the Minnesota Pollution Control Agency in 2018
through 2020 (Dr. Kurt Schmude, personal communication)–
have found only D. polymorpha among specimens large enough
to fully identify. However, this does not rule out smaller
individuals being D. bugensis (Angradi et al., 2017). We know
that D. bugensis, first found in the SLRE in 2005 (Grigorovich
et al., 2008), remains present as we have found it in the occasional
benthic sled sample, and development and testing of the qPCR
marker we are using included D. bugensis specimens sourced
from 2012 United States Fish and Wildlife bottom trawls in
the SLRE survey.

It is possible that D. bugensis in the SLRE release more
veligers per adult than the numerically much more abundant
D. polymorpha; plausible since D. bugensis can outcompete
D. polymorpha in other ways such as surviving on fewer
food particles, being active at lower temperatures, and having
stronger substrate attachment (Karatayev et al., 2015; Ginn et al.,
2018; Hetherington et al., 2019; D’Hont et al., 2021). Inter-
lake cargo ships visiting the SLRE also might release ballast
water containing veligers that are predominantly D. bugensis
because that is the dominant species of Dreissena in lower Great
Lakes locations (Karatayev et al., 2021). However, there is no
prior data on veliger species composition, because, until the
development of the species-specific Dreissena qPCR markers
that we use here, researchers were unable to determine which
Dreissena species veligers were from. A final possibility is
that D. polymorpha and D. bugensis hybridize in the SLRE
(Voroshilova et al., 2010), in which case the qPCR marker would
identify the veligers as D. bugensis rather than D. polymorpha
because it targets a portion of the mitochondrial DNA that is
maternally inherited. Reports from the National Park Service
indicate that Dreissena mussels in APIS look slightly more like
D. bugensis and were found on soft substrates (D. bugensis
habitat), but they were identified as D. polymorpha based
on genetics (Dr. Brenda Lafrancois, personal communication).
Further sequencing of Dreissena samples across the south
shore would be a useful tool in establishing the source
of these veligers.

Another interesting aspect of Dreissena detection was the
false negatives and false positives detected via morphological
and molecular analysis of zooplankton tows. Three samples were
positive for Dreissena DNA, yet no veligers were found in the
initial zooplankton search (conducted on a subsample). When
these samples underwent a more thorough search, two of three
contained veligers. Therefore, two samples were false negatives

morphologically. The other sample (DNA positive, veliger
negative) probably represents the lesser detection capability of
morphological identification at low Dreissena abundances, given
Dreissena DNA was detected at that site during other time
points (Darling et al., 2021). These false negatives demonstrate
the importance of using multiple detection methods at low
abundances, which is especially important given detection
impediments to DNA used in management (Darling and Mahon,
2011; Trebitz et al., 2017).

Current Transport
Current variability influenced Dreissena abundance along the
south shore of Lake Superior during our survey. During weeks
1 and 3, lake currents moved in the normal west to the east
direction (Beletsky et al., 1999, 2017; Bennington et al., 2010),
but in week 5 this was reversed. Dreissena in water samples
had a consistent gradient from the SLRE to APIS in weeks 1
and 3, but no such gradient in week 5, presumably connected
to these changes in currents. Although the general trend of
Lake Superior currents is from the west to the east direction
along the south shore, there is natural variability due to water
temperature, air temperature, and wind patterns (Sun et al.,
2020; Austin and Elmer, 2021). This variability is expected to
increase due to climate change (Lam and Schertzer, 1999). The
implication of this veliger transport system is if currents change
direction and environmental conditions align, veligers may be
transported elsewhere in Lake Superior. This has happened in
other marine systems, including the case of the invasive jellyfish
Phyllorhiza punctata, which spread globally through medusae
drift in water currents. Abnormal current patterns introduced
them to Malta and Italy (Deidun et al., 2017), the Gulf of
Mexico (Johnson et al., 2005), and coastal Georgia (Verity
et al., 2011). Veliger monitoring is necessary for other parts
of Lake Superior, as currents may transport veligers to other
areas in the lake.

