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Abstract 

Zebra mussels (Dreissena polymorpha) are an aquatic invasive species that plague 
much of North America and are difficult to impossible to eradicate once they 
become established. Therefore, prevention and monitoring are key elements in the 
control of these organisms. Traditional microscopy is commonly used in monitoring 
but requires the presence of larval veligers. This limits the times when resource 
managers can monitor for the presence in northern lakes. A new monitoring tool, 
environmental DNA (eDNA), may allow for a more efficient and cost-effective 
monitoring program for zebra mussels. We developed and tested an environmental 
DNA assay in the fall and spring for zebra mussels in two Minnesota lakes, one 
heavily infested and another newly infested. We found that DNA copy numbers 
tended to be higher near the lake bottom and DNA was more concentrated in softer 
substrates. We also found that the amount of zebra mussel DNA sampling in winter 
resulted in similar results to when sampled in fall. This suggests that one could 
collect and analyze eDNA for zebra mussels during winter months to help inform 
future efforts in monitoring and control. 
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Introduction 

The zebra mussel (Dreissena polymorpha) is an aquatic invasive species 
(AIS) that has plagued much of the Great Lakes Region. First discovered in 
the Great Lakes Basin in 1988 (Hebert et al. 1989), zebra mussels have 
spread throughout many of inland lakes within states bordering the Great 
Lakes. Zebra mussels currently threaten expansion into the northwestern 
portion of North America. Once established in a system, zebra mussels 
cause significant ecological and economic damage. Rapidly expanding 
populations of dreissenids have changed food webs (Holland 1993), 
primary productivity (Padilla et al. 1996a), benthic communities (Ricciardi 
et al. 1997), spawning habitat (Fitzsimons et al. 1995), nutrient cycling 
(Qualls et al. 2007), and food availability (Miehls et al. 2009) likely due to 
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their role as ecosystem engineers (Vanderploeg et al. 2002; Gutierrez et al. 
2003; Sousa et al. 2009; Karatayev et al. 2007; Karatayev et al. 2015). These 
impacts threaten the health of native mussels and fish. Besides these 
ecological impacts, dreissenids have been estimated to cost the American 
economy billions of dollars annually (Pimentel et al. 2000, 2005). 

Natural resource managers have had very little success eradicating zebra 
mussels once populations become established. Populations may be 
eradicated early in the colonization; therefore, early detection is a key 
element in their management. Unfortunately, the zebra mussel life-cycle 
allows them to easily invade new waterbodies. Zebra mussels can spawn at 
water temperatures above 11–12 °C and produce free-swimming veliger 
offspring (Garton and Haag 1993; Claxton and Mackie 1998). Veligers are 
microscopic larvae that spread through the water column. Zebra mussel 
veligers are easily transported from one water body to another without 
detection (Griffiths et al. 1991; Johnson et al. 2001). Traditional methods 
for early detection of zebra mussels use microscopy to detect the veliger in 
a water sample (Johnson 1995; Lucy 2006; Durán et al. 2010). This method 
is labor intensive (Hoy et al. 2010), and is constrained to the times veligers 
are present within the waterbody. 

Environmental DNA (eDNA) has become a popular tool to detect the 
presence of an organism in aquatic and terrestrial systems. Researchers are 
continuing to develop eDNA methods to examine reproduction, movement, 
and abundance of an aquatic species (Erickson et al. 2016) and eDNA has 
become an integral component of some monitoring programs (Rees et al. 
2014; Woldt et al. 2015). The use of eDNA, combined with quantitative 
PCR (qPCR), can provide results faster, at a lower cost, and potentially 
higher resolution (Peñarrubia et al. 2016). For example, it has been reported 
that eDNA was able to detect the presence of zebra mussels when 
microscopy failed in reservoirs in the Northern Iberian Peninsula 
(Peñarrubia et al. 2016; Ardura et al. 2017). 

Environmental DNA has been previously used for detecting dreissenids. 
Multiple conventional PCR assays have been developed to detect zebra 
mussels (Lance and Carr 2012; Egan et al. 2015; Ardura et al. 2017) These 
initial eDNA assays require sequencing the amplicon to verify which 
species is present and as a result, at the time we conducted our study there 
remained a need for an assay specific for zebra mussels. Since, multiple 
dreissenid mussel quantitative PCR (qPCR) assays have been developed 
since (Gingera et al. 2017). 

An eDNA assay for zebra mussels would allow resource managers to 
more efficiently monitor systems in the absence of veligers, which are only 
present a portion of the year. Veliger detection by microscopy alone limits 
their monitoring times when water temperatures exceed 12 °C. Environmental 
DNA may allow resource managers to detect the presence of zebra mussel 
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at times when water temperatures are below this critical threshold and help 
discover locations where additional samples could be collected to confirm 
the presence of veligers using microscopy. This would be particularly 
useful if one could simply sample waterbodies during winter while they were 
covered in ice. Alternatively, resource managers can use visual surveys to 
identify the presence of adult mussels. This can be very labor intensive and 
prone to false negatives than microscopy. Visual surveys rely on the detection 
of large mussels, and as such, usually indicate the presence of adults. 

The goal of our study was to develop and evaluate the use of an eDNA 
survey to identify sites within a lake that have high numbers of zebra 
mussels. The specific objectives of our study were to: 1) design an eDNA 
assay for zebra mussels, 2) develop a standard sampling strategy, and 
3) determine if a correlation exists between zebra mussel DNA and 
environmental parameters including depth, substrate type, and mussel 
biomass. The development of an eDNA protocol to inform control 
applications will improve management of zebra mussels and decrease the 
risk of spread into new waters. 

Materials and methods 

Assay design 

Zebra mussel (Dreissena polymorpha) and quagga mussel (D. rostriformis 
bugensis) sequences that were deposited in GenBank (GenBank Accession 
numbers: U47650.1, AF096765.1, U47651.1, EU651840.1, EU604834.1, 
JQ435816.1, DQ840132.1, AF510504.1, EF080862.1, EF080861.1, JQ756298.1, 
JQ756297.1, AF510507.1, AF510506.1, AF510505.1, JX099437.1, U47653.1, 
EF414495.1, EF414494.1, HM210081.1, HM210080.1, HM210079.1, 
AF474404.1, DQ333702.1, DQ333701.1, KC429149.1, JQ435817.1, 
DQ840125.1, AF120663.1, AF510510.1, AF510509.1, AF510508.1, 
AM749000.1.) were used to design primers that targeted a small (< 200 base 
pairs) portion of the 5’ end of the cytochrome c oxidase subunit I gene (COI). 
We targeted a region of COI where primers could be designed not to amplify 
native mussels but amplify both species of dreissenid. The sequences between 
the primers would have enough mismatches between zebra mussels and 
quagga mussels so that a probe could be designed to differentiate between 
species. Primer sequences for the dreissenid mussel COI were tested for 
specificity in silico using NCBI’s Primer-BLAST (https://www.ncbi.nlm.nih. 
gov/tools/primer-blast/) and designed specifically to not. 

To make the assay specific for zebra mussels, we then designed a Zebra 
Mussel amplicon-specific minor groove binder (MGB) probe to work with 
the dreissenid mussel primers. Oligonucleotide sequences are presented in 
Table 1. Assay specificity was tested against genomic DNA from zebra 
mussels and 27 non-target species (Table 2) common to waters of the 
Midwestern United States. Genomic DNA was tested in two replicate 
reactions each as described below. 
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Table 1. Oligonucleotide sequences of primers, probe and the region of the zebra mussel genome targeted for amplification and 
the efficiency of the assay, limit of detection, and limit of quantification. 

Oligonucleotide Sequence 
Dre2-F TGGGCACGGGTTTTAGTGTT 
Dre2-R CAAGCCCATGAGTGGTGACA 
Dpo-Probe 6FAM-CGTCCTTGGTG 

Dpo-gBlock 
TGTGGGCTGGCCTTGTGGGCACGGGTTTTAGTGTTCTTATTCGTTTAGAGCTAAGGGCACCTG
GAAGCGTCCTTGGTGATTGTCAATGATATAATGTAATTGTCACCACTCATGGGCTTGTTATAA
TTGTTTGTCTAG 

Assay Efficiency 99.25% (range 98–101%) 
Limit of Detection 3.3 copies 

Table 2. List of species whose genomic DNA was used to test for non-specific amplification of our zebra mussel assay. Positive 
symbol (+) indicates amplification and negative symbol (–) indicates no amplification. 