These currents transport other estuarine zooplankton species.
Zooplankton species are normally found in Lake Superior
estuaries but not the open lake, such as Daphnia retrocurva,
Diaphanosoma birgei, and Mesocyclops copepodites exhibited
similar patterns of log-scale decline across the south shore.
Similar to our findings, when P. punctata jellyfish were found
in the Gulf of Mexico for the first time, large mats of Sargassum
seaweed spp. were also reported washing up on beaches (Graham
et al., 2003). Because these seaweed mats are found along
with the loop current that P. punctata medusae normally drift
in, it suggests an abnormal current coming off this loop that
transported both the Sargassum and P. punctata to the Gulf
of Mexico. Using multi-species and community-wide trends
provides important evidence of co-transport along currents.

The alternative to the current-driven transport of veligers
originating from the SLRE is that Dreissena veligers were sourced
locally in our samples, i.e., from hitherto unknown bottom-
settled Dreissena occupying the Lake Superior south shore or
transported from coastal habitat and tributaries separate from the
SLRE. If this was the case, we would not have seen a difference in
our detections when the currents changed direction. Instead, in
water samples, there was a decrease in detection during week 5

Frontiers in Marine Science | www.frontiersin.org 9 February 2022 | Volume 9 | Article 818738

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-818738 February 15, 2022 Time: 13:49 # 10

Larson et al. Lake Superior Dreissena Transport

when currents changed direction. Although we do not have direct
evidence of the sourcing of these veligers, the patterns described
in this study as a whole suggest current transport of veligers
originating from the known SLRE population is likely.

Veliger Growth
We expected to see veliger size increase along the south shore
gradient as veligers grew and developed over time along the
transport route, but size did not increase. This may be evidence
of local veliger sourcing or that veligers are settling out of the
transported population. D. polymorpha veligers settle to grow
as adults at 170 µm (Martel et al., 1994). Veligers collected
during each sampling week met the size threshold for settling
in the benthos to begin adult development, so this could impact
the size distribution. It also suggests that if environmental
and habitat conditions aligned, veligers collected at south-shore
sites intermediate to SLRE and APIS could form the basis for
additional settled adult Dreissena colonies in the future. However,
the continued growth of the remaining smaller veligers should
also cause the lower end of the size distribution to shift upward
along the transport path, which we did not see evidence for.

We may not have seen veliger growth because there were not
enough resources to grow, and the environmental conditions
were not optimal. D. polymorpha veligers require a temperature
range of 12–24◦C to develop (McMahon, 1996). This threshold
was not met in south shore sites beyond the SLRE in weeks 1
and 5. Additionally, Dreissena spp. require Ca++ concentrations
greater than 12 and 15 ppm as veligers and adults, respectively
(McMahon, 1996; Davis et al., 2015). Although all samples met
the 12 ppm Ca++ threshold for veliger growth, only those at
or close to the SLRE met the adult threshold consistently. But
the temperature and Ca++ measurements were very close to
the threshold, and with environmental change, may allow for
veliger development and settlement in the future. As with the
current patterns, variation in environmental parameters may
allow a “window of invasiveness” for Dreissena in Lake Superior
to new suitable habitats. This underscores the importance
of early detection monitoring to locate and respond to any
such new incursions.

CONCLUSION

Current patterns are an important vector for biological
invasions in marine systems and represent an understudied
component of species spread in the Great Lakes. Through DNA,
morphological, and environmental surveys along the south
shore of Lake Superior, we demonstrated veliger transport from
an invaded estuary (SLRE) to a distance archipelago (APIS)
by nearshore currents. These currents and environmental
conditions can be variable, and increasingly so with climate
change; therefore, early detection monitoring for Dreissena
is important for continued conservation of Lake Superior
biodiversity and habitat. Veligers can disperse by currents
across a hostile, food-limited, and chemically unfriendly
island and establish in modestly favorable habitat, allowing
for a “window of invasiveness,” adding to the ecological

understanding of Dreissenid invasion risk. Future studies will
investigate the species composition of the SLRE Dreissena
population and investigate the current transportation of
Dreissena from the SLRE to other known colonies in Lake
Superior. We look forward to the additional species-level
information on Dreissena veligers that the new qPCR markers
make possible, which will add granularity to the understanding
of veliger distribution patterns around the Great Lakes and
in other aquatic systems where this highly invasive mollusk
genus is spreading.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://edg.epa.gov/.

AUTHOR CONTRIBUTIONS

JB, CH, JH, GP, EP, and AT conceptualized and designed the
study. JB, CH, JH, and GP performed fieldwork. CR developed
and validated species-specific PCR primers. BW conducted
laboratory analysis of DNA. CL, JB, and CH analyzed the data.
CL, CH, JH, GP, EP, and AT wrote the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was partially funded by the Great Lakes
Restoration Initiative. This publication was developed under
Assistance Agreement EPA CR83940101 awarded by the
United States Environmental Protection Agency to The
University of Minnesota.

ACKNOWLEDGMENTS

We thank Dave Bolgrien and Mark Pearson for assistance with
field sampling, which was conducted from the EPA’s research
vessel Lake Explorer II captained by Sam Miller. Calcium analyses
were run by Anne Cotter and Annie Opseth, DNA extractions
were run by Sara Okum at the EPA laboratory, glider fieldwork
and analysis were done by Paul McKinney, and zooplankton
samples were enumerated by Heidi Schaefer and Lana Fanberg
at the University of Wisconsin – Superior. The United States
National Park Service assisted with study conception, design,
and permitting. Gratitude is expressed to reviewers, including
John Darling and Brenda Lafrancois, for comments on drafts of
this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmars.2022.
818738/full#supplementary-material

Frontiers in Marine Science | www.frontiersin.org 10 February 2022 | Volume 9 | Article 818738

https://edg.epa.gov/
https://www.frontiersin.org/articles/10.3389/fmars.2022.818738/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2022.818738/full#supplementary-material
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-818738 February 15, 2022 Time: 13:49 # 11

Larson et al. Lake Superior Dreissena Transport

REFERENCES
Ackerman, J. D., Sim, B., Nichols, S. J., and Claudi, R. (1994). A review of the early

life history of zebra mussels (Dreissena polymorpha): comparisons with marine
bivalves. Canad. J. Zool. 72:157. doi: 10.1139/z94-157

Angradi, T. R., Bartsch, W. M., Trebitz, A. S., Brady, V. J., and Launspach, J. J.
(2017). A depth-adjusted ambient distribution approach for setting numeric
removal targets for a Great Lakes Area of Concern beneficial use impairment:
degraded benthos. J. Great Lakes Res. 43, 108–120. doi: 10.1016/j.jglr.2016.11.
006

Austin, J. (2013). The potential for autonomous underwater gliders in large lake
research. J. Great Lakes Res. 39, 8–13. doi: 10.1016/j.jglr.2013.01.004

Austin, J. A., and Elmer, C. (2021). Lake Superior Moored Temperature and
Currents, Sep 2005-May 2015. University of Minnesota Duluth, Large Lakes
Observatory. Duluth: MN: University of Minnesota Duluth. doi: 10.13020/
zqw9-mk81

Bedford, K. W. (1992). The physical effects of the great lakes on tributaries and
wetlands. J. Great Lakes Res. 18, 571–589. doi: 10.1016/S0380-1330(92)71323-9

Beletsky, D., Beletsky, R., Rutherford, E. S., Sieracki, J. L., Bossenbroek, J. M.,
Lindsay Chadderton, W., et al. (2017). Predicting spread of aquatic invasive
species by lake currents. J. Great Lakes Res. 43, 14–32. doi: 10.1016/j.jglr.2017.
02.001

Beletsky, D., Saylor, J. H., and Schwab, D. J. (1999). Mean circulation in the great
lakes. J. Great Lakes Res. 25, 78–93. doi: 10.1016/S0380-1330(99)70718-5