Species Result Species Result 
Zebra mussel (Dreissena polymorpha) + Speckled dace (Rhinichthys osculus) – 
Plain pocketbook mussel (Lampsilis cardium) – Bluehead sucker (Catostomus discobolus) – 
Black sandshell mussel (Ligumia recta) – Channel catfish (Ictalurus punctatus) – 
Bighead carp (Hypophthalmichthys nobilis) – Largemouth bass (Micropterus salmoides) – 
Silver carp (Hypophthalmichthys molitrix) – Rainbow trout (Oncorhynchus mykiss) – 
Grass carp (Ctenopharyngodon idella) – Brown trout (Salmo trutta) – 
Black carp (Mylopharyngodon piceus) – Lake trout (Salvelinus namaycush) – 
Common carp (Cyprinus carpio) – Brook trout (Salvelinus fontinalis) – 
Gizzard shad (Dorosoma cepedianum) – Bluegill (Lepomis macrochirus) – 
Fathead minnow (Pimephales promelas) – Yellow perch (Perca flavescens) – 
Mosquitofish (Gambusia affinis) – Lake sturgeon (Acipenser fulvescens) – 
Emerald shiner (Notropis atherinoides) – Pallid sturgeon (Scaphirhynchus albus) – 
Golden shiner (Notemigonus crysoleucus) – Tilapia (Oreochromis aureus x Oreochromis niloticus hybrid)  – 
Spotfin shiner (Cyprinella spiloptera) – Paddlefish (Polyodon spathula) – 

Developing sampling protocol 

Lake Minnetonka was sampled in Minnesota during July 2014 to develop a 
sampling protocol. We chose Lake Minnetonka due to its location and high 
abundance of zebra mussels. Water was collected from the surface, mid-
water and near the bottom directly above a known aggregation of zebra 
mussels. Ten 50-mL samples were collected from each water depth. Surface 
samples were collected by placing 50-mL sterile conical tubes just below 
the water surface to collect the surface film. Mid-water and bottom samples 
were collected using separate 2.2 L horizontal Van Dorn water sampler. 
Each water sampler was treated for at least 5 minutes with a 10% bleach 
solution to ensure sterility and to remove contaminating DNA. The water 
sampler was lowered to mid-depth or the bottom and sealed. Once each 
sample was collected it was capped and placed on ice and stored at −20 °C 
within six hours. After samples were collected they were transported to the 
US Geological Survey Upper Midwest Environmental Sciences Center in 
La Crosse, Wisconsin (UMESC) on wet ice. Immediately after receipt at 
UMESC, samples were stored at −80 °C until further processing. DNA was 
extracted from individual samples and quantified using the procedure 
mentioned below. 
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Figure 1. Sampling locations on Lake Le Homme Dieu (A) and Maple Lake (B) near Alexandria, 
Minnesota. All locations marked indicate where samples were collected. Pink and white pins 
indicate the locations where samples were collected in October 2014; We were only able to 
sample at the locations indicated with pink pins in March 2015 due to the depth of the ice. 

Correlations among eDNA, biomass, and substrate type 

To determine if a correlation exists between zebra mussel DNA and substrate 
type, density, and biomass, we sampled water from two lakes, Lake Le 
Homme Dieu and Maple Lake, near Alexandria, Minnesota (Figure 1). 
Lake Le Homme Dieu is approximately 728 ha with a maximum depth of 
26 m. Zebra mussels were discovered in Lake Le Homme Dieu in 2009 and 
represents a lake with a well-established population. Maple Lake is 330 ha 
with a maximum depth of 24 m. Zebra mussels were discovered in Maple 
Lake in 2013 (“Infested Waters List: Minnesota DNR” available at 
https://www.dnr.state.mn.us/invasives/locations.html), represent a newly 
infested lake with an emerging population. 
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Table 3. Definitions of the six substrate types found in Lake La Homme Dieu and Maple Lake near Alexandria, Minnesota. 

Type Definition 

Soft substrate 
Flock Extremely fine organic matter, without an established form 
Silt Fine non-organic matter, can have an established form 
Sand Granular and grains can be easily seen with naked eye 

Hard substrate 
Mixture Organic matter containing larger organic material, including sticks 
Shell Shell of dead zebra mussels 
Cobble Stones larger than fingernail size 

At each lake, we established four transects oriented perpendicular to 
shore that covered different substrate types from loose flocculent to cobble. 
Water samples were collected at depths of approximately 1, 2, 4 and 6 m 
along each transect using a 2.2 L horizontal Van Dorn water sampler in 
triplicate according to the method established above. Immediately 
following water sampling at each sample point, we placed a brick tied to a 
balloon marker and recorded GPS coordinates for further samplings. Each 
lake was sampled twice; first in late October 2014 and again under ice in 
early March 2015. During the March sampling event, we also collected 
water samples from the surface. 

To verify the density of zebra mussels at each site, we used SCUBA 
divers to collect all the zebra mussels within triplicate 0.25 m2 quadrats at 
each brick one day after eDNA sampling in October. Zebra mussels from 
each quadrat were brought to the surface and placed into separate plastic 
storage containers and placed on wet ice. All zebra mussel samples were 
frozen (−20 °C) within 4 h of collection. SCUBA divers also verified 
substrate (Table 3) at each sampling location. Albeit, the density of mussels 
at the brick may not representative of populations in the surrounding area 
for detection of zebra mussel DNA. 

To estimate biomass, we calculated the ash-free dry weight (AFDW) for 
each Zebra Mussel sample. Each Zebra Mussel sample was weighed to 
determine total wet-weight. The moisture content was determined according 
to AOAC Official Method 934.01 (AOAC 2000) and subsequently ash-free 
dry weight was determined according to AOAC Official Method 942.05 
(AOAC 2000). Analysis of moisture content and ash-free dry weight were 
conducted by the University of Missouri Agricultural Experiment Station 
Chemical Laboratories (Columbia, MO). Ash-free dry weight was 
calculated using the following equation: 

AFDW = Sa(sa−ma−aa)/sa) 

Where Sa is the total mass (g) of the sample; sa is the mass of the subsample 
used to determine AFDW; ma is the mass (g) of moisture in the subsample; 
and, aa is the mass (g) of ash in the subsample. AFDW was determined for 
each sampling quadrat. 
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Extraction and analysis of DNA 

The exterior surface of each tube was cleaned with a 10% bleach solution 
prior to extraction to reduce cross contamination. Each 50-mL water 
sample was centrifuged at 5,000 × g for 30 minutes and the supernatant 
was decanted. We extracted DNA from the remaining pellet and residual 
water using the commercially available gMax mini genomic DNA extraction 
kit following the manufacturer’s recommendations (IBI Scientific; Peosta, 
IA). We extracted 100 μL of deionized water as an extraction negative 
control with each extraction batch, and all samples had a final elution 
volume of 100 μL. We analyzed the DNA extracts in four replicate qPCRs 
with 1 μL of template in 20-μL reactions. Reactions contained 1x SensiFAST 
probe – no Rox master mix (Bioline; Taunton, MA), 200-nM forward and 
reverse primers, and 125-nM probe. Oligonucleotide sequences are listed in 
Table 1. We analyzed with the temperature profile of: 95 °C for 2 minutes; 
followed by 45 cycles of 95 °C for 30 seconds, 56 °C for 1 minute, 72 °C for 
50 seconds; followed by 72 °C for 5 minutes; and a hold at 4 °C. We ran 
each plate on a Mastercycler Realplex 2 thermal cycler (Eppendorf North 
America; Hauppauge, NY) with four no template controls and two 
replicate standard curves. The standard curves contained gBlock gene 
fragment synthetic DNA of the target sequence (Integrated DNA 
Technologies; Coralville, IA) in a 6 order of magnitude, 5-fold dilution 
series from 31,250 copies down to 10 copies per reaction. 

Data analysis 

DNA copy number and ash free dry weights were log-transformed to 
account for over dispersion in distributions and to ensure normality of the 
distributions (Zar 2010). We used exploratory data analysis (EDA) before 
conducting confirmatory analyses to examine the data after collection and 
check for data entry error and gain insight into the data (Tukey 1977). 
Based upon the EDA, we did not include winter eDNA observations within 
the comparisons of fall DNA observations nor the ash-free dry weight 
because there were only 16 observations from the winter due to dangerous 
ice conditions that limited sampling. As part of the EDA, we examined the 
correlations among winter DNA, fall DNA, and ash-free dry weight. We 
also examined the relationships between DNA and environmental 
covariates including sediment type, lake, and depth. 