Bennington, V., McKinley, G. A., Kimura, N., and Wu, C. H. (2010). General
circulation of Lake Superior: mean, variability, and trends from 1979 to 2006.
J. Geophys. Res. Oceans 115:261. doi: 10.1029/2010JC006261

Bowen, K. L., Conway, A. J., and Currie, W. J. S. (2018). Could dreissenid veligers be
the lost biomass of invaded lakes? Freshw. Sci. 37, 315–329. doi: 10.1086/697896

Burlakova, L. E., Barbiero, R. P., Karatayev, A. Y., Daniel, S. E., Hinchey, E. K., and
Warren, G. J. (2018). The benthic community of the Laurentian Great Lakes:
analysis of spatial gradients and temporal trends from 1998 to 2014. J. Great
Lakes Res. 44, 600–617. doi: 10.1016/j.jglr.2018.04.008

D’Hont, A., Gittenberger, A., Hendriks, A. J., and Leuven, R. S. E. W. (2021). Data
to: Drivers of Dominance Shifts Between Invasive Ponto-Caspian Dreissenids
Dreissena polymorpha (Pallas, 1771) and Dreissena rostriformis Bugensis
(Andrusov, 1897). Available online at: https://repository.ubn.ru.nl/handle/2066/
233264 (accessed November 15, 2021).

Darling, J. A., and Mahon, A. R. (2011). From molecules to management:
Adopting DNA-based methods for monitoring biological invasions in aquatic
environments. Environ. Res. 111, 978–988. doi: 10.1016/j.envres.2011.02.001

Darling, J. A., Jerde, C. L., and Sepulveda, A. J. (2021). What do you mean by false
positive? Environ. DNA 3, 879–883. doi: 10.1002/edn3.194

Davis, C. J., Ruhmann, E. K., Acharya, K., Chandra, S., and Jerde, C. L. (2015).
Successful survival, growth, and reproductive potential of quagga mussels in
low calcium lake water: is there uncertainty of establishment risk? PeerJ 3:e1276.
doi: 10.7717/peerj.1276

Deidun, A., Sciberras, J., Sciberras, A., Gauci, A., Balistreri, P., Salvatore, A., et al.
(2017). The first record of the white-spotted Australian jellyfish Phyllorhiza
punctata von Lendenfeld, 1884 from Maltese waters (Western Mediterranean)
and from the Ionian coast of Italy. BioInvas. Records 6, 119–124. doi: 10.3391/
bir.2017.6.2.05

Eichmiller, J. J., Miller, L. M., and Sorensen, P. W. (2016). Optimizing techniques
to capture and extract environmental DNA for detection and quantification of
fish. Mol. Ecol. Resour. 16, 56–68. doi: 10.1111/1755-0998.12421

Gingera, T. D., Bajno, R., Docker, M. F., and Reist, J. D. (2017). Environmental
DNA as a detection tool for zebra mussels Dreissena polymorpha (Pallas, 1771)
at the forefront of an invasion event in Lake Winnipeg, Manitoba, Canada.
Manag. Biol. Invas. 8, 287–300. doi: 10.3391/mbi.2017.8.3.03

Ginn, B. K., Bolton, R., Coulombe, D., Fleischaker, T., and Yerex, G. (2018).
Quantifying a shift in benthic dominance from zebra (Dreissena polymorpha) to
quagga (Dreissena rostriformis bugensis) mussels in a large, inland lake. J. Great
Lakes Res. 44, 271–282. doi: 10.1016/j.jglr.2017.12.003

Goldberg, C. S., Turner, C. R., Deiner, K., Klymus, K. E., Thomsen, P. F., Murphy,
M. A., et al. (2016). Critical considerations for the application of environmental
DNA methods to detect aquatic species. Methods Ecol. Evol. 7, 1299–1307.
doi: 10.1111/2041-210X.12595

Graham, W. M., Martin, D. L., Felder, D. L., Asper, V. L., and Perry, H. M. (2003).
“Ecological and economic implications of a tropical jellyfish invader in the Gulf
of Mexico,” in Marine Bioinvasions: Patterns, Processes and Perspectives, ed. J.
Pederson (Dordrecht: Springer Netherlands), 53–69. doi: 10.1007/978-94-010-
0169-4_6

Great Lakes National Program Office [GLNPO] (2016). Standard Operating
Procedure for Zooplankton Analysis. U.S. EPA Great Lakes National Program
Office. Available online at: https://www.epa.gov/sites/production/files/2017-
01/documents/sop-for-zooplankton-analysis-201607-22pp.pdf (accessed
September 18, 2019).