We used structural equation (SE) modeling for our confirmatory 
analysis (Grace 2006; Grace et al. 2010) for each lake. Structural equation 
models are “Probabilistic models containing or specifying multiple causal 
pathways. SE models are characterized by (a) attempting to satisfy the criteria 
for drawing causal inferences and (b) permitting endogenous variables to 
be functions of other endogenous variables, thereby potentially containing 
indirect effects” (Grace et al. 2010). We specifically used a SE model to examine 
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Figure 2. The mean number of cycles needed to detect DNA of zebra mussels from water 
samples collected at the surface, mid-column and bottom of Lake Minnetonka directly above a 
known zebra mussel population. A lower number of cycles indicates a greater amount of DNA. 
Bars represent the 95% confidence intervals. 

the effects of soft (flock, silt, and sand) and hard (mixed, shell, and cobble) 
substrate, sample depth, lake, and log (AFDW) on log(eDNA): 

AFDW ~ Soft + Hard + Depth + Lake 
eDNA ~ AFDW + Soft + Hard + Depth + Lake. 

All analyses were performed in R (R Core Team 2016) with a 
significance level of α ≤ 0.05. We are using the sem function from the 
laavan package in R to build our SEMs. 

Results 

Validation of molecular assay 

We tested primer sequences (Table 1) for species-specificity in silico using 
NCBI’s Primer-BLAST, and we found the primer sequences to be specific 
to the COI gene of zebra mussels with possible amplification from 
Dreissena presbensis or D. stankovici with four primer mismatches each. 
We validated the specificity of our assay against genomic DNA from zebra 
mussels and 27 non-target species listed in two replicate reactions. Our 
markers only detected DNA from zebra mussels and no detections were 
observed in any of the native mussels or fish species tested (Table 2). 
Therefore, we concluded that this marker was adequate for detection of the 
presence of zebra mussel DNA in these Minnesota water bodies. 

Development of sampling protocol 

Water samples collected near the bottom or at the surface had a 100% 
detection rate while mid-column samples had an 85% detection rate. 
Samples collected near the bottom had lower Ct-values, indicative of 
greater amounts of zebra mussel DNA, than those samples collected from 
the surface (Figure 2). 
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Table 4. Mean number of positive detections and copies of zebra mussel DNA, as well as ash-free dry weight (AFDW) of zebra 
mussels for six substrate types in Lake La Homme Dieu and Maple Lake near Alexandria, Minnesota. Number in parentheses 
represent standard deviations. 

Detections DNA copies AFDW (g) 
Lake La Homme Dieu  

Flock 3.80 (0.41) 110.18 (200.95) 0.93 (1.80) 
Silt 4.00 (< 0.01) 27.41 (33.11) 0.24 (0.44) 
Sand 3.56 (0.53) 32.26 (82.71) 28.13 (32.76) 
Mixture 3.44 (0.92) 45.72 (87.07) 1.39 (1.43) 
Shell 3.17 (1.17) 6.96 (8.41) 0.19 (0.19) 
Cobble 3.33 (0.82) 8.77 (4.40) 9.16 (14.90) 

Maple Lake 
Flock 1.47 (1.73) 4.26 (7.09) 0.01 (0.01) 
Silt 0.83 (1.60) 1.40 (3.38) 0.01 (0.02) 
Sand 2.00 (1.00) 1.38 (.049) 0.22 (0.17) 
Mixture 2.13 (1.51) 1.83 (2.05) 0.11 (0.17) 
Shell 2.89 (1.76) 23.10 (26.39) 0.03 (0.04) 
Cobble 1.92 (1.50) 1.54 (2.28) 1.06 (1.35) 

 
Figure 3. Structural Equation Model for zebra mussels in two lakes near Alexandria, 
Minnesota: Lake Le Homme Dieu (A) and Maple Lake (B). Nodes are environmental DNA 
copy numbers of zebra mussel DNA (eDNA), habitat, depth, lake and ash-free dry weight 
(AFDW). AFDW is log(AFDW + 0.1). eDNA is log(copy number eDNA + 0.1). Numbers next 
to a line between two nodes represents the correlation between the two nodes. The r2 values in 
boxes correspond % variance of dependent variable explained by the independent variable. 
Values with an asterisk (*) indicate significant correlation between nodes. Our significance 
level was established at α ≤ 0.05. 

Correlations among eDNA, biomass, and habitat 

Density (AFDW) of zebra mussels and the amount of their DNA was 
greater in Lake La Homme Dieu than in Maple Lake (Table 4). SEM for 
both lakes is represented in Figure 3. Our models had Comparative Fit 
Index of 1.00 for both Maple Lake and Lake Le Homme Dieu. Likewise, the 
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Tucker-Lewis Index was 1.000 for both models as well. In Lake Le Homme 
Dieu, eDNA did not predict AFDW (p = 0.52). The number of copies of 
zebra mussel eDNA increased with depth (p < 0.01) and decreased with 
habitat (p = 0.04). Deeper water had less hard substrate than shallow sites 
in Lake Le Homme Dieu. The amount of DNA collected at a site during 
October did not correlate with that collected under ice in March at the 
same location (p = 0.77). In Maple Lake, eDNA was not correlated with 
AFDW (p = 0.09), depth (p = 0.25), or hard substrate (p = 0.08). The 
AFDW decreased with depth (p < 0.01) but increased with hard substrate 
(p < 0.01) in Maple Lake. Like Lake Le Homme Dieu, deeper water had less 
hard substrate than shallow sites in Maple Lake, but unlike Lake Le Homme 
Dieu, the amount of DNA collected at a site during October was similar 
with that collected under ice in March at the same location (p = 0.01). 

Discussion 

A thorough in silico analysis and then validation of the specificity of the 
marker against DNA from species expected to be present at the sampling 
sites is important prior to conducting the actual trial and can improve 
confidence in data interpretation (Goldberg et al. 2016). Our primary 
concern was the potential amplification of non-targeted DNA from species 
present in the test system. In silico analysis indicated our markers may 
cross amplify with Dreissena presbensis or D. stankovici. Both of these 
species live in the Baltic Region and have not been found outside of 
Europe. Dreissena presbensis is listed as near threatened on the IUCN Red 
List (http://www.iucnredlist.org/details/197089/0). Therefore, we concluded 
that neither of these two dreissenid species posed any risk in generating a 
false positive. Multiple markers for detection of zebra mussel DNA have 
been designed (Bronnenhuber and Wilson 2013; Egan et al. 2015; Peñarrubia 
et al. 2016; De Ventura et al. 2017), but none of these have been tested 
against DNA from species that are likely to be encountered in water 
samples collected from a lake within the Upper Midwestern United States 
and southern Canada. Our markers did not amplify genomic DNA from 27 
species (Table 2), many of which are found in our test lakes. We did not 
test against all species common to our test lakes, because they had good 
representation in the public databases and in silico analysis suggested little 
to no chance of cross amplification. Cross-evaluation against genomic 
DNA from species likely to be encountered in the monitoring program 
ensures a high level of confidence in the specificity of the markers. 

In addition to marker development, a standard sampling protocol is very 
important for collection of uncontaminated water samples. The primary 
source for DNA from carp is thought to be from their fecal material 
(Turner et al. 2014) and that carp DNA can be more concentrated in the 
sediments that at the water surface (Turner et al. 2015). This may likely be 
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true for eDNA from zebra mussels too. Sampling water at or near the 
surface works well to collect DNA shed for a targeted animal only if their 
fecal material floats. Fecal material from many aquatic animals, including 
zebra mussels, likely sinks and as such, their DNA likely will not 
accumulate at the surface and instead concentrate in the sediments. Zebra 
mussels produce pseudofeces, which may be a significant source of DNA, 
that also sinks. We expected to find more zebra mussel DNA near the 
bottom than at the surface, but this was not observed. Instead, there was no 
statistical difference between the number of copies of zebra mussel DNA 
from samples collected near the bottom or the surface (Figure 2). This 
discrepancy may be attributed to the time of the year this trial was 
conducted. We conducted this portion of our study in the summer of 2014. 
Lake Minnetonka has a well-established population of zebra mussels that 
are actively reproducing. We sampled in Robinson’s Bay in about 3 meters 
of water. Robinson’s Bay is under the influence of wave action due to a 
large fetch and parallel orientation with predominant winds. It is very 
likely the DNA, veligers, or both would have been uniformly or near-
uniformly mixed in this area. Since veligers are planktonic, they can 
contribute to large amounts of DNA if collected in the water sample. We 
did not verify if our water samples contained veligers, but if they did the 
probability of detecting zebra mussel DNA in surface samples likely would 
be variable throughout the year; therefore, we decided to collect samples 
from the bottom. During the winter sampling, we did not detect zebra 
mussel DNA in any of the surface samples. 