Grigorovich, I. A., Kelly, J. R., Darling, J. A., and West, C. W. (2008). The quagga
mussel invades the lake superior basin. J. Great Lakes Res. 34, 342–350. doi:
10.3394/0380-1330(2008)34[342:tqmitl]2.0.co;2

Grigorovich, I. A., Korniushin, A. V., Gray, D. K., Duggan, I. C., Colautti, R. I., and
MacIsaac, H. J. (2003). Lake superior: an invasion coldspot? Hydrobiologia 499,
191–210. doi: 10.1023/A:1026335300403

Hastings, A., Cuddington, K., Davies, K. F., Dugaw, C. J., Elmendorf, S., Freestone,
A., et al. (2005). The spatial spread of invasions: new developments in theory
and evidence. Ecol. Lett. 8, 91–101. doi: 10.1111/j.1461-0248.2004.00687.x

Hetherington, A. L., Rudstam, L. G., Schneider, R. L., Holeck, K. T., Hotaling,
C. W., Cooper, J. E., et al. (2019). Invader invaded: population dynamics of zebra
mussels (Dreissena polymorpha) and quagga mussels (Dreissena rostriformis
bugensis) in polymictic Oneida Lake, NY, USA (1992–2013). Biol. Invas. 21,
1529–1544. doi: 10.1007/s10530-019-01914-0

Higgins, S. N., and Zanden, M. J. V. (2010). What a difference a species makes:
a meta–analysis of dreissenid mussel impacts on freshwater ecosystems. Ecol.
Monogr. 80, 179–196. doi: 10.1890/09-1249.1

Hinlo, R., Gleeson, D., Lintermans, M., and Furlan, E. (2017). Methods to
maximize recovery of environmental DNA from water samples. PLoS One
12:e0179251. doi: 10.1371/journal.pone.0179251

Hoffman, J. C., Peterson, G. S., Cotter, A. M., and Kelly, J. R. (2010). Using stable
isotope mixing in a great lakes coastal tributary to determine food web linkages
in young fishes. Estuar. Coasts 33, 1391–1405. doi: 10.1007/s12237-010-9295-0

Johnson, D. R., Perry, H. M., and Graham, W. M. (2005). Using nowcast model
currents to explore transport of non-indigenous jellyfish into the Gulf of
Mexico. Mar. Ecol. Progr. Ser. 305, 139–146. doi: 10.3354/meps305139

Karatayev, A. Y., Burlakova, L. E., and Padilla, D. K. (2015). Zebra versus quagga
mussels: a review of their spread, population dynamics, and ecosystem impacts.
Hydrobiologia 746, 97–112. doi: 10.1007/s10750-014-1901-x

Karatayev, A. Y., Karatayev, V. A., Burlakova, L. E., Mehler, K., Rowe, M. D.,
Elgin, A. K., et al. (2021). Lake morphometry determines Dreissena invasion
dynamics. Biol. Invas. 23, 2489–2514. doi: 10.1007/s10530-021-02518-3

Kinlan, B. P., and Gaines, S. D. (2003). Propagule dispersal in marine and terrestrial
environments: a community perspective. Ecology 84, 2007–2020. doi: 10.1890/
01-0622

Kinlan, B. P., Gaines, S. D., and Lester, S. E. (2005). Propagule dispersal and
the scales of marine community process. Diver. Distribut. 11, 139–148. doi:
10.1111/j.1366-9516.2005.00158.x

Lafrancois, B., Hove, M., and McCartney, M. (2019). Mussel Survey and Population
Assessment, 2017. Fort Collins, CO: National Park Service.

Lafrancois, B., McCartney, M., Lafrancois, T., and Delvaux, J. (2018). Calcium
Concentrations in Lake Superior and south Shore Tributaries and the
Implications for Dreissenid Mussel Establishment in the Apostle Islands Area:
2014-2016. Fort Collins, CO: U.S. National Park Service.

Lam, D. C. L., and Schertzer, W. M. (1999). Potential Climate Change Effects
on Great Lakes Hydrodynamics and Water Quality. Reston, VA: ASCE
Publications.

Loken, L. C., Small, G. E., Finlay, J. C., Sterner, R. W., and Stanley, E. H. (2016).
Nitrogen cycling in a freshwater estuary. Biogeochemistry 127, 199–216. doi:
10.1007/s10533-015-0175-3

Martel, A., Mathieu, A. F., Findlay, C. S., Nepszy, S. J., and Leach, J. H. (1994). Daily
settlement rates of the Zebra mussel, Dreissena polymorpha, on an artificial
substrate correlate with veliger abundance. Can. J. Fish. Aquat. Sci. 51, 856–861.
doi: 10.1139/f94-084

McMahon, R. F. (1996). The physiological ecology of the zebra mussel, Dreissena
polymorpha, in north America and Europe. Am. Zool. 36, 339–363. doi: 10.1093/
icb/36.3.339

Frontiers in Marine Science | www.frontiersin.org 11 February 2022 | Volume 9 | Article 818738

https://doi.org/10.1139/z94-157
https://doi.org/10.1016/j.jglr.2016.11.006
https://doi.org/10.1016/j.jglr.2016.11.006
https://doi.org/10.1016/j.jglr.2013.01.004
https://doi.org/10.13020/zqw9-mk81
https://doi.org/10.13020/zqw9-mk81
https://doi.org/10.1016/S0380-1330(92)71323-9
https://doi.org/10.1016/j.jglr.2017.02.001
https://doi.org/10.1016/j.jglr.2017.02.001
https://doi.org/10.1016/S0380-1330(99)70718-5
https://doi.org/10.1029/2010JC006261
https://doi.org/10.1086/697896
https://doi.org/10.1016/j.jglr.2018.04.008
https://repository.ubn.ru.nl/handle/2066/233264
https://repository.ubn.ru.nl/handle/2066/233264
https://doi.org/10.1016/j.envres.2011.02.001
https://doi.org/10.1002/edn3.194
https://doi.org/10.7717/peerj.1276
https://doi.org/10.3391/bir.2017.6.2.05
https://doi.org/10.3391/bir.2017.6.2.05
https://doi.org/10.1111/1755-0998.12421
https://doi.org/10.3391/mbi.2017.8.3.03
https://doi.org/10.1016/j.jglr.2017.12.003
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1007/978-94-010-0169-4_6
https://doi.org/10.1007/978-94-010-0169-4_6
https://www.epa.gov/sites/production/files/2017-01/documents/sop-for-zooplankton-analysis-201607-22pp.pdf
https://www.epa.gov/sites/production/files/2017-01/documents/sop-for-zooplankton-analysis-201607-22pp.pdf
https://doi.org/10.3394/0380-1330(2008)34[342:tqmitl]2.0.co;2
https://doi.org/10.3394/0380-1330(2008)34[342:tqmitl]2.0.co;2
https://doi.org/10.1023/A:1026335300403
https://doi.org/10.1111/j.1461-0248.2004.00687.x
https://doi.org/10.1007/s10530-019-01914-0
https://doi.org/10.1890/09-1249.1
https://doi.org/10.1371/journal.pone.0179251
https://doi.org/10.1007/s12237-010-9295-0
https://doi.org/10.3354/meps305139
https://doi.org/10.1007/s10750-014-1901-x
https://doi.org/10.1007/s10530-021-02518-3
https://doi.org/10.1890/01-0622
https://doi.org/10.1890/01-0622
https://doi.org/10.1111/j.1366-9516.2005.00158.x
https://doi.org/10.1111/j.1366-9516.2005.00158.x
https://doi.org/10.1007/s10533-015-0175-3
https://doi.org/10.1007/s10533-015-0175-3
https://doi.org/10.1139/f94-084
https://doi.org/10.1093/icb/36.3.339
https://doi.org/10.1093/icb/36.3.339
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-818738 February 15, 2022 Time: 13:49 # 12