Sample storage is a vital component of a sampling protocol. Improper 
storage can result in differences in eDNA detection rates (Takahara et al. 
2015). We froze our water samples prior to transporting to the lab for 
further processing. Takahara et al. (2015) found that freezing samples can 
negatively impact detections but did not affect copy numbers. All samples 
used in our study were treated identically, but we may have had slightly 
different detection rates if samples were not frozen. 

In the heavily infested lake, Lake Le Homme Dieu we did not identify a 
correlation between AFDW of zebra mussels and substrate, or a positive 
correlation between zebra mussel DNA and substrate. Instead, we observed 
greater amounts of zebra mussel DNA in soft substrate and in deeper 
water. This is likely due to the extremely high abundance of zebra mussels 
in Lake Le Homme Dieu. Mussels use a wide range of substrates, including 
those that are not optimal, such as vegetation. The high density of mussels 
combined with wind-driven currents likely moved zebra mussel DNA into 
deeper deposition areas within Lake Le Homme Dieu; hence, we observed 
higher amounts of DNA from zebra mussels in deeper waters. These 
depositional areas are likely cold and protected from UV, both factors 
known to enhance the persistence of eDNA (Strickler et al. 2015). At high 
densities, zebra mussels likely shed DNA at a rate above the degradation 
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rate, which results in a saturation of zebra mussel DNA resulting in a 
limited ability for eDNA to help inform infested locations. 

In Maple Lake, a lake with a newly established population of zebra 
mussels, AFDW correlated with habitat and depth but the amount of zebra 
mussel DNA did not correlate with these two factors. It was expected that 
both AFDW and zebra mussel DNA would be greater at sites with hard 
substrate that mussels could adhere, but only AFDW was correlated with 
habitat. This suggests that sampling over soft substrates and areas where 
zebra mussels are less likely to settle will work just as well as sampling over 
areas where the mussels would likely settle. If the DNA shed from an 
animal is primarily fecal in origin (Turner et al. 2014) and the feces of zebra 
mussels sinks and settles in deposition areas within the lake, then it would 
be likely that greater amounts of DNA would be detected in those deposition 
areas. These deposition areas within a lake are likely comprised of soft 
substrates and would not be classified as zebra mussel habitat. Much like 
what was observed in Lake Le Homme Dieu, the DNA concentrated in 
deposition zones or areas with softer substrates. Sampling over deposition 
zones would greatly simplify the strategy used in eDNA monitoring of 
zebra mussels. 

We observed a correlation between sampling in the fall and in the late 
winter under the ice in Maple Lake. This suggests that sampling conducted 
in a newly infested lake does not have to target zebra mussel habitat, and 
sampling is equally effective under ice or in open water. An advantage for 
sampling under ice is that it allows for the DNA to accumulate by blocking 
UV and maintaining low temperatures, both factors known to degrade the 
DNA (Strickler et al. 2015) and there is less mixing. Winter sampling 
would enable a large number of northern lakes to be extensively surveyed 
by allowing access to sites throughout the lake without the need of a boat. 
Sampling in winter under ice would enable resource managers to then 
prioritize lake and locations for monitoring with SCUBA divers and/or 
microscopy in the spring and summer. Since zebra mussels are often 
transported into new lakes via boat traffic (Padilla et al. 1996b), observa-
tion of these microscopic zebra mussels is highly unlikely in a newly 
invaded lake. However, the use a zebra mussel eDNA survey at locations 
near boat launches could greatly improve detection and allow for control 
of the mussels. Additionally, monitoring for zebra mussels with eDNA 
under ice could help inform visual surveys. 

In conclusion, we developed an eDNA assay for detecting zebra mussels 
in a lentic environment. Even though we could not correlate eDNA with 
AFDW, this method could detect new Zebra Mussel infestations. This 
assay or similar ones that detect dreissenid mussels (Andura et al. 2017; 
Gingera et al. 2017) may be useful in the early detection of zebra mussels 
and can be used during winter months. The use of eDNA may be a useful 
new tool for natural resource managers in their attempt to manage and 
control the spread of zebra mussels. 
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