Larson et al. Lake Superior Dreissena Transport

Nalepa, T. F., and Schloesser, D. W. (2013). Quagga and Zebra Mussels: Biology,
Impacts, and Control, 2 Edn. Boca Raton, FL: CRC Press.

O’Malia, E. M., Johnson, L. B., and Hoffman, J. C. (2018). Pathways and
places associated with nonindigenous aquatic species introductions in the
Laurentian Great Lakes. Hydrobiologia 817, 23–40. doi: 10.1007/s10750-018-
3551-x

Pawlowski, M. B., and Sierszen, M. E. (2020). A lake-wide approach for large
lake zooplankton monitoring: results from the 2006–2016 Lake Superior
Cooperative Science and Monitoring Initiative surveys. J. Great Lakes Res. 46,
1015–1027. doi: 10.1016/j.jglr.2020.05.005

Pedersen, O. P., Nilssen, E. M., Jørgensen, L. L., and Slagstad, D. (2006). Advection
of the red king crab larvae on the coast of north norway—a lagrangian model
study. Fisher. Res. 79, 325–336. doi: 10.1016/j.fishres.2006.03.005

Piggott, M. P. (2016). Evaluating the effects of laboratory protocols on eDNA
detection probability for an endangered freshwater fish. Ecol. Evol. 6, 2739–
2750. doi: 10.1002/ece3.2083

Pineda, J., Hare, J. A., and Sponaugle, S. (2007). Larval transport and dispersal in
the coastal ocean and consequences for population connectivity. Oceanography
20, 22–39. doi: 10.5670/oceanog.2007.27

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Ricciardi, A. (2006). Patterns of invasion in the Laurentian Great Lakes in relation
to changes in vector activity. Diver. Distribut. 12, 425–433. doi: 10.1111/j.1366-
9516.2006.00262.x

See, K. E., and Feist, B. E. (2010). Reconstructing the range expansion and
subsequent invasion of introduced European green crab along the west coast of
the United States. Biol. Invas. 12, 1305–1318. doi: 10.1007/s10530-009-9548-7

Sepulveda, A. J., Nelson, N. M., Jerde, C. L., and Luikart, G. (2020). Are
environmental DNA methods ready for aquatic invasive species management?
Trends Ecol. Evol. 35, 668–678. doi: 10.1016/j.tree.2020.03.011

Sun, L., Liang, X.-Z., and Xia, M. (2020). Developing the coupled CWRF-FVCOM
modeling system to understand and predict atmosphere-watershed interactions
over the Great Lakes region. J. Adv. Model. Earth Syst. 12:e2020MS002319.
doi: 10.1029/2020MS002319

Tilburg, C. E., Dittel, A. I., Miller, D. C., and Epifanio, C. E. (2011). Transport
and retention of the mitten crab (Eriocheir sinensis) in a Mid-Atlantic estuary:
predictions from a larval transport model. J. Mar. Res. 69, 137–165. doi: 10.
1357/002224011798147589

Trebitz, A. S., Hatzenbuhler, C. L., Hoffman, J. C., Meredith, C. S., Peterson, G. S.,
Pilgrim, E. M., et al. (2019). Dreissena veligers in western Lake Superior –
Inference from new low-density detection. J. Great Lakes Res. 45, 691–699.
doi: 10.1016/j.jglr.2019.03.013

Trebitz, A. S., Hoffman, J. C., Darling, J. A., Pilgrim, E. M., Kelly, J. R., Brown, E. A.,
et al. (2017). Early detection monitoring for aquatic non-indigenous species:
Optimizing surveillance, incorporating advanced technologies, and identifying

research needs. J. Environ. Manag. 201, 299–310. doi: 10.1016/j.jenvman.2017.
07.045

Trebitz, A. S., West, C. W., Hoffman, J. C., Kelly, J. R., Peterson, G. S., and
Grigorovich, I. A. (2010). Status of non-indigenous benthic invertebrates in the
Duluth–Superior Harbor and the role of sampling methods in their detection.
J. Great Lakes Res. 36, 747–756. doi: 10.1016/j.jglr.2010.09.003

U.S. Geological Survey (2020). Nonindigenous Aquatic Species (NAS). Available
online at: https://nas.er.usgs.gov/ (accessed December 1, 2020).

Verity, P. G., Purcell, J. E., and Frischer, M. E. (2011). Seasonal patterns in size
and abundance of Phyllorhiza punctata: an invasive scyphomedusa in coastal
Georgia (USA). Mar. Biol. 158, 2219–2226. doi: 10.1007/s00227-011-1727-2

Voroshilova, I. S., Artamonova, V. S., Makhrov, A. A., and Slyn’ko Yu, V. (2010).
Natural hybridization of two mussel species Dreissena polymorpha (Pallas,
1771) and Dreissena bugensis (Andrusov, 1897). Biol. Bull. Russ. Acad. Sci. 37,
542–547. doi: 10.1134/S1062359010050158

Young, E. B., and Janssen, J. (2009). Symposium 7 ecological processes across
the salinity divide. Contrasts and comparisons in marine and great lakes
ecosystems. Bull. Ecol. Soc. Am. 90, 115–133.

Author Disclaimer: The views expressed in this article are those of the author(s)
and do not necessarily represent the views or policies of the United States
Environmental Protection Agency and the United States Fish and Wildlife Service.

Conflict of Interest: CH was employed by the company SpecPro Professional
Services, and BW was employed by the company Aptim Federal Services, which
are contractors supporting EPA by providing staff with environmental sciences
expertise.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Larson, Barge, Hatzenbuhler, Hoffman, Peterson, Pilgrim,
Wiechman, Rees and Trebitz. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 12 February 2022 | Volume 9 | Article 818738

https://doi.org/10.1007/s10750-018-3551-x
https://doi.org/10.1007/s10750-018-3551-x
https://doi.org/10.1016/j.jglr.2020.05.005
https://doi.org/10.1016/j.fishres.2006.03.005
https://doi.org/10.1002/ece3.2083
https://doi.org/10.5670/oceanog.2007.27
https://doi.org/10.1111/j.1366-9516.2006.00262.x
https://doi.org/10.1111/j.1366-9516.2006.00262.x
https://doi.org/10.1007/s10530-009-9548-7
https://doi.org/10.1016/j.tree.2020.03.011
https://doi.org/10.1029/2020MS002319
https://doi.org/10.1357/002224011798147589
https://doi.org/10.1357/002224011798147589
https://doi.org/10.1016/j.jglr.2019.03.013
https://doi.org/10.1016/j.jenvman.2017.07.045
https://doi.org/10.1016/j.jenvman.2017.07.045
https://doi.org/10.1016/j.jglr.2010.09.003
https://nas.er.usgs.gov/
https://doi.org/10.1007/s00227-011-1727-2
https://doi.org/10.1134/S1062359010050158
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Invasive Dreissena Mussel Coastal Transport From an Already Invaded Estuary to a Nearby Archipelago Detected in DNA and Zooplankton Surveys
	Introduction
	Materials and Methods
	Survey Description
	Environmental Datasets
	Field Sample Collection and Processing
	DNA Extraction and Analysis
	Laboratory Processing
	Data Analysis

	Results
	The Physical and Chemical Environment
	Dreissena DNA
	Mesh Substrates
	Water Samples
	Zooplankton Ethanol

	Zooplankton Community

	Discussion
	Dreissena Detection
	Current Transport
	Veliger Growth

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